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Abstract

This study was designed to determine the effects of deuteration in pyruvate on exchange reactions 

in alanine aminotransferase (ALT), lactate dehydrogenase (LDH) and flux through pyruvate 

dehydrogenase (PDH). Although deuteration of a 13C enriched substrate is commonly used to 

increase the lifetime of a probe for hyperpolarization experiments, the potential impact of kinetic 

isotope effects on such substitutions has not been studied in detail. Metabolism of deuterated 

pyruvate was investigated in isolated rat hearts. Hearts were perfused with a 1:1 mixture of 

[U-13C3]pyruvate and [2-13C1]pyruvate or a 1:1 mixture of [U-13C3]pyruvate plus [2-13C1, 

U-2H3]pyruvate for 30 min before being freeze clamped. Another set of hearts received [2-13C1, 

U-2H3]pyruvate and was freeze-clamped at 3 min or 6 min. Tissue extracts were analyzed by 1H 

and 13C{1H} NMR spectroscopy. The chemical shift isotope effect of 2H was monitored in the 13C 

NMR spectra of the C2 resonance of lactate and alanine plus the C5 of glutamate. There was little 

kinetic isotope effect of 2H in pyruvate on flux through PDH, LDH or ALT as detected by the 

distribution of 13C, but the distribution of 2H differed markedly between alanine and lactate. At 

steady-state, alanine was a mixture of deuterated species, while lactate was largely perdeuterated. 

Consistent with results at steady-state, hearts freeze-clamped at 3 min or 6 min showed rapid 

removal of deuterium in alanine but not in lactate. Metabolism of hyperpolarized [l-13C1]pyruvate 

was compared to [l-13C1,U-2H3]pyruvate in isolated hearts. Consistent with the results from tissue 

extracts, there was little effect of deuteration on the kinetics of appearance of lactate, alanine or 

bicarbonate, but there was a small, time-dependent upfield chemical shift in the HP[l-13C1]alanine 

signal reflecting exchange of methyl deuterons with water protons. Together, these results 
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demonstrate that (1) the kinetics of pyruvate metabolism in hearts detected by 13C NMR are not 

affected by replacement of the pyruvate methyl protons with deuterons and (2) that the loss of 

deuterium from the methyl position occurs rapidly during the conversion of pyruvate to alanine. 

The majority of the deuterium atoms are lost on the time-scale of a hyperpolarization experiment.
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1. Introduction

An analysis of intermediary metabolism in vivo using stable isotope tracers and 13C NMR 

spectroscopy is made possible by the information encoded in the chemical shift and 

multiplet patterns due to 13C-13C spin-spin couplings in common metabolites [1]. The 

inherent poor sensitivity limitation of 13C NMR may be overcome by using 

hyperpolarization (HP) methods [2,3]·However, for practical purposes, the sensitivity 

advantage of HP is limited by the Τ1 relaxation of 13C nuclei. In many cases, the Τ1 

relaxation of 13C may be prolonged by replacing all protons, especially directly bonded C-H 

protons, with deuterium [4,5]. Protons have been replaced by deuterium atoms for a variety 

of different metabolites and the results show longer 13C T1’s both in vitro and in vivo [4–7]. 

Conclusions about flux through a biochemical pathway, based on observations of 13C-

labelled metabolic products, would be most reliable if it could be shown that deuteration 

does not significantly influence reaction kinetics. The effects of deuteration are enzyme-

specific but, in general, kinetic isotope effects have not been widely studied in intact tissues 

[8].

The 13C NMR spectrum of deuterated products is sensitive to multiple chemical processes. 

The 2H nucleus is quadrupolar, so it increases the complexity of 13C NMR spectra for 

carbon atoms with one or more directly attached deuterium atoms. The mass differences 

between 1H and 2H also induces a chemical shift in the 13C NMR spectrum, typically, a one-

bond chemical shift of 0.25 ppm per 2H, and a two-bond shift of about 0.05 ppm per 2H is 

observed [9]. A third factor is exchange of 2H labels in a metabolite with 1H in tissue water 

in vivo. For example, formation of a Schiff base intermediate in the alanine transaminase 

reaction results in 2H-1H exchange in the methyl protons of pyruvate and alanine [10,11]. 

