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Abstract

Deuterium metabolic imaging (DMI) is a novel, 3D, magnetic resonance (MR)-based method 

to map metabolism of deuterated substrates in vivo. The replacement of protons with deuterons 

could potentially lead to kinetic isotope effects (KIEs) in which metabolic rates of deuterated 

substrates are reduced due to the presence of a heavier isotope. Knowledge of the extent of KIE 

in vivo, and 2H label losses due to exchange reactions is required for DMI-based measurements 

of absolute metabolic rates. Here the deuterium KIE and label loss in vivo is investigated for 

glucose and acetate using a double substrate/double labeling strategy and 1H-decoupled 13C NMR 

in rat glioma cells and rat brain tissue metabolite extracts. The unique spectral patterns due to 

extensive 2H-13C and 13C-13C scalar coupling allows the identification of all possible metabolic 

products. The 2H label loss observed in lactate, glutamate and glutamine of rat brain were 15.7 

± 2.6, 37.9 ± 1.1 and 41.5 ± 5.2 % when using [6,6-2H2]-glucose as the metabolic substrate. For 

[2-2H3]-acetate, the 2H label losses in glutamate and glutamine were 14.4 ± 3.4 and 13.6 ± 2.2 %, 

respectively, in excellent agreement with predicted values. Steady-state 2H label accumulation in 

the C4 position of glutamate and glutamine was contrasted by the absence of label accumulation 

in the C2 or C3 positions, indicating that during a full turn of the tricarboxylic acid cycle all 2H 

label is lost. The measured KIE was relatively small (4–6%) for both substrates, and all measured 

metabolic products. These results pave the way for further development of quantitative DMI 

studies to generate metabolic flux maps in vivo.
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INTRODUCTION

Stable isotope labeling strategies are abundantly used in the study of intermediary 

metabolism in vitro and in vivo. Since carbon forms the backbone of many biologically 

relevant compounds, carbon-13 (13C) is a commonly used isotope. When combined with 13C 

MR spectroscopy (MRS), a wide range of 13C-labeled substrates and metabolic products can 

be detected based on differences in chemical shift and scalar coupling patterns. 13C MRS 

has been used in combination with intravenous infusion of 13C-labeled substrates to study 

the relationship between energy metabolism and neurotransmission in the human and animal 

brain in vivo 1,2, study glycogen synthesis in muscle and liver in vivo 3,4 and characterize 

brain tumor metabolism 5–7.

Other stable isotopes that are used in vivo to study metabolism are deuterium (2H), 

nitrogen-15 (15N) and oxygen-17 (17O). The interest in deuterium has seen a recent increase 

in the field of MR-based metabolic imaging. In hyperpolarized 13C MR studies, protons are 

replaced with deuterium in order to lengthen the 13C T1 relaxation time constant and hence 

the lifetime of the hyperpolarized state 8,9. Deuterium itself is also a useful isotope to study 

intermediary metabolism as evidenced by the recently described deuterium MRS (DMS) 

and deuterium metabolic imaging (DMI) methods 10,11. The relatively high MR sensitivity 

attributed to the favorable T1 and T2 relaxation times, and magnetic moment of 2H allows 

the acquisition of 3D metabolic images of 2H-labeled substrate metabolism 12. In addition, 

the relatively simple 2H acquisition methods that do not require water or lipid suppression, 

in combination with enhanced immunity to magnetic field inhomogeneity due to the low 2H 

gyromagnetic ratio, make DMI a very robust metabolic imaging method.

As with any isotope labeling strategy, one needs to consider the presence of a kinetic isotope 

effect (KIE) by which the rate of a chemical reaction is decreased when one or more atoms 

of a reactant are replaced with a heavier isotope. The KIE for 13C labeling strategies is 

generally small, due to the modest mass increase between 12C and 13C. The 100% mass 

increase from 1H to 2H isotope replacement can lead to significant KIEs 13 depending on the 

exact reaction mechanism 14. To generate accurate maps of absolute metabolic rates in vivo 
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using DMI, the extent of potential KIE’s of the deuterated substrate of interest needs to be 

known.

In addition to the KIE, which potentially applies to any isotope labeling method, 2H labeling 

strategies can also be affected by 2H label loss. Several chemical equilibrium reactions, such 

as keto-enol tautomerization, involve exchange between reactant protons and water protons. 

In the presence of 2H labeling, these exchange reactions can lead to a partial replacement of 
2H by 1H and therefore 2H label loss. Knowledge of the fraction of 2H label that is lost from 

a substrate of interest is required to accurately determine the concentration of 2H-labeled 

metabolites detected in vivo.

Here we present a study on the KIE and label loss of deuterated glucose and acetate, 

commonly used substrates in MRS-based brain metabolism research in vivo 1. Since a robust 

differentiation between KIE and 2H label loss is not possible with 1H or 2H NMR methods, 

we employed 13C NMR in combination with 13C and 2H double-labeled glucose and acetate. 

The 13C chemical shifts and scalar coupling patterns provide a unique and unambiguous 

spectral fingerprint of the 2H label loss and KIE of multiple brain metabolites, including 

lactate, glutamate and glutamine.

