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Synopsis
Renal gluconeogenesis contributes to glucose homeostasis and is elevated in diabetes. Aspartate is an efficient gluconeogenic substrate in the kidney, and its
conversion to glucose proceeds via phosphoenolpyruvate carboxykinase (PEP-CK), which is a rate-limiting enzyme. Scanning the kidney of rats infused with
hyperpolarized [1-13C]aspartate, the metabolites detected include [1-13C]malate and [4-13C]malate, 3-phospho[1-13C]glycerate, and a trace of bicarbonate. Using
[1,4-13C2]aspartate resulted in higher bicarbonate signal, consistent with PEP-CK activity, and bicarbonate was undetectable after inhibiting PEP-CK. Compared
to fed rats, the bicarbonate-to-malate ratio was 3-fold higher in fasted rats, indicating the potential of hyperpolarized aspartate to probe renal gluconeogenesis.

Introduction
Gluconeogenesis is a critical metabolic pathway for maintaining normal glucose homeostasis, and its regulation plays an important role in diabetes and the metabolic
syndrome. The liver and kidney are the main gluconeogenic organs, and the contribution from the kidney can be as high as 50% under some conditions.1
Phosphoenolpyruvate carboxykinase (PEP-CK) is considered one of the rate-limiting enzymes of gluconeogenesis, and the conversion of hyperpolarized [1-13C]pyruvate to
[13C]bicarbonate in the liver has been attributed to PEP-CK activity.2-4 However, pyruvate-to-bicarbonate conversion is not always specific to hepatic PEP-CK activity, which
limits its utility in measuring gluconeogenic flux. The amino acid aspartate is a gluconeogenic substrate that is particularly efficient in the kidney,5 and this study tested
hyperpolarized [1-13C]aspartate6 and [1,4-13C2]aspartate as specific probes of renal PEP-CK activity.

Methods
Dissolution DNP – [1-13C]Aspartic acid and [1,4-13C2]aspartic acid were formulated as the tris salt in water/glycerol with OX063 trityl radical and frozen into 8 µl beads.
Samples were polarized in a custom-built 7 T polarizer operating at 1.0 K and polarized by microwave irradiation (50 mW, 196.58 GHz), then dissolved with superheated
phosphate-buffered D2O and transferred directly into a phase separator / infusion pump in the horizontal scanner bore.
Animals – Wistar rats were anaesthetized with isoflurane and catheters were installed in the femoral arteries for invasive blood pressure measurements and blood sampling
and in a femoral vein for infusing the hyperpolarized aspartate. Body temperature was maintained between 37.5 and 38.5 ºC. 1.4 ml of the hyperpolarized aspartate solution
was infused as an intravenous bolus, with a dose of ~0.08 mmol/kg. When used, the PEP-CK inhibitor 3-mercaptopicolinic acid (3-MPA) was administered intraperitoneally
as a neutralized solution in PBS 1 hour prior to scanning with a dose of 100 mg/kg body weight in 0.5 ml. Fasted rats had their food removed the evening before the
experiment for a 12-hour fasting period.
Data acquisition – Rats were scanned in a 9.4T horizontal bore magnet (Magnex) with a VNMRS console (Varian) using a surface coil with two 13C-tuned loops in
quadrature and one 1H-tuned loop. The coil was placed over the left kidney and its position verified by 1H imaging. Following the aspartate infusion, a series of 13C pulseacquire spectra was acquired with a BIR4-30 adiabatic excitation, 8258 points, 20161.3 Hz spectral width, ~3 s repetition time, gated by respiratory motion and pulse.
Data analysis – Spectra in the series that contained hyperpolarized signal were summed and the signal amplitudes were fitted using Bayes (Washington University, St.
Louis). Chemical shift was referenced to the 1-carbon of aspartate (176.91 ppm, www.hmdb.ca). The malate/aspartate, bicarbonate/aspartate and bicarbonate/malate ratios
were calculated using the sum of both the 1- and 4-carbon signals of [1,4-13C2]malate and [1,4-13C2]aspartate. Data are expressed as mean ± standard deviation. Statistical
significance was assessed by 2-tailed Student’s t tests. With Bonferroni correction for multiple comparisons, a p value below 0.017 was considered statistically significant.