These factors were previously examined during metabolism of [U-13C6, U-2H7]glucose in 

isolated hearts. One surprising finding was the dramatic difference in deuterium distribution 

in alanine compared to lactate, which can only arise if pyruvate ↔ alanine exchange and 

pyruvate ↔ lactate exchange occur in distinctly different cellular compartments [9]. 

Although no kinetic isotope effects were observed in the conversion of glucose to lactate, a 

kinetic difference was observed in the conversion of pyruvate → alanine (catalyzed by ALT) 

and conversion of pyruvate → glutamate (via the TCA cycle).

Given the importance of glycolysis in most tissues, the ability to image flux through this 

pathway using hyperpolarized glucose would have a major impact in cancer metabolism but 

unfortunately the Ti’s of the carbon atoms even in the fully deuterated analog, [U-2H7, 
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U-13C6]glucose, are too short for practical imaging of glycolysis in most tissues. For this 

reason, hyperpolarized [l-13C1]pyruvate remains the most widely-used agent for HP studies 

even though it only reflects the last step of the glycolytic pathway [12]. Perdeuteration of 

pyruvate prolongs the Τ1 of the C3 carbon and the C2 to a lesser extent [4,5] so for some 

metabolic experiments, these deuterated analogs remain of interest. However, the 

consequences of perdeuteration in pyruvate on flux measurements has not been evaluated.

The aim of this study was to investigate the kinetic isotope effects that could arise when 

using deuterated pyruvate in an HP experiment (Fig. la). Conventional 13C NMR of tissue 

extracts as well as direct kinetic measurements of conversion of HP-[1-13C1, 

U-2H3]pyruvate versus HP-[l-13C1]pyruvate to alanine, lactate and bicarbonate were used to 

probe these effects. A dramatic difference in 2H labeling in lactate versus alanine was 

evident in hearts provided with deuterated pyruvate, consistent with compartment-specific 

metabolism of pyruvate. Based on analysis of 13C isotopomer data in both hyperpolarized 

and conventional spectra, there was little effect on the kinetics of deuterated pyruvate 

exchange with lactate or alanine, or oxidation via pyruvate dehydrogenase. However, 

exchange of 2H in alanine (but not lactate) with water protons is rapid and can be detected as 

a small chemical shift in the alanine Cl resonance during conversion of HP-pyruvate to HP-

alanine in isolated, perfused hearts.

2. Methods & materials

2.1. Materials

[U-13C3]pyruvate, [2-13C1]pyruvate, [2-13C1,U-2H3]pyruvate and [l-13C1,U-2H3]pyruvic 

acid were purchased from Sigma-Aldrich Isotec (Miamisburg, OH) and were used without 

further purification.

2.2. Selection of 2H and 13C labeling patterns

To limit the effects of multiplicity arising from the quadrupolar 2H nucleus coupling to the 
13C labels, [2-13C1,U-2H3]pyruvate was chosen because there is only a chemical shift 

isotope effect in C2, allowing detection of all deuterium isotopomers, but there is no direct 

coupling with 2H. Potential kinetic isotope effects on metabolism of perdeuterated pyruvate 

in the isolated heart were studied by using a 1:1 mixture of [U-13C3]pyruvate (Species [B], 

Fig. lb) with [2-13C1,U-2H3]pyruvate ([F]). The relative rates of [2-13C1, U-2H3]pyruvate 

can be directly compared to [U-13C3]pyruvate by analysis of the C2 resonance of both 

lactate and alanine and in the C5 resonance of glutamate (Fig. la). Exchange of deuterium 

with solvent protons introduces mixtures of protonated/deuterated isotopomers of 

[2-13C1,U-2H3]pyruvate (Fig. lb, Species [C] through [E]).