RESULTS and DISCUSSION

The use of 2H as label to evaluate metabolic activity in vivo by 2H MRS and DMI is 

increasingly gaining interest. For these techniques to be used in a quantitative manner it 

is critical to determine the extent of possible KIEs, and the extent of 2H label loss of the 
2H-labeled metabolic substrates of interest. We investigated both the KIE and label loss 

for [6,6-2H2]-glucose and [2H3]-acetate, using a strategy that relies on co-administration of 

double-labeled substrates, both for in vitro and in vivo experiments. By combining both 

deuterated and protonated substrates each experiment is internally controlled for metabolic 

rate. This approach requires a method to distinguish both labeled and unlabeled substrates 

and/or products, such as NMR, although mass spectrometry can also be used as illustrated 

by Murphy et al. for the optimization of a PET imaging agent 15. When keeping the total 

substrate dose constant the double-substrate approach leads to a two-fold reduction in the 
13C fractional enrichment compared to a single-substrate experiment. However, the ability to 

robustly detect small KIEs without intersubject variability outweighs the reduction in SNR.

Both KIEs and 2H label loss result in a reduced amount of 2H-label in downstream 

metabolites, which makes distinguishing KIEs from label loss challenging. We circumvented 

this problem by using deuterated and protonated substrates that were also labeled with 13C 

(Fig. 1A). Since carbons reside in the backbone of the molecules, no exchange or loss of 
13C occurs, and potential KIEs from the presence of 13C have been considered negligible 

in vivo. We strategically choose the protonated substrate to be doubly 13C-labeled at two 

adjacent carbons, while the deuterated substrate contained a single 13C. This approach 

relies on the assumption that 13C KIEs -if not negligible- are identical for single 13C and 

double 13C2-labeled substrates and products. KIEs are typically most significant when a 

chemical bond involving the heavier isotope is broken (KIE of the first order) 14. The 
13C-13C chemical bond in [5, 6-13C2]-glucose and [1,2-13C2]-acetate is not broken until 
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the second turn of the TCA cycle, and therefore does not interfere with our approach. The 

peak splitting (doublet) due to 13C-13C J-coupling observed in a downstream metabolite 

is evidence of that metabolite originating from a doubly 13C-labeled and thus protonated 

substrate. A metabolite that has lost all of its 2H can still be traced back to its original 

deuterated substrate, because of the metabolite’s appearance as a singlet in the 1H-decoupled 
13C spectrum (Fig. 1C). When accounting for the small contribution of naturally abundant 
13C compounds, this strategy allows for accurately separating KIEs and 2H label loss in 

downstream metabolites of the competing deuterated and protonated substrates (Fig. 1B).

Figure 2A shows a 13C NMR spectrum of the C3 position of lactate in RG2 cell medium 

6 hours following the co-administration of 13C and 2H-labeled glucose. The chemical 

shifts and splitting patterns indicate the presence of four distinct lactate species that can 

be quantitated through the use of spectral fitting. The presence of non-deuterated (red) 

and single-deuterated (blue) [3-13C]-lactate in addition to double-deuterated [3-13C]-lactate 

(green) indicates some degree of 2H label loss in the glycolytic pathway. Figure 2B 

provides a quantitative summary of the [3-13C]-lactate species formed from deuterated 

[6-13C]-glucose. Non, single and double-deuterated lactate represent 3.2 ± 0.3 %, 20.7 ± 1.2 

% and 76.1 ± 1.4 % (mean ± SD, n = 3) of all the lactate formed from deuterated glucose. 

For DMS and DMI studies, this 2H label loss distribution would provide 86.4 ± 0.8 % of the 

maximum lactate signal intensity obtained in the absence of 2H label loss. Figure 2C shows 

that the sum of lactate species produced from deuterated glucose represents 97.3 ± 0.9 % of 

the lactate produced from non-deuterated glucose (p = 0.109, Wilcoxon signed rank test).

Figure 3A shows the C4 chemical shift range of glutamate in rat brain extract following the 

co-administration of 13C and 2H-labeled glucose. Similar to 13C-labeled lactate in Figure 

2, the chemical shifts and scalar coupling patterns indicate the presence of four distinct 

glutamate species. The distribution of differently labeled lactate in rat brain closely mirrors 

the pattern shown in Figure 2A for lactate in RG2 cells. The spectral pattern for rat brain 

glutamine labeling resembles that of rat brain glutamate (Fig. 3A), albeit at circa three-fold 

lower intensity due to the smaller glutamine pool size. The visibly increased amounts 

of non-deuterated (red) and single-deuterated (blue) glutamate, and decreased amount of 

double-deuterated (green) glutamate relative to lactate indicate increased 2H label loss along 

the metabolic pathway from lactate/pyruvate to glutamate. Figure 3B provides a quantitative 

description of the [2Hx, 3-13C]-lactate, [2Hx, 4-13C]-glutamate and [2Hx, 4-13C]-glutamine 

as formed from [6,6-2H2, 6-13C]-glucose in rat brain. Non, single and double-deuterated 

lactate represent 6.1 ± 2.1 %, 19.2 ± 1.2 % and 74.7 ± 3.1 % (mean ± SD, n = 3) of all 

the lactate formed from deuterated glucose. The non, single and double-deuterated forms 

of 13C-labeled glutamate represent 8.6 ± 0.9 %, 58.5 ± 1.0 % and 32.9 ± 1.5 % of all the 

glutamate originating from deuterated glucose. The distribution of 2H label for glutamine 

is 17.1 ± 5.3 %, 48.9 ± 5.0 % and 34.0 ± 6.2 % for the non, single and double-deuterated 

forms. In DMS and DMI studies employing direct 2H detection, these 2H label distributions 

would lead to 84.3 ± 2.6 %, 62.1 ± 1.1 % and 58.5 ± 5.2 % signal intensity for lactate, 

glutamate and glutamine respectively, relative to signal in the theoretical absence of label 

loss. Alanine displayed a much greater level of 2H label loss than lactate as judged by 

the large non-deuterated contribution (data not shown), consistent with the methyl group 

of alanine exchanging protons/deuterons with the environment during the aminotransferase 
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reaction 16. The alanine 2H label loss was not quantitatively pursued due to the low MR 

sensitivity. Figure 3C shows that the sum of 13C-labeled lactate, glutamate and glutamine 

produced from deuterated glucose represents 96.0 ± 12.9 % (p = 0.812), 96.6 ± 6.2 % 

