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Abstract

Glioblastomas (GBMs) and brain metastases demonstrate avid uptake of 18fluoro-2-deoxyglucose
(FDG) by positron emission tomography (PET) and display perturbations of intracellular
metabolite pools by IH magnetic resonance spectroscopy (MRS). These observations suggest that
metabolic reprogramming contributes to brain tumor growth /n vivo. The Warburg effect, excess
metabolism of glucose to lactate in the presence of oxygen, is a hallmark of cancer cells in culture.
FDG-positive tumors are assumed to metabolize glucose in a similar manner, with high rates of
lactate formation compared to mitochondrial glucose oxidation, but few studies have specifically
examined the metabolic fates of glucose /n vivo. In particular, the capacity of human brain
malignancies to oxidize glucose in the tricarboxylic acid cycle is unknown. Here we studied the
metabolism of human brain tumors /n situ. [U-13C]glucose was infused during surgical resection,
and tumor samples were subsequently subjected to 13C NMR spectroscopy. Analysis of tumor
metabolites revealed lactate production, as expected. We also determined that pyruvate
dehydrogenase, turnover of the TCA cycle, anaplerosis and de novo glutamine and glycine
synthesis contributed significantly to the ultimate disposition of glucose carbon. Surprisingly, less
than 50% of the acetyl-CoA pool was derived from blood-borne glucose, suggesting that
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additional substrates contribute to tumor bioenergetics. This study illustrates a convenient
approach that capitalizes on the high information content of 13C NMR spectroscopy and enables
the analysis of intermediary metabolism in diverse malignancies growing in their native
microenvironment.
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INTRODUCTION

Reprogramming of energy metabolism is considered to be a hallmark of malignant
transformation [1]. This concept has roots in the 1920s when Warburg demonstrated that
tumors, relative to normal tissues, display excess glycolysis and lactate production in the
presence of oxygen (the “Warburg effect”) [2, 3]. This observation led to a model that has
dominated the study of cancer metabolism for most of the last 80 years: that malignant
transformation shifts glucose metabolism away from efficient energy-producing pathways in
the mitochondria towards glycolysis as the major source of energy [4]. Warburg’s work
foreshadowed the clinical practice of monitoring glucose uptake in tumors with a glucose
analogue, 2-18fluoro-2-deoxyglucose (X8FDG), and imaging by positron emission
tomography (PET). This procedure exploits the tumor's ability to transport glucose more
rapidly than surrounding tissue. The mechanisms that drive enhanced glucose metabolism in
tumors, and the benefits of this metabolic phenomenon at the cellular level, are complex and
incompletely understood. Expression of glucose transporters and glycolytic enzymes is
driven by oncogenes and hypoxia-inducible factor-1 (HIF-1) in cancer cell lines and
possibly /n vivo [5-7]. In a minority of tumors, mutations that overtly impair oxidative
metabolism probably also stimulate glycolysis during tumor growth [8-11]. Furthermore,
evidence from experimental models suggests that excess glucose metabolism actually
confers superior cell growth by maintaining pools of essential glycolytic intermediates and
other effector molecules [5, 12-15].

However, despite the widespread use of 18FDG-PET as a surrogate for tumor glycolysis
[16], no information beyond glucose uptake can be gleaned from these scans, making it
difficult to design rational therapeutic strategies aimed at interfering with tumor energy
formation. In 18FDG-PET-avid tumors, it is not known whether glucose is metabolized
exclusively to pyruvate and lactate, or whether glucose carbons can be oxidized in the TCA
cycle. Entry of glucose carbons into the cycle would also provide macromolecular
precursors (e.g. citrate, succinyl-CoA, nonessential amino acids, nucleotides, fatty acids)
necessary for tumor growth [17-19]. Stable isotope tracers such as 13C-enriched glucose are
valuable tools to probe metabolism 777 vivo, because the distribution of 13C in metabolites
downstream of glucose, analyzed by 13C nuclear magnetic resonance (NMR) spectroscopy,
provides a wealth of information about metabolism in the tissue of interest. Because these
tracers are not radioactive, they can safely be infused into human patients in sufficient
quantities to significantly enrich informative metabolites. Although real-time acquisition