2.3. Heart perfusions and hyperpolarization

The study was performed under a protocol approved by the Institutional Animal Care and 

Use Committee of the University of Texas Southwestern Medical Center. Sprague-Dawley 

rats (about 250−300 g), purchased from Charles River (Cambridge, MA), were fed ad 
libitum. Three different conditions were used for the perfused rat heart experiments. In all 

experiments, the rats were anesthetized with isoflurane (1.5−2%); the depth of anesthesia 
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was monitored by respiratory rate, paw pinch reflex and palpebral reflex of the animal. 

Under deep general anesthesia, hearts were excised and arrested in ice-cold perfusion 

medium. All hearts were Langendorff perfused at a pressure of 100 cm H20 using a standard 

Krebs-Henseleit buffered medium containing 25 mM NaHC03, 118 mM NaCl, 4.7 mM 

KC1, 1.2 mM MgS04, 1.2 mM KH2P04, and 1.25 mM CaCl2. The medium was 

continuously bubbled with a 95/5 mixture of 02/C02 to maintain a pH of 7.4 and maintained 

at 37 °C by use of circulating warm water.

Hearts in group 1 were perfused with a 1:1 mixture of [U-13C1] pyruvate and 

[2-13C1,U-2H3]pyruvate (1 mM each) for 30 min to ensure metabolic and isotopic steady-

state followed by rapid freeze clamping (n = 5). Hearts perfused with [U-13C3]pyruvate and 

[2-13Ci]pyruvate (n = 3) for the same period were used as controls. Hearts in group 2 were 

perfused for shorter periods to mimic non-steady-state isotopic conditions as typically done 

in an HP experiment. Here, hearts were perfused with unlabeled pyruvate (2 mM) for 25 min 

before the perfusate was quickly switched to a medium containing [2-13C1,U-2H3]pyruvate 

(2 mM) for either 3 min (n = 2), or 6 min (n = 2) before rapid freeze clamping. Hearts in 

group 3 were perfused with unlabeled pyruvate (2 mM) for 25 min followed by addition of 

either hyperpolarized [l-13C1, U-2H3]pyruvate or [l-13C1]pyruvate as control (2 mM each) 

directly into the perfusate (n = 3 each). After collecting HP-13C NMR spectra for over 3 

min, hearts were immediately freeze-clamped. Pyruvate was polarized using standard 

methods [2] using a HyperSense DNP Polariser (Oxford Instruments) together with 0X063 

(15 mM) and Gd3+ (2 mM). The frequency of irradiation was 94.112 GHz. After polarizing 

for 90 min, the samples were rapidly dissolved in hot PBS (5 ml), mixed in 15 ml of 

substrate free KH and then mixed with perfusate directly flowing into the aorta. In all cases, 

the frozen tissue was extracted using the perchloric acid procedure, then dissolved in 5% 

D20, 0.5 mM DSS-d3 and 1 mM EDTA in H20 at pH 7 and analyzed by 1H and 13C NMR 

spectroscopy.

2.4. 1Η and 13C NMR spectroscopy

All high-resolution NMR spectra of tissue extracts were collected using a Bruker Avance 

HDIII 14.1 T spectrometer equipped with a 5 mm DCH cryoprobe. The 1H NMR spectra 

were obtained via a ID NOESY sequence that allows presaturation during relaxation (1 s) 

and mixing time (0.1 s) with an acquisition time of 4 s and 128 scans. The tissue extracts 
13C NMR spectra were run with 1H decoupling, a 30 deg flip angle, a repetition time of 2 

sec and acquisition time of 1 sec for 8000−12,000 scans. The spectra were referenced and 

the peak areas were fitted using a combination of Gaussian/Lorentzian lineshapes using 