(p = 0.018) and 98.0 ± 19.3 % (p = 0.406) of the respective metabolites produced from 

non-deuterated glucose. In the classical description of KIE this equates to kH/kD ratios of 

1.042, 1.035, and 1.020 for [6,6-2H2]-glucose metabolism resulting in labeling of lactate, 

glutamate and glutamine, respectively.

Figure 4A summarizes the 2H label loss for glutamate and glutamine in rat brain following 

the administration of [2H3, 2-13C]-acetate. Glutamate and glutamine have a very similar 2H 

label distribution with the non, single and double-deuterated forms accounting for 1.9 ± 2.4 

%, 25.0 ± 3.7 % and 73.1 ± 5.0 % of glutamate and 1.7 ± 2.7 %, 23.9 ± 1.9 % and 74.4 ± 2.1 

% of glutamine. For direct 2H-detected DMS and DMI studies, this 2H label loss distribution 

would translate into 85.6 ± 3.4 % and 86.4 ± 2.2 % glutamate and glutamine signal intensity, 

respectively, relative to signal in the absence of label loss. Figure 4B shows that the sum of 
13C-labeled glutamate and glutamine produced from deuterated acetate represents 95.5 ± 9.6 

% (p = 0.045, kH/kD = 1.047) and 94.1 ± 8.3 % (p = 0.003, kH/kD = 1.063) of the respective 

metabolites produced from non-deuterated acetate.

The infusion duration used for in vivo studies was 20 min, which represents a compromise 

between achieving sufficiently high (SNR) in the NMR spectra, and sensitivity to detection 

of KIEs. Using a longer infusion duration will result in higher SNR spectra due to higher 

levels of fractional enrichment, but being closer to isotopic steady state will reduce possible 

differences in isotopic labeling induced by KIEs (see also Fig.1B). A shorter than 20 min 

infusion time would be beneficial because less 13C-labeling would occur from second-turn 

TCA cycle activity. The latter leads to 13C label being redistributed to different carbon 

positions, which results in 13C isotopomers. While 13C isotopomer analysis is a very 

powerful method to study metabolism, it is typically applied after long infusion times, 

leading to steady state levels of labeling 17. With a 20 min infusion the SNR of the 13C 

signal representing second turn TCA activity was too low to be included in the analysis. 

The compromise between SNR and sensitivity for KIEs encountered in rat brain studies does 

not play a significant role during lactate detection in RG2 cancer cells. Lactate, produced 

as part of the linear glycolytic pathway, is transported to the cell culture medium where it 

accumulates. As a result, the lactate concentration increases over time, thereby improving 

the accuracy in determining both KIEs and 2H label loss (Fig. S1).

The limited SNR is the result of relatively low levels of labeling due to the short duration 

of the in vivo experiments, but also because of the inherent low sensitivity of 13C NMR. 

Standard methods to enhance the 13C NMR sensitivity such as polarization transfer and 

nuclear Overhauser enhancement were not suitable for the current study as they enhance 
13C-1H and 13C-2H species differently. This would require additional experiments to 

empirically measure the molecule-specific enhancement. Despite the differential effect on 
13C-1H and 13C-2H species, proton decoupling was nevertheless employed. Firstly, proton 

decoupling greatly simplifies the appearance and enhances the sensitivity of 13C NMR for 
13C-1H species. Secondly, in the presence of 2H label loss many 13C-2H species will contain 

one bond 13C-1H coupling (e.g. [3-2H, 3-13C]-lactate), and two and three-bond 13C-1H 
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scalar couplings are always present. Proton decoupling therefore also substantially improved 

the 13C NMR spectrum of (partially) deuterated compounds. Deuterium decoupling, in 

addition to the applied proton decoupling, would lead to a substantial increase in SNR 

as the 13C-2Hx multiplets collapse into singlets. The ability to differentiate various [2Hx, 
13C]-labeled species would not be affected, as the presence of 2H would shift the resonance 

frequency by 0.25 – 0.30 ppm per 2H. Unfortunately, in the current study the application of 

simultaneous 1H and 2H decoupling was not practical, such that the 13C MR spectra were 

acquired with 1H decoupling only.