of 13C spectra from live patients is potentially useful [20], limited spatial resolution and
partial volume effects of /7 vivo 13C NMR spectroscopy restrict its practicality for cancer.
Alternatively, extracts of surgically-resected tissues obtained from subjects infused

with 13C-glucose can be analyzed ex vivo[21, 22]. This approach is feasible when surgical
resection of the primary tumor is planned in the course of treatment.

The urgent need for novel therapeutics in malignant gliomas stems from their rapid
progression and lethality despite aggressive multimodality therapy. Glioblastomas (GBMs)
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and brain metastases demonstrate avid 28FDG uptake by PET, often exceeding the high rate
of glucose uptake in the normal cortex, and display marked perturbations of intracellular
metabolite pools by H magnetic resonance spectroscopy (MRS) [23-25]. These findings
suggest that metabolic reprogramming contributes to GBM growth and may be a useful
therapeutic target. In the current study, we optimized a [U-13C]glucose infusion protocol
that produced high-quality proton-decoupled 13C NMR spectra from metabolites extracted
from nine primary high-grade gliomas and two metastatic brain tumors. In each tumor,
glucose was oxidized in the TCA cycle and was used to produce macromolecular precursors,
reflecting a complex metabolic phenotype that included, but was not limited to, the
conversion of glucose to lactate. A significant fraction of the acetyl-CoA used in the TCA
cycle was not derived from blood-borne glucose, suggesting that additional substrates
besides glucose also provide energy during brain tumor growth.

MATERIALS AND METHODS

Clinical Protocol

Patients were enrolled in an IRB-approved clinical protocol after obtaining informed
consent. Nine patients were selected for inclusion on the basis of an MR scan consistent
with a high grade glioma. Two additional patients were selected on the basis of a
histologically verified extra-cranial malignancy (breast, lung) and an MR scan revealing a
solitary brain metastasis. 18FDG-PET scans were performed prior to the day of surgical
resection. On the morning of surgery, the patients had a peripheral intravenous line placed,
and sterile, pyrogen-free [U-13C]glucose (Cambridge Isotope Laboratories) was infused at
4g/hr (patients 1-3), or as a bolus of 8g over 10 minutes followed by 8g/hr continuous
infusion (patients 4-11). Standard procedures were followed for the craniotomy and removal
of the tumor. For metabolic analysis, an effort was made to select tumor samples composed
as completely as possible of viable neoplastic cells. These were identified from the region of
tumor that enhanced most evenly on a pre-operative MR scan, correlated with avid 18FDG
glucose uptake, and/or was identified intraoperatively using fixed anatomic landmarks or
surgical navigation (VectorVision, Brainlab Inc, Westchester, IL). A portion of each
specimen submitted for metabolic analysis was examined histologically for diagnostic
purposes and to estimate tumor cellularity. Immediately upon removal, each tumor fragment
was immersed in iced saline, gently washed to remove blood and adherent tissue, and split
for pathological examination and for NMR analysis. The mass of samples for NMR ranged
from 150 — 400 mg. The total time between removal of each fragment from the patient and
freeze-clamping was approximately 1 minute. All diagnoses were made by a clinical
pathologist. DNA sequencing revealed that none of these tumors had mutations in isocitrate
dehydrogenase isoforms 1 or 2 (/DH1 or IDH2).