TOPSPIN 3.5 (Bruker, Germany). Relative peak areas of unlabeled and 13C-enriched 

products were obtained from the spectrum. The analysis of the 13C NMR spectra followed 

procedures reported previously [1,13,14]. The HP experiment was performed on a 9.4 T 

Varian (Agilent) VNMRS Direct Drive system using a 20 mm broadband probe (DOTY 

Scientific). The 13C NMR were obtained every 2 s, with a 10 deg flip angle, for about 2–3 

min after injection of the hyperpolarized substrate or until the signal had fully decayed. All 
13C NMR spectra were acquired with complete proton decoupling.
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2.5. Isotopomer analysis of lactate, alanine and glutamate

The distribution of species [A] through [F] (Fig. lb) were calculated using methods reported 

previously [9]. Here, the analysis is performed using the ratio of the quartet area 

(representing [U-13C3]pyruvate) versus the area of the individual singlet species [C] though 

[F] in the C2 resonance of lactate and alanine in the 13C NMR spectra [9]. The contribution 

of the unlabeled species, [A], is measured from the C3 resonance in the Ή spectrum of 

lactate (1.33 ppm) and alanine (1.47 ppm) versus the resonances produced by [B]. The C5 

glutamate resonance reported this same ratio (singlet from [2-13C1]pyruvate and doublet 

from [U-13C3]pyruvate). However, the chemical shift isotope effect is the opposite direction 

for a carbonyl group with neighboring 2H nuclei. In addition, only a maximum of two 2H 

nuclei is possible at C4 of glutamate. The contribution of [A] to glutamate was estimated 

from the C4 and C3 ratio as reported previously [15].

2.6. Error analysis

A statistical error analysis was performed on the data obtained from the 1H and 13C NMR 

spectra of the individual hearts. Table 2, ESI Table 2 and 3 show the estimated errors for all 

experiments. The error for the data in Table 1 was calculated from the experimental error of 

the hearts perfused with [2-13C1,U-2H3]pyruvate (n = 5) or [2-13C1]pyruvate (n = 3). The 

error in the ratios was estimated through the standard deviation from the individual ratios of 

the hearts. The error in the calculation in [A] is often larger than for the other isotopomers 

due to the data being obtained from the crowded 1H spectrum instead of the 13C NMR 

spectrum.

3. Results

3.1. Exchange of deuterium from [2-13C1U-2H3]pyruvate with solvent protons during 
conversion of pyruvate to lactate and alanine

The deuterated species ([C] through [F]) generated during metabolism of 

[2-13C1,U-2H3]pyruvate are easily discriminated by the chemical shift of the C2 resonance 

of each species. The chemical shift of the perdeuterated species [F] is lies furthest upfield 

while [D] is only shifted by about 0.05 ppm away from the non-deuterated species [C] (see 

ESI Table SI for full chemical shift table). Uniformly 13C labelled pyruvate, used as an 

internal control, appears as a doublet of doublets or quartet in the C2 resonance of lactate 

and alanine with little overlap between all other resonances (Fig. 2). Any deviation of the 

ratio of species [B] over the sum of all other 13C species ([C] + [D] + [E] + [F]) would 

reflect a kinetic isotope effect. As seen in Table 1, the relative rates between the internal 

control and the deuterated species were 1:1.01 ±0.10 in lactate, 1:0.96 ±0.01 in alanine and 

1:0.95 ±0.05 in glutamate. The control experiments performed with [2-13C1]pyruvate gave 

the exact expected ratio of 1:1.00 ±0.02 of [B]/[C]. These results indicate that there is no 

effect on the exchange process between lactate and pyruvate. However, the results show that 

there is a minor slowing for alanine and glutamate. These minor effects could be attributed 

to the different labeling patterns of 13C and 2H labels and their effect on the starting 

metabolite.
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3.2. Relative fluxes of non-deuterated versus perdeuterated pyruvate through PDH