The described experiments have resulted in 2H label loss correction factors that can 

be applied to in vivo brain metabolism studies using [6,6-2H2]-glucose or [2H3]-acetate 

(Table S2). The 2H label loss observed between acetate and glutamate is caused by the 

aconitase-catalyzed dehydration of citrate into cis-aconitate and the subsequent hydration 

into iso-citrate. Due to the symmetry of citrate there is a 25% chance that a proton or 

deuteron is replaced by a water proton. This statistical prediction is in excellent agreement 

with the experimental data in which 73.1 ± 5.0 % of glutamate retains both deuterons and 

25.0 ± 3.7 % of glutamate has lost a single deuteron. In addition to the aconitase-catalyzed 

dehydration/hydration reactions, the 2H label loss observed between lactate and glutamate is 

affected by the conversion of acetyl-CoA into citrate by citrate synthase. The conversion of 

a methyl group in acetyl-CoA into a methylene group in citrate equates to a 2/3 or 66.7% 

statistical chance that a deuteron is passed from lactate to citrate. Given the 2H distribution 

in lactate, the 2H label accumulation in citrate can be predicted as 12.5 %, 37.7 % and 49.8 

% for non, single and double-deuterated moieties, respectively. With the 25% chance of 2H 

label loss between citrate and iso-citrate, the predicted 2H label accumulation in glutamate is 

21.9 %, 53.2 % and 24.9 % for non, single and double-deuterated moieties, respectively. The 

predicted values are in qualitative agreement with the experimental data.

Our studies were performed in rat tumor cells and brain tissue, but we anticipate that the 

label loss correction factors established here for [6,6-2H2]-glucose and [2H3]-acetate are 

applicable to other organs and mammals as well for the metabolic pathways we studied. The 

mechanisms of label loss and KIE are specific for the enzymatic reactions that constitute the 

metabolic pathways, and will need to be established for different substrates or for substrates 

labeled at different positions than tested here. In scenarios where 2H label loss is suspected 

to be different than what is reported, and the extent of a KIE can be neglected, an experiment 

with a single substrate can provide the answer, and no double-label, double substrate is 

required. As long as a substrate is 13C-labeled at the carbon atom that forms the bond with 

the deuteron(s), the degree of 2H label loss can be determined in the downstream metabolite 

of interest using direct 13C NMR. The presence or lack of chemical shifted species observed 

in the 13C MR spectrum induced by bound 2H represents the complete range of possible 
2H-labeled and unlabeled species. A number of previous publications have focused on 2H 

label loss and KIEs in NMR studies of energy metabolism. Ben-Yoseph et al. used [6,6-2H2, 
13C]-glucose with the goal of distinguishing between glycolytic and pentose phosphate 

pathway (PPP) activity in rat 9L glioma cells 18. In line with the current results, they found 

a 6 – 14% 2H label loss in lactate originating from [6,6-2H2]-glucose. For [1-2H]-glucose the 
2H label loss was much greater, likely due to phosphomannose isomerase activity 18. Similar 

results were obtained by Funk et al. reporting minimal KIEs for [2H7]-glucose in glycolysis, 
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and for [2H3]-pyruvate in TCA cycle activity, studied in perfused rat heart 19,20. Also the 

label loss reported by Funk et al. is in overall agreement with the data presented here 19,20.

When the 2H label from [4-2Hx]-glutamate re-enters the TCA cycle to complete the first 

turn, 50% of the 2H label is lost in the conversion from succinate to fumarate. The 

symmetry of fumarate causes another 50% of the 2H label to be lost during the conversion 

into malate and subsequently oxaloacetate. While the remaining 2H label is incorporated 

into isocitrate at a position that ultimately corresponds to the C2 position in glutamate, 

the 2H label never reaches glutamate as the label is removed in the conversion from 

isocitrate to α-ketoglutarate. Figure 5 shows the steady-state 2H and 13C label accumulation 

in downstream metabolic products of cerebral glucose metabolism. Following a 2-hour 

infusion of [6,6-2H2]-glucose, significant 2H label accumulation is present in the H3 

position of lactate and alanine and the H4 position of glutamate and glutamine (Fig. 5A). 

Small amounts of 2H label accumulation can also be detected for the methyl group of 

N-acetyl aspartate (NAA, 2.01 ppm) and the H3 position of aspartate at circa 2.7 ppm. 
2H label accumulation in the glutamate/glutamine H3 position is noticeably missing. This 

is especially striking when compared to the amount of 13C label accumulation in the 

C3 position of glutamate/glutamine (Fig. 5C/D). The lack of 2H label accumulation can 

also be observed for GABA-H3 (1.89 ppm) and GABA-H4 (3.00 ppm). Spectral overlap 

with the intense signal from [6,6-2H2]-glucose at ~3.8 ppm, prevents the detection and 

assessment of 2H label accumulation in the H2 position of glutamate/glutamine at ~3.75 

ppm. A 2-hour infusion of [1-2H]-glucose (Fig. 5B) eliminates the spectral overlap, thereby 

establishing the absence of 2H label accumulation in the glutamate/glutamine H2 position. 

These experiments confirm the theoretically predicted absence of 2H label at the C2 and C3 

position of glutamate and glutamine.

The precision of the reported values for label loss and KIE is predominantly determined 

by the SNR of the NMR spectra. To increase the SNR for the analysis of glutamate and 

glutamine we pooled the samples of 5 animals, which is a limitation of this study. By using 

a Monte-Carlo analysis on the single data set we recovered the variability caused by the 

SNR of the NMR experiment, but pooling the sample sacrificed any insight into potential 

inter-subject variability. Several technical improvements could increase the NMR sensitivity 

and prevent the need to combine samples. Using a higher magnetic field spectrometer, 

smaller NMR tubes that require less sample dilution, and a cryo-cooled 13C probe would all 

increase the 13C NMR sensitivity, but were not readily available to us.