Mass spectrometry

Blood was obtained prior to infusion of [U-13C]glucose and approximately every 30 minutes
during the infusion until the end of tumor sampling. Blood was drawn from an arterial line
or from a venous site in the contralateral arm. Samples were centrifuged to separate the
plasma and frozen in liquid nitrogen. A 10uL aliquot was vortexed with 40uL of water and
extracted in equal volumes of chloroform, methanol and water. The aqueous phase was re-
extracted with chloroform, evaporated, derivatized in 100uL of a trimethylsilyl donor
(TriSil, Pierce), and analyzed using an Agilent 6890 gas chromatograph coupled to an
Agilent 5973N Mass Selective Detector. Glucose enrichment was determined by comparing
the ratio of fragment ions 206 and 441 (enriched) and 204 and 435 (unenriched) to a
standard curve. To determine 13C enrichment in lactate and glutamine, the measured
distribution of mass isotopomers was corrected for natural abundance [26].
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Tissue Processing and NMR Spectroscopy

Frozen tumor samples were powdered in a mortar under liquid nitrogen with 4% perchloric
acid (1:4 wiv), thawed, and centrifuged at 47,800 g for 15 min. The supernatant was
transferred to a new tube, where chloroform/tri-n-octylamine (78%/22%; v/v) was added in
a 1:2 volumetric ratio to increase the pH to ~6. The samples were centrifuged at 3,300 g for
15 min. The aqueous phase was removed and transferred to a microfuge tube, lyophilized
and reconstituted in 200pL deuterium oxide (Cambridge Isotope Laboratories). The pH was
adjusted to 7.0 with 2-3pL of 1M sodium deuteroxide (Cambridge Isotope Laboratories)
followed by centrifugation at 18,400 g for 1 min. The supernatant was transferred to a 3-mm
NMR tube for NMR analysis. Proton-decoupled 13C NMR spectra of tumor extracts were
acquired by a VVarian VNMRS Direct Drive 14.1T 600 MHz vertical bore system (Agilent)
with a 3 mm probe. Shimming was performed on 2H signal from the solvent 2H,0, and a
field-frequency lock was used. Acquisition conditions included: flip angle, 45 degrees;
bandwidth 34,965 Hz acquired into 104,986 points; acquisition time, 1.5 seconds; delay, 4.5
second delay; proton decoupling with WALTZ - 16. Typically 8,000 to 10,000 scans were
acquired. The 13C free induction decay was processed and analyzed using Advanced
Chemistry Development software. After baseline correction, data were zero-filled twice and
multiplied by a 0.5 — 0.8 Hz exponential prior to Fourier transformation. Each peak was
fitted with a Gauss-Lorentz function and the area was measured for all peaks within
informative multiplets. 13C NMR spectra and glutamate isotopomers were analyzed as
described previously using steady-state [27] and non steady-state analyses [28].

RESULTS

Glycolysis, glycine synthesis, and glucose oxidation in human GBMs

[U-13C]glucose was infused at 4g/hr during initial surgical resection of untreated tumors in
three GBM patients (patients 1-3, see Supporting Information Fig. S1). A representative
case (patient 3) is shown in Fig. 1. A gadolinium-enhancing right temporoparietal mass with
cystic and solid components (Fig. 1a) displayed avid uptake of 18FDG at the tumor margins
(Fig. 1b). 13C-glucose enrichment in the plasma gradually increased during the infusion to a
maximum of 25% at the time of tumor sampling (Fig. 1c). Mass spectrometry revealed that
essentially all of the plasma glucose was either unlabeled or labeled in all six positions, with
only a small fraction (322% for all patients in the study) containing one to five 13C atoms.
Thus essentially all of the labeled glucose entering the tumor was [U-13C]glucose. Despite
the relatively low enrichment in plasma glucose, 13C-13C spin-spin coupling was detected in
many tumor metabolites (Fig. 1d). Coupling reflects adjacent 13C nuclei arising from the
metabolism of [U-13C]glucose. 13C-13C coupling was observed in lactate and alanine, as
expected for a high rate of glucose metabolism to pyruvate in glycolytic cells. 33C-13C
coupling was also detected in glycine, an intermediate in nucleotide and protein synthesis
recently identified as an important fate of glucose carbon in some tumor cells [29, 30]. The
signal in lactate carbon 2 (LAC2) showed a large doublet of doublets, reflecting labeling at
all three lactate carbons. The LAC2 multiplet also contained small 2-3 and 1-2 doublets,
demonstrating that not all of the lactate in the tumor was uniformly labeled. These patterns
arise from entry of glucose carbon into the TCA cycle followed by metabolism to pyruvate
(pyruvate cycling) and lactate [31].