The 13C NMR spectrum of the tissue extracts also shows labeling of 13C and 2H in the 

glutamate C5 resonance. [U-13C3]pyruvate yields [l,2-13C2]acetyl-CoA via PDH and 

ultimately [4,5-13C2]gluta-mate via the TCA cycle whereas [2-13C1,U-2H3]pyruvate yields 

[l-13C1,U-2H3]acetyl-CoA via PDH and ultimately appears as a singlet glutamate C5 that is 

influenced by any 2H remaining in C4 (see Fig. la). One of the potential three 2H labels in 

acetyl-CoA is lost upon reacting with oxaloacetate. Interestingly, the chemical shift isotope 

effect observed in glutamate C5 is the opposite direction, downfield, compared to the effects 

of methyl deuteration in lactate and alanine (ESI Fig. SI), likely due to bond-angle 

constraints of the C5 carboxyl group of glutamate [16]. Similar to the lactate and alanine 

analysis, the singlet in glutamate C5 reflects loss of all deuterium labels along this pathway 

while the other singlets appearing on the downfield side of the central singlet reflect the 

mono-deuterated and di-deuterated species. A ratio of the C5 doublet area relative to the 

sum of the singlet areas should equal 1.0 if there are no kinetic isotope effects along the 

pathway from pyruvate to glutamate. As shown in Table 1, this ratio was 1:0.95 ± 0.02, 

similar to that found for alanine. The control experiment also showed the expected 1:1.00 

± 0.01 ratio.

3.3. Exchange of solvent protons with 2H in alanine transaminase

The perdeuterated species [F] can lose 2H during the conversion of pyruvate to alanine in the 

reaction catalyzed by alanine transaminase [11]. This enzyme uses pyridoxal-5’- phosphate 

as a co-factor which forms a Schiff base during this interconversion. Hydrolysis of the Schiff 

base intermediate provides a mechanism to replace one or more of the deuterium atoms 

originally on pyruvate with solvent protons. One interesting question that arises then is does 

this deuterium exchange reaction occur slower or faster that the conversion of HP-pyruvate 

to HP-alanine as measured by 13C NMR? To investigate the rate of deuterium exchange on 

the same timescale of an HP experiment, additional heart perfusions were performed for 3 or 

6 min using non-polarized [2-13C1, U-2H3] pyruvate.

Table 2 summarizes the isotopomer distribution in lactate, alanine and glutamate at the two 

different time points after exposure of hearts to [2-13C1,U-2H3]pyruvate alone. These data 

show that deuterium/proton exchange is rapid and near maximal at 3 min or before. This 

near-behavior is reflected in all three metabolites. For example, the amount of triply-

deuterated lactate (species [F]) is near 70% by 3–6 min but only 20−25% in alanine. 

Similarly, the amount of fully deuterated C4 glutamate also dominates (near 60%) all 

possible isotopomers, similar to lactate. This indicates that the exogenous 

[2-13C1,U-2H3]pyruvate must be compartmentalized in cells where one pool rapidly 

exchanges with alanine via ALT (pyruvateALA), another pool exchanges with lactate via 

LDH (pyruvateLAC), and perhaps a third pool that feeds directly into the TCA cycle 

(pyruvateTcA) Given that the LDH reaction is not known to catalyze deuterium/proton 

exchange it is not surprising to find that ~70% of the lactate pool at near-equilibrium is 

largely the fully deuterated form. If [2-13C1,U-2H3]pyruvate was the only pyruvate 

isotopomer in exchange with lactate, then the population of the fully deuterated isotopomer 

would have been close to 100%. However, if one allows mixing of some of pyruvateALA 

with pyruvateLAC, then other observed lactate isotopomers would indeed be generated. The 
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numbers suggest that if ~10% of the pyruvateALA pool, which appears to reach a near 

equilibrium population of 25% of each deuterated species very rapidly, mixes with the 

pyruvateLAC pool, then one would obtain close to the observed lactate isotopomer 

distribution shown in Table 2. One can do a similar estimate for glutamate. In this case, there 

is an added possibility of losing a deuterium in the citrate synthase reaction. In this case, if 