In conclusion, we quantified the 2H label loss of [6,6-2H2]-glucose and [2H3]-acetate that 

occurs through metabolism in rat brain, and estimated the KIE. These data will be useful 

for quantitative studies aimed at mapping metabolic rates in vivo using these 2H-labeled 

substrates with DMS and DMI techniques.

METHODS

Experimental design

The experimental design employed in the current study uses 13C NMR spectroscopy during 

a co-administration experiment to follow the metabolic fate of both single-labeled 13C and 
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double-labeled [2H, 13C] substrates 21. Because the 13C resides in the backbone of the 

metabolites, and therefore 13C label is not lost, the total amount of double-13C-labeled 

product equals the maximum amount of 13C label that has flowed through the metabolic 

pathway of interest. The 13C-13C scalar coupling provides a doublet spectral pattern 

uniquely different from any pattern generated by [6,6-2H2, 6-13C]-glucose. The 13C label of 

[6,6-2H2, 6-13C]-glucose will ultimately label [2Hx, 3-13C]-lactate, [2Hx, 4-13C]-glutamate 

and [2Hx, 4-13C]-glutamine with x = 0, 1 or 2. Metabolic products with both deuterons 

still attached (no 2H label loss) will provide a unique quintet spectral pattern (1 : 2 : 3 : 

2 : 1 intensity ratio) that in the 13C NMR spectrum is shifted upfield by circa 0.5 – 0.6 

ppm relative to the non-deuterated product 22,23. In the presence of 2H label loss, the single-

deuterated products will generate a characteristic triplet pattern (1 : 1 : 1 intensity ratio) 

shifted upfield by circa 0.25 – 0.30 ppm. When all deuterons are lost, the non-deuterated 

form will resonate as a singlet, but still uniquely different from the non-deuterated doublet 

originating from the 13C-13C labeled substrate. The 2H label loss can therefore be readily 

obtained by determining the relative amounts of non, single and double-deuterated products. 

If a significant 2H KIE is present, the metabolic flow of 13C label from the deuterated 

substrate will be slower than of the non-deuterated substrate.

In a separate study, the accumulation of 2H label in downstream metabolic products was 

investigated at isotopic steady-state. For this purpose, animals were infused for 2 hours with 

[1-2H]-glucose, [6,6-2H2]-glucose or [1-13C]-glucose. Using direct 2H NMR, the [6,6-2H2]-

glucose study allows the detection of 2H label accumulation in the H3 and H4 positions 

of glutamate and glutamine. Unfortunately, the strong [6,6-2H2]-glucose signal at ~3.8 ppm 

overlaps and thus obscures any 2H label accumulation in the C2 position of glutamate or 

glutamine at ~ 3.75 ppm. Using [1-2H]-glucose eliminates this spectral overlap, thereby 

allowing the measurement of steady-state 2H label accumulation in the H2, H3 and H4 

positions of glutamate and glutamine, albeit at a lower sensitivity than the [6,6-2H2]-glucose 

study. 13C label accumulation from [1-13C]-glucose as detected with 1H-[13C]-NMR was 

used as a ‘gold standard’ reference, because no 13C-label is expected to be lost.

The KIE and 2H label loss was also studied in vitro in rat glioma (RG2) cells. Similar to 

normal brain, glucose enters the glycolytic pathway after which the 2H and 13C labels end 

up in lactate. However, unlike normal brain the intracellular lactate that is exported from the 

cells accumulates linearly over time in the cell culture medium (Fig. S1A). The 2H label 

loss can be quantitatively determined at the level of lactate from the unique spectral patterns 

of non (x=0), single (x=1) and double (x=2)-deuterated compounds, similar to that in rat 

brain (Fig. S1B). While the ability to measure kinetic isotope effects (KIEs) in rat brain is 

limited to early time points (Fig. 1B), the ability to measure KIEs in lactate produced by 

RG2 cancer cells improves over time as the extracellular lactate concentration (and thus the 

NMR sensitivity) increases over time. In the current study, KIEs on lactate were determined 

six hours after the co-administration of [6,6-2H2, 6-13C] and [5,6-13C2]-labeled glucose.

RG2 cell medium studies

RG2 cells were purchased from American Type Culture Collection (ATCC) Cells were 

grown in 75 cm2 flasks at 37°C in humidified air and 5% CO2 in Dulbecco’s modified 
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Eagle’s medium (DMEM; Gibco), supplemented with 10% heat-inactivated fetal bovine 

serum (Gibco) and 1% penicillin streptomycin (Gibco). RG2 cell experiments were 

performed in 3 cell flasks each containing 6 to 8 million cells. The standard cell culture 

medium was replaced with 10 ml of medium containing 1 M of [5,6-13C2]-glucose and 1 

M of [6,6-2H2, 6-13C]-glucose. After six hours of incubation the medium was collected, 

lyophilized (LabConco, Kansas City, MO, USA), and resuspended in 600 μL of phosphate-

buffered (100 mM, pH 7.2) D2O/H2O (10/90%) solution, containing 3 mM formate (for 1H 

NMR chemical shift referencing), and 3 mM imidazole (for pH determination).

In vivo rat studies

All procedures on animals were performed under approved protocols by the Yale Animal 

Care and Use Committee in accordance with American Veterinary Medical Association 

(AVMA) guidelines on euthanasia.