Unexpectedly, glutamate and glutamine were also labeled in all carbons analyzed in each
GBM. The 4-5 doublet in glutamate and glutamine carbon 4 is derived from
[1,2-13C]acetyl-CoA produced from [U-13C]glucose, demonstrating that glucose was
metabolized to acetyl-CoA via pyruvate dehydrogenase (PDH). Labeling in glutamate
carbon 2 and glutamate carbon 3 is consistent with turnover of the TCA cycle. The labeling
patterns in glutamate and glutamine were similar at each carbon, demonstrating that
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glutamate was converted to glutamine by the enzyme glutamine synthetase (GS). However,
a complete quantitative isotopomer analysis was not possible because of the poor resolution
of some of the multiplets, particularly the doublet of doublets in glutamate carbon 4 (Fig.
1d). A qualitative summary of metabolic activities observed in these GBMs is presented in
Fig. 2.

Because cysts are common features of GBM, we also analyzed fluid from this patient’s cyst.
It contained abundant lactate (15.7 mM) compared to normal plasma levels (1-2 mM), and
the 13C NMR spectrum was dominated by lactate signals (Fig. 1e). Although small
multiplets were present in the cyst lactate, unlike the tumor lactate, these multiplets were
dwarfed by large singlets. Analysis by mass spectrometry revealed that less than 5% of the
cyst lactate contained 13C. Thus the singlets were due to naturally-occurring 13C (1.1% of
all carbon), rather than to lactate derived from 13C-glucose, and entry of new glucose-
derived lactate into the cyst did not occur rapidly enough to label a high fraction of this large
pool. Like the plasma, the cyst fluid contained abundant glutamine (0.7 mM) and very little
glutamate. Lack of 23C-13C multiplets in glutamine (Fig. 1e) revealed that tumor-derived
glutamine was not secreted into the cyst over the time course of the infusion.

Production of acetyl-CoA from glucose and other fuels in GBM

We next tested the effects of higher enrichment in plasma glucose by infusing an initial
bolus of 8g [U-13C]glucose over 10 minutes followed by a continuous infusion of 8g/hr.
One patient with a Grade 111 astrocytoma (patient 4, Fig. 3) and five untreated GBM patients
with 18FDG-positive masses (patients 5-9) were studied using this protocol. As anticipated,
the patients displayed a rapid rise in 13C labeling of plasma glucose, a 2-3 fold increase in
final enrichment (typically exceeding 50%), and a long period of high enrichment in the
plasma prior to tumor sampling (Fig. S1). In all cases, tumor specimens were collected after
at least 100 minutes of the infusion (Fig. S1). In four normoglycemic patients, the final
plasma enrichment was 49 — 65% and in one patient with steroid-induced hyperglycemia
(patient 5), the enrichment was 32% (Table 1). Other circulating nutrients were only
marginally labeled over the time course. Small amounts of uniformly-labeled lactate (9 =
5% of the total plasma lactate pool) and glutamine with two additional mass units from 13C
(4 + 3% of the total plasma glutamine pool) were detected by mass spectrometry at the end
of these infusions.