[2-13C1,U-2H3]pyruvate was the only form contributing to pyruvateTcA, then the only 

isotopomer that should have been found in glutamate would be [E]. As one sees from Table 

2, this was the predominant isotopomer found in glutamate but its population was not 100% 

but rather only 60−70%. This means that either pyruvateALA or pyruvateLAc contribute 

about 30−40% to the pool of pyruvate entering the TCA cycle (pyruvateTcA)·If pymvateALA 

contributed 30−40%, then the population of [C] and [D] should have been equal. This was 

not observed. However, if pyruvateLAc contributed 30−40%, then one would predict that 

[D] > [C] as observed. This certainly does not preclude the possibility of pyruvateALA 

contributing a small fraction to pyruvateTcA but it does suggest that pyruvateLAc is the 

dominant contributor.

3.4. HP of [1-13C1U-2H3]pyruvic acid

Studies using hyperpolarized [l-13C1,U-2H3]pyruvate were performed in isolated hearts to 

assess the impact of deuteration on the resulting hyperpolarized products. The 13C label in 

position Cl is 3 bonds away from the 2H atoms so the chemical shift isotope effects are 

comparatively small (0.02 ppm per 2H nucleus) but, nonetheless, the alanine resonance is in 

fact much broader than lactate and bicarbonate resonances. The shape of the resonance also 

becomes more asymmetric over time, indicating a change in the distribution of isotopomers, 

likely from [F] to [C] as shown in Fig. 3a. This is also manifested in an upheld shift of the 

alanine Cl signal (Fig. 3b). The shift behavior here is similar to that of glutamate C5 

(confirmed by [U-13C3,U-2H3]pyruvate in ESI Fig. SI). The changing shape of the HP-

alanine resonance was the only significant difference observed between the spectra recorded 

from HP-[1 −13C1,U-2H3]pyruvate versus HP-[l-13Ci]pyruvate. This feature agrees with the 

observations from NMR spectra of alanine in tissue extracts. Exchange of deuterium with 

protons occurs rapidly in the pyruvateALA pool on the time-scale of the HP experiment while 

deuterium/proton exchange is not detected by either the HP-lactate signal or the HP-

bicarbonate signal.

When comparing the ratio of the lactate and bicarbonate resonances between hearts perfused 

with [l-13C1,2H3]pyruvate versus just [l-13C1]pyruvate, one finds essentially no difference 

(2H/1H:1.04 ± 0.40). This indicates a kinetic isotope effect is not an important factor in the 

rate of entry of pyruvate into the TCA cycle via PDH. This is in agreement with the steady-

state measurements.

4. Discussion

4.1. Deuteration of pyruvate has little effect on metabolism detected by 13C NMR

A fundamental limitation of hyperpolarization technology, the short observation time 

imposed by Τ1, can be improved to some extent by deuteration of the reporter molecule. 

However, kinetic isotope effects due to deuterium are well-known in isolated enzyme 
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systems [6,7]. Somewhat surprisingly, in intact hearts supplied with perdeuterated glucose, 

there was little effect of deuteration on pyruvate exchange with lactate and a small effect 

with alanine [9]. Traditionally, a kinetic isotope effect of deuterium is interpreted as 

evidence that breaking a carbon-hydrogen bond is rate limiting in a reaction mechanism. In 

the current study with perdeuterated pyruvate other factors appear to be more important in 

controlling rates of these metabolic steps involving pyruvate. For practical purposes, the 

presence of deuterium does not modify the information about pyruvate metabolism, at least 

as measured by conventional or hyperpolarized 13C NMR methods. Since the Τ1 of 13C in 

pyruvate C2 is prolonged slightly by deuteration, studies with [2-13C1,U-2H3]pyruvate 

maybe useful. Exploration of deuteration in other informative molecules such as lactate and 

alanine is also warranted.