Male Fischer 344 rats, body weight (BW) 220 ± 30 g (mean ± SD) were anaesthetized with 

isoflurane (3.5% for induction, 1.5 – 1.8% for maintenance) in 70%/30% N2O/O2 via a 

nose cone. Non-fasted animals (n = 5) received an intravenous co-infusion of equimolar 

(0.5 M) [5,6-13C2]-glucose and [6,6’-2H2, 6-13C]-glucose through a catheter placed in 

the tail vein. Briefly, animals received an initial bolus (135 μL per 100 g body weight) 

followed by a continuous intravenous infusion of the glucose infusate. The infusion rate was 

decreased every 30 s according to a decreasing exponential function during the first 8 min 

and was constant at 6.85 μL/min/100g BW for the remainder of the experiment. The total 

infusion duration was 20 min, representing a balance between the attainable signal-to-nose 

ratio (SNR) and sensitivity towards KIEs. Another group of 5 non-fasted rats similarly 

received an intravenous infusion of equimolar [1,2-13C2]-acetate and [2H3, 2-13C]-acetate. 

After an initial bolus of 40 μL/100 g BW, acetate was infused at decreasing rates (2 

steps) before settling at a constant rate of 12.5 μL/min/100 g BW 4 min after the bolus 

administration. Following 20 min of infusion, animals were euthanized by focused-beam 

microwave irradiation (4.5 kW for 0.9 s, Muromachi Microwave Fixation System, Stoelting 

Co, Wood Dale, IL, USA), instantly stopping enzyme activity and cerebral metabolism. An 

additional four Fischer rats were euthanized without substrate infusion in order to establish 
13C natural abundance signal intensities. Following microwave irradiation, the rat head was 

decapitated, and the brain dissected. After weighing rat brain tissue (1.32 ± 0.15 g), a 

known amount of [2-13C]-glycine was added as concentration standard, and the samples 

homogenized using a bead mill (Omni International, Kennesaw GA, USA), in a 0.1 M HCl/

methanol (2:1 vol/wt) solution, followed by extraction with ethanol. The supernatant was 

clarified by centrifugation, lyophilized and resuspended in 600 μL of the buffer described 

above (RG2 cell medium studies).

For glucose infusion studies NMR data were acquired from each brain sample preparation 

and used to analyze KIE and label loss in lactate. Next, to increase the signal-to-noise ratio 

(SNR) these samples were dried and resuspended as one sample before NMR data were 

acquired for analysis of KIE and label loss in glutamate and glutamine. For the acetate study, 

brain samples were pooled as well.
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In a separate study, animals (n = 2 per substrate) received an intravenous infusion of 0.75 

or 1 M of [1-2H]-glucose, [6,6-2H2]-glucose or [1-13C]-glucose for 2 hours according to the 

protocol described above. At the end of the infusion, animals were euthanized by focused-

beam microwave irradiation. Brain tissue processing and NMR sample preparation were 

performed as described above. Except for the analysis of steady-state 2H label accumulation, 

for which the phosphate-buffered NMR solution was based on 2H-depleted water, and 

did not contain D2O or [2-13C]-glycine. Steady-state 2H and 13C label accumulation were 

determined by direct 2H NMR and indirect 1H-[13C]-NMR, respectively.

NMR spectroscopy

All experiments were performed on a Bruker Avance spectrometer (Bruker Instruments, 

Billerica, MA, USA) operating at 500.13 MHz for 1H and equipped with a 5-mm broadband 

(BB) probe incorporating a single-axis (Z) gradient coil. The magnetic field homogeneity 

on each sample was optimized with an automated 1D field mapping algorithm capable of 

adjusting up to fifth order zonal spherical harmonics.

Direct 13C-[1H] NMR spectra were acquired with a pulse-acquire method (TR = 20 s) 

as 16,384 complex points over a 25.2 kHz (or 200 ppm) spectral width. For a select 

number of studies, the repetition time was lengthened to 180 s to accommodate the long 

T1 relaxation times of non-protonated carbons, such as [2-3H2, 2-13C]-acetate. Broadband 

adiabatic 1H decoupling was applied during the total acquisition time of 650 ms. The 

decoupling sequence was executed with 2.0 ms AFP pulses [HS8 modulation 24, Δvmax = 

10 kHz, B2max = 2.5 kHz, center frequency = 3.5 ppm) incorporated in a 20-step supercycle 
25. In order to avoid selective enhancement of protonated over deuterated carbon positions, 

nuclear Overhauser enhancement was omitted in all studies.

Direct 2H NMR spectra were acquired at 76.77 MHz with a pulse-acquire method (TR = 

2 s) as 4,096 complex points over a 5.0 kHz spectral width. Indirect 1H-[13C] NMR or 

Proton-Observed, Carbon-Edited (POCE) NMR spectra were acquired with an adiabatic 

spin-echo sequence employing 1 ms BIR-4 pulses for excitation and refocusing (tanh/tan 

modulation 26, pulse length, T = 1.0 ms, maximum frequency sweep, Δvmax = 100 kHz, 

maximum RF amplitude, B1max = 10 kHz, TR = 25 s, TE = 8 ms). On alternate scans an 

adiabatic full passage inversion pulse (HS8 modulation, T = 1.0 ms, Δvmax = 20 kHz, B2max 

= 10 kHz, 24) was executed on the carbon-13 channel (125.76 MHz) at the same time as 

the proton refocusing pulse. Broadband adiabatic 13C decoupling was applied during the 

total acquisition time. The decoupling sequence was executed with 2.0 ms AFP pulses (HS8 

modulation, Δvmax = 10 kHz, B2max = 2.5 kHz, center frequency = 34.2 ppm) incorporated 

in a 20-step supercycle 25. Water suppression was achieved with a six-pulse CHESS 

(chemical shift selective, 27) sequence executed with 10 ms Gaussian pulses truncated at 

10% of the maximum amplitude.