Results
The main metabolite of [1-13C]aspartate was [1-13C]malate at 183.50 ppm (Figure 1). Other smaller metabolite signals at 182.27 ppm, 181.26 ppm and 162.9 ppm were also
resolved in some experiments and correspond to [4-13C]malate, via label scrambling through fumarate, N-acetyl[1-13C]aspartate or 3-phospho[1-13C]glycerate, and
[13C]bicarbonate, respectively. At pH 7.0 and 37 ºC, natural-abundance N-acetylaspartate 1-carbon was measured at 181.35 ppm, whereas it was 181.30 ppm for 3phosphoglycerate. While N-acetylaspartate was not appreciably sensitive to pH in this range, the 3-phosphoglycerate chemical shift decreased with pH, making the
assignment consistent with 3-phospho[1-13C]glycerate at pH ~6.9. Following treatment with 3-MPA, both the bicarbonate and 3-phosphoglycerate signals were absent,
though the malate signals remained (Figure 1, lower spectrum).
A much stronger hyperpolarized bicarbonate signal was observed in experiments with [1,4-13C2]aspartate, and it was consistently absent following PEP-CK inhibition with 3MPA in both fed and 12-hour fasted rats (Figure 2). Comparing fed (n = 3) and fasted (n = 3) groups, the malate/aspartate ratio tended lower and the bicarbonate/aspartate
ratio tended higher in fasted rats, but these differences did not reach statistical significance. The bicarbonate/malate ratio, however, was 3.2-fold higher in fasted rats (p =
0.0066, Figure 3). Experiments scanning the heart and liver showed no clear myocardial aspartate metabolism and much lower conversion in the liver compared to the
kidney (Figure 4).

Discussion
Collectively, these results provide strong evidence that PEP-CK activity is required for the conversion of hyperpolarized [1-13C]aspartate and [1,4-13C2]aspartate to
[13C]bicarbonate in the kidney. In addition to bicarbonate, the detection of 3-phosphoglycerate provides further support to the gluconeogenic fate of the hyperpolarized
aspartate. To our knowledge, these results show for the first time the specific detection of PEP-CK flux with a hyperpolarized 13C-labeled substrate and demonstrate the
potential of hyperpolarized aspartate to measure renal gluconeogenesis.
Although substantial rates of “futile” cycling of pyruvate via oxaloacetate and phosphoenolpyruvate have been noted in the glucose metabolism of rabbit kidney tubules,7
neither pyruvate nor lactate was detected in the current study. These results underscore the ability of some substrates to selectively probe different metabolically distinct
compartments in the kidney.8

Conclusion
Hyperpolarized 13C-aspartate can probe the early steps of gluconeogenesis in the kidney, and its conversion to [13C]bicarbonate is due to PEP-CK activity.
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Figures

Figure 1. Example of renal metabolism of hyperpolarized [1-13C]aspartate in a rat before (upper spectrum) and after treatment with 3-MPA to inhibit PEP-CK (lower
spectrum). Spectra are sums of transients from acquisition series containing metabolite signal. Asterisks indicate absence of bicarbonate and 3-PG signals following PEPCK inhibition. Abbreviations: mal - malate; 3-PG – 3-phosphoglycerate; asp – aspartate; bic – bicarbonate.

Figure 2. Examples of renal metabolism of hyperpolarized [1,4-13C2]aspartate in fasted (upper row) and fed rats (lower row), without (left column) and with 3-MPA treatment
to inhibit PEP-CK (right column). Asterisks indicate absence of bicarbonate signal following PEP-CK inhibition. Spectra are sums of transients from acquisition series
containing hyperpolarized signal.

Figure 3. Comparison of renal metabolism of hyperpolarized [1,4-13C2]aspartate to malate and bicarbonate in fed and fasted rats. Signals from both 13C labels in aspartate
and malate were used for calculating the ratios.

Figure 4. Comparison of metabolism of hyperpolarized [1,4-13C2]aspartate in the heart (upper), liver (middle) and kidney (lower). Compared to the kidney, only a trace of
malate and bicarbonate is apparent in the liver. Spectra are sums of transients from acquisition series containing hyperpolarized signal.
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