4.2. Functional compartmentation of pyruvate is detected by 2H distribution

Isotopic exchange of water protons with lactate [17–19] and alanine [11] protons have 

previously been reported in studies of erythrocytes and isolated enzymes. The current results 

indicate that the process is rapid in the case of alanine, but not for lactate, and occurs on a 

time scale relevant to hyperpolarization experiments. However, the relative rate constants 

have been reported to be an order of magnitude faster for the exchange between pyruvate 

and lactate than for pyruvate and alanine [20]. This would indicate that alanine is 

exchanging on and off the ALT much faster than net conversion to pyruvate as the proton/

deuterium exchange process is far more complete for alanine than lactate. Although the 

processes are readily detected by high-resolution analysis of tissue extracts, aside from the 

line broadening in the alanine resonance due to the rapid exchange, there is a minimal effect 

detectable in an HP experiment.

Given the high activity of both alanine aminotransferase and lactate dehydrogenase, 

investigators generally assume that distribution of a tracer in alanine or lactate in the heart 

reflects labeling in pyruvate. However, the current results are not consistent with that 

assumption. Compartmentation of intracellular pyruvate has been described in multiple 

studies and may have important implications for understanding results of experiments with 

hyperpolarized pyruvate. In hearts supplied with [l-14C]pyruvate, specific radioactivities of 

tissue alanine and lactate differed substantially. Based on studies at tracer concentrations of 

pyruvate, these results were most consistent with two functional pools of pyruvate in the 

cytosol of the heart, one in communication with pyruvate from glycolysis and the other in 

communication with extracellular pyruvate [21]. In the presence of [2-14C]lactate, not all 

pyruvate in the heart exchanges with lactate [22]. 13C and 1H NMR methods found differing 

enrichments in lactate and alanine when the tracer originated in glucose [23]. A separate 13C 

NMR study of [1 −13C1]glucose found functional compartmentation of glycolytic and 

glycogenolytic processes. In that analysis, the 13C labeling in pyruvate feeding the TCA 

cycle was from the pyruvateLAc pool [24]. Our earlier study of perdeuterated 13C glucose [9] 

found substantial de-deuteration of alanine, similar to the current results, and that the 2H 

labeling patterns in glutamate followed pattern of the pyruvateALA pool. These results are 

consistent with the earlier report [21] that pyruvateALA is the source of pyruvate entering the 

TCA cycle via PDH.
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However, when the 2H label originates in exogenous pyruvate rather than glucose, the 

pyruvateLAc pool seems to contribute the majority of the glutamate pool (pyruvateTcA, Fig. 

4), with only a small contribution from the pyruvateALA pool. The current results indicate 

that when pyruvate is present in high concentration or as a bolus, functional 

compartmentation is detected by the 2H distribution of products derived from pyruvate. 

These effects were easily detected in heart tissue. In other organs, such as the liver, the 

relative activity of the mitochondrial isoform of ALT is much higher and different results 

may be observed [25,26].

5. Conclusions

We sought to investigate the effect of deuteration on metabolism of pyruvate in the intact 

heart. There were no substantial effects of deuteration on the kinetics of metabolism as 

investigated by 13C and hyperpolarization methods. However, flux through alanine 

aminotransferase induced a dramatic difference in deuteration of alanine compared to 

lactate. These results indicate that the pool of pyruvate feeding the TCA cycle is identical to 

the pool in exchange with lactate. These results are relevant to interpretation of conventional 

HP studies in the heart and indicate that deuterated pyruvate provides additional information 

about compartmentation of pyruvate metabolism.
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Fig. 1. 
Illustrations of (a) where possible 2H (●) and 1H (o) exchange reactions could occur when 

tissue is presented with [2-13C1 U-2H3]pyruvate and (b) the resulting isotopomer species 

labelled [A] though [F]. Species [G] was used in the hyperpolarization experiments.
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Fig. 2. 
13C{1H} NMR spectrum of tissue extracts of hearts perfused with [U-13C3]pyruvate and 

[2-13C1,U-2H3]pyruvate highlighting the C2 resonances of (a) lactate and (b) alanine. 