The higher infusion rate improved the signal-to-noise in the NMR spectra, as illustrated in
the Grade 111 astrocytoma patient (patient 4, Fig. 3d). Even in the hyperglycemic patient
with the lowest plasma glucose enrichment, there was excellent resolution of 13C multiplets
(patient 5, Fig. 4e). 13C-13C coupling was observed in lactate and alanine in all tumors, and
in glycine in 7 of the 8 GBM patients on either infusion protocol. Doublets were visible in
LAC2, confirming pyruvate cycling in all of these tumors. The 4-5 doublets in glutamate
and glutamine confirmed that PDH was active in all tumors. The doublet of doublets at
GLU4 and GLN4 was also observed in all tumors. This multiplet demonstrates complete
turnover of the TCA cycle because it can only occur if both acetyl-CoA and oxaloacetate are
enriched in 13C. All signals within the GLU2, GLU3 and GLU4 multiplets were resolved
well enough to integrate peak areas with high confidence, so it was possible to perform a
complete analysis of glutamate isotopomers to determine enrichments and relative fluxes
related to core pathways of glucose metabolism [32]. Because we could not determine
conclusively whether metabolic steady-state was established within the tumor, we applied
both steady-state (SS) and non-steady-state (NSS) models (Table 1). We first determined the
fractional enrichment in the acetyl-CoA pool (Fc3). In both models, a significant percentage
of acetyl-CoA was labeled as [1,2-13CJacetyl-CoA in the tumor (15£7% in the NSS model
and 11+6% in the SS model). Acetyl-CoA enrichment was positively correlated with plasma
glucose enrichment (Fig. 5). Surprisingly, however, in every tumor analyzed, the 13C
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enrichment in acetyl-CoA was much lower than the glucose enrichment in the plasma (Table
1). A nonsteady-state analysis was then used in two of the tumors subjected to the 4g/hr
infusion. Again, although these tumors contained [1,2-13C]acetyl-CoA, the measured
fractional enrichment in acetyl-CoA was far lower than the plasma glucose enrichment
(Table 1). These data suggest that other nutrients in addition to glucose were metabolized to
acetyl-CoA and then oxidized in the TCA cycle to a significant degree in these tumors.

is active in GBM

In addition to its role in efficient energy production, the TCA cycle plays a separate and
equally essential role in biosynthesis and cell growth, because precursors for numerous
macromolecules are produced in the TCA cycle. Anaplerosis is the process of replenishing
TCA cycle intermediates that have been removed from the cycle for synthesis of
macromolecules or neurotransmitters [17]. As measured by 13C NMR isotopomer analysis,
the anaplerotic flux in every tumor approached or exceeded entry of carbon into the TCA
cycle via citrate synthase, with a total anaplerotic flux of 1.25 + 0.43 (mean and SD) relative
to citrate synthase for the five GBMs infused at 8g/hr (Table 1), indicating robust
anaplerosis in these tumors.

Glucose oxidation in brain metastases

Taken together, these observations in high-grade gliomas demonstrate allocation of glucose
carbon into multiple bioenergetic and biosynthetic pathways. It was unclear whether these
properties are unique to these aggressive primary brain tumors or more broadly characterize
tumors growing in the brain microenvironment. To address this question we studied two
additional patients with systemic cancer (breast and non-small cell lung primaries) who had
developed solitary metastases to the brain. The 13C NMR spectra from the breast metastasis
(Fig. 6) and lung metastasis (Fig. 7) shared many of the features observed in the GBMs,
including 13C-13C multiplets in lactate, alanine, glutamate and glutamine. The breast
metastasis also produced glycine from glucose (Fig. 6d, multiplet #7). Both tumors had
prominent 4-5 doublets in GLU4, reflecting PDH flux. Steady-state modeling again
revealed significant anaplerosis and enrichment in acetyl-CoA that was much lower than
blood glucose (Table 1). Although limited to 2 patients, these cases represent two distinct
cancer subtypes, and the metabolic similarity to primary brain tumors is striking.

DISCUSSION

Three advances are presented in this work. First, we used 13C-glucose to probe the
metabolism of human gliomas and brain metastases /7 s/tu. This produced a novel and
biologically relevant view of glucose metabolism in these tumors, a significant step forward
from previous metabolic studies relying exclusively on cancer cell lines cultured in