Data processing

All 13C MR spectra were quantified with home-written Matlab (Matlab 8.0, The Mathworks, 

Natick, MA, USA) spectral fitting software using 13C chemical shifts and 2H-13C scalar 

couplings determined from the measured data and summarized in Table S1. The glucose 
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infusate 2H MR spectra were modeled with three contributions related to the double 
13C-labeled and non and double-deuterated forms. The acetate infusate 2H NMR spectra 

were modeled with three contributions related to the double-carbonated and non and triple-

deuterated forms. Impurities from single-deuterated glucose or single/double-deuterated 

acetate were not observed. Lactate, glutamate and glutamine signals were modeled with 

basis sets containing four contributions related to the double 13C-labeled and non, single and 

double-deuterated forms. The overall glutamate spectral fit was improved by the addition of 

contributions from labeling patterns expected for glutamate 13C-labeled in the second turn 

of the TCA cycle. The resonance line widths, chemical shifts and phases for all components 

were constrained to 0.5 – 3.0 Hz, ± 1.0 Hz and ± 5.0°, respectively. The overall spectral fit 

was completed with a low-order (constant or linear) spectral baseline.

The natural abundance contribution to the non-deuterated glutamate and glutamine signals 

was established using the 13C MR spectra obtained from rat brain tissue of animals without 

substrate infusion. The natural abundance NAA signal at 22.8 ppm was used to account 

for small inter-sample differences related to tissue amounts and RF coil efficiency. The 

natural abundance contribution to the non-deuterated [3-13C]-lactate signal was established 

by comparison with the non-labeled [2-13C]-lactate signal at 69.3 ppm.

Statistics

The effect of label loss is analyzed by descriptive statistics (mean and standard deviation, 

SD), as presented in Figs 2-5. The potential KIE in RG2 cells was analyzed by comparing 

the NMR signal amplitude of lactate labeled by [6,6-2H2, 6-13C]-glucose with lactate 

generated from non-deuterated [5,6-13C2]-glucose, using the non-parametric Wilcoxon 

Signed Rank test (because of the small sample size of n = 3). The potential KIE in brain 

was analyzed by comparing the NMR signal amplitude of lactate labeled by [6,6-2H2, 

6-13C]-glucose (n = 5) with the signal amplitude of lactate generated from non-deuterated 

[5,6-13C2]-glucose, using the paired sample T-test. Brain samples from 5 animals were 

pooled to increase the SNR for detection of 2H and 13C-labeled glutamate and glutamine. A 

Monte Carlo analysis was performed to generate 20 datasets based on the NMR spectrum of 

the pooled sample. These 20 datasets were individually quantified. This approach was used 

for both the glucose and acetate studies, and the potential KIE was analyzed by comparing 

the signal amplitude of metabolites labeled by the deuterated substrate with those from 

non-deuterated substrates using the paired sample T-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1–. 
Illustration of the strategy used to detect deuterium label loss and kinetic isotope effects 

during cerebral acetate and glucose metabolism. The metabolic fate of [6,6-2H2, 6-13C]-

glucose or [2H3, 2-13C]-acetate and the amount of deuterium label loss can be studied 

with 13C MRS, whereby different chemical shifts and scalar coupling patterns allow 

the distinction between non, single and double-deuterated metabolic products. Glucose 

undergoes glycolysis where the 2H and 13C labels end up in the methyl groups of 

pyruvate and lactate. The glycolytic pathway provides several opportunities for 1H/2H label 

exchange, such that the 2H amount on pyruvate and lactate will be reduced relative to 

glucose. Pyruvate will, via conversion to acetyl-CoA, enter the tricarboxylic acid (TCA) 

cycle where the 2H and 13C isotopes will label the glutamate, glutamine and GABA 

pools. Several TCA cycle reactions lead to removal or replacement of 2H, thus further 

reducing the amount of 2H in downstream metabolic products such as glutamate. Whereas 
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the 2H label loss can be quantitatively determined from the unique spectral patterns of 

non, single and double-deuterated compounds, the study does not provide information on 
2H-induced kinetic isotope effects. Kinetic isotope effects were determined by comparing 

the total label flow from [6,6-2H2, 6-13C]-glucose (and [2H3, 2-13C]-acetate) with that of 

non-deuterated [5,6-13C2]-glucose ([1,2-13C2]-acetate), whereby the 13C-13C scalar coupling 

provided unique spectral patterns different from those originating from [6,6-2H2, 6-13C]-

glucose ([2H3, 2-13C]-acetate). (B) Isotopic label accumulation curves for an (unspecified) 

metabolic product in the presence of a significant KIE. The individual non-deuterated (x 