Species [B] through [F] are all present. The shift pattern of lactate and alanine are the same, 

so not all resonances are highlighted for clarity.
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Fig. 3. 
Stack of (a) 13C spectra acquired after presenting hearts with HP-[1-13C1,U-2H3]pyruvate 

(scan every 2 s); lactate (left), alanine (middle) and bicarbonate (right), (b) chemical shift of 

bicarbonate (top), alanine (middle), lactate (bottom) are shown as a function of time.
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Fig. 4. 
Pyruvate and lactate compartmentation based on 13C and 2H distribution in lactate, alanine 

and glutamate. The 13C isotopomers indicate a complete equilibration in the alanine and 

lactate pools. However, the 2H isotopomers show that exchange between pyruvate and 

alanine is rapid, indicated by the thicker arrow. Based on 2H distribution in glutamate, 

pyruvate exchanging with lactate preferentially supplies the acetyl-CoA pool entering the 

TCA cycle. The readout metabolites are highlighted.

Funk et al. Page 15

J Magn Reson. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Funk et al. Page 16

Ta
b

le
 1

T
he

 r
el

at
iv

e 
co

nc
en

tr
at

io
ns

 o
f 

sp
ec

ie
s 

[A
] 

th
ro

ug
h 

[F
] 

as
 r

ep
or

te
d 

by
 13

C
 a

nd
 1 H

 N
M

R
 s

pe
ct

ra
 o

f 
ea

ch
 m

et
ab

ol
ite

 in
 ti

ss
ue

 e
xt

ra
ct

s.
 T

he
 g

lu
ta

m
at

e 
va

lu
es

 

w
er

e 
de

te
rm

in
ed

 b
y 

an
al

ys
is

 o
f 

gl
ut

am
at

e 
C

4 
an

d 
C

5 
re

so
na

nc
es

. A
 f

ul
l t

ab
le

 o
f 

al
l v

al
ue

s 
w

ith
 e

rr
or

 v
al

ue
s 

is
 p

ro
vi

de
d 

in
 E

SI
 T

ab
le

 S
3.

J Magn Reson. Author manuscript; available in PMC 2020 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Funk et al. Page 17

Ta
b

le
 2

Is
ot

op
om

er
 d

is
tr

ib
ut

io
n 

in
 la

ct
at

e,
 a

la
ni

ne
 a

nd
 g

lu
ta

m
at

e 
at

 th
re

e 
di

ff
er

en
t p

er
fu

si
on

 ti
m

e 
po

in
ts

. D
at

a 
w

er
e 

de
ri

ve
d 

fr
om

 13
C

 N
M

R
 s

pe
ct

ra
 o

f 
tis

su
e 

ex
tr

ac
ts

. T
he

 p
op

ul
at

io
n 

of
 e

ac
h 

sp
ec

ie
s 

is
 r

ep
or

te
d 

as
 a

 p
er

ce
nt

ag
e 

of
 a

ll 
sp

ec
ie

s.

J Magn Reson. Author manuscript; available in PMC 2020 April 01.


	Abstract
	Introduction
	Methods & materials
	Materials
	Selection of 2H and 13C labeling patterns
	Heart perfusions and hyperpolarization
	1Η and 13C NMR spectroscopy
	Isotopomer analysis of lactate, alanine and glutamate
	Error analysis

	Results
	Exchange of deuterium from [2-13C1U-2H3]pyruvate with solvent protons during conversion of pyruvate to lactate and alanine
	Relative fluxes of non-deuterated versus perdeuterated pyruvate through PDH
	Exchange of solvent protons with 2H in alanine transaminase
	HP of [1-13C1U-2H3]pyruvic acid

	Discussion
	Deuteration of pyruvate has little effect on metabolism detected by 13C NMR
	Functional compartmentation of pyruvate is detected by 2H distribution

	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1
	Table 2