= 0), single-deuterated (x = 1) and double-deuterated (x = 2) metabolic products provide 

a quantitative evaluation of 2H label loss. A comparison between the sum of all three 
13C-labeled (Σx) products and the 13C2-labeled product gives a quantitative evaluation of a 
2H-mediated KIE. A single-point measurement was made at 20 min following the onset of 

intravenous infusion (dotted vertical line). The selected time point represents a compromise 

between the attainable NMR sensitivity and the ability to accurately detect label loss and 

kinetic isotope effects. (C) Examples of 1H-decoupled 13C NMR spectra form metabolites 

with 13C and 13C + 2H label as indicated in (B). Note the spectral pattern as a function of 

number (x) of 2H’s attached to 13C. x = 0 has no coupling effect, x = 1 leads to a 1 : 1 : 1 

triplet intensity ratio, x = 2 leads to 1 : 2 : 3 : 2 : 1 quintet intensity ratio. See also Table S1 

for more detail on coupling constants and spectral patterns.
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Figure 2–. 
2H and 13C label incorporation in lactate produced by RG2 cells. (A) 13C NMR spectrum 

from RG2 cell medium showing four different 2H/13C-labeled lactate species originating 

from two glucose substrates, [5,6-13C2]-glucose and [6,6-2H2, 6-13C]-glucose. The four 

lactate species and their fitted spectral contributions are color-coded as indicated. The 

bottom trace shows the difference between the experimental data (top trace) and the sum 

of the four fitted contributions. Small open white and closed black circles indicate protons 

and deuterons, respectively. (B) 2H label distribution for lactate produced from [6,6-2H2, 

6-13C]-glucose. Lactate species containing zero, one and two deuterons account for 3.2 ± 0.3 

%, 20.7 ± 1.2 % and 76.1 ± 1.4 % of all lactate originating from [6,6-2H2, 6-13C]-glucose, 

respectively. The 2H label loss for lactate therefore amounts to 13.6 % of the theoretical 

maximum 2H label accumulation (two deuterons on every lactate). (C) Lactate production 

from [6,6-2H2, 6-13C]-glucose (left) amounts to 97.3 ± 0.9 % of that originating from 

[5,6-13C2]-glucose (right).
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Figure 3–. 
Deuterium label loss and kinetic isotope effect for lactate, glutamate and glutamine in rat 

brain following 20 min of intravenous infusion of [6,6-2H2, 6-13C]-glucose and [5,6-13C2]-

glucose. (A) Experimental 13C NMR spectrum (top) for [4-13C]-glutamate together with 

the fitted contributions from non-deuterated [4-13C]-glutamate (red), single-deuterated 

[4-2H, 4-13C]-glutamate (blue), double-deuterated [4,4-2H2, 4-13C]-glutamate (green) and 

non-deuterated [4, 5-13C2]-glutamate (gray). The residual between the experimental and 

total fitted spectra is shown as the bottom trace. (B) Deuterium label loss for [3-13C]-

lactate, [4-13C]-glutamate and [4-13C]-glutamine originating from [6,6-2H2,6-13C]-glucose. 

Non, single and double-deuterated compounds are indicated by red, blue and green bars, 

respectively. For each compound the sum of the three contributions equals 100%. (C) 

Kinetic isotope effect for lactate, glutamate and glutamine. The absolute amounts of non, 

single and deuterated compounds are added together and compared to the absolute amount 

of [2,3-13C2]-lactate or [4,5-13C2]-glutamate or glutamine which is defined as 100%.
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Figure 4–. 
Deuterium label loss and kinetic isotope effect for glutamate and glutamine in rat brain 

following 20 min of intravenous infusion of [2H3, 2-13C]-acetate and [1,2-13C2]-acetate. (A) 

Deuterium label loss for [4-13C]-glutamate and [4-13C]-glutamine originating from [2H3, 

2-13C]-acetate. Non, single and double-deuterated compounds are indicated by red, blue 

and green bars, respectively. For each compound the sum of the three contributions equals 

100%. (B) Kinetic isotope effect for glutamate and glutamine. The absolute amounts of non, 

single and deuterated compounds are added together and compared to the absolute amount 

of [4,5-13C2]-glutamate or glutamine which is defined as 100%. Error bars based on Monte 

Carlo simulation of n = 20.
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Figure 5–. 
Steady-state 2H or 13C label accumulation in rat brain following intravenous infusion of 
2H or 13C-labeled glucose. (A, B) 2H NMR spectra from rat brain extract following 2 

hours of intravenous (A) [6,6-2H2]-glucose or (B) [1-2H]-glucose infusion. (C, D) 1H-[13C] 

(POCE) NMR difference spectra following 2 hours of intravenous [1-13C]-glucose infusion. 

Spectrum (C) is identical to (D) with the exception of an additional 25 Hz Lorentzian 

line broadening to approximate the 2H line widths in (A, B). Due to 2H label loss the 

x index lays in the range 0 ≤ x ≤ 2 and 0 ≤ x ≤ 1 for all downstream products of (A) 

[6,6-2H2]-glucose and (B) [1-2H]-glucose, respectively. (A) 2H label accumulation in the 

C3 position of glutamate and glutamine (red arrow) is noticeably missing (x ~ 0), in stark 

contrast to significant 13C label accumulation (C). 2H label accumulation in the C2 position 

of glutamate and glutamine cannot be determined in (A) due to severe spectral overlap 

with [6,6-2H2]-glucose. (B) A [1-2H]-glucose infusion eliminates the spectral overlap and 
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demonstrates the lack of 2H label accumulation (x ~ 0) in the C2 position of glutamate and 

glutamine (red arrow). Glx = glutamate + glutamine. The signal in (C, D) indicated with * 

originates from [2-13C]-glycine, a chemical shift and concentration reference. NA: N-Acetyl 

aspartate.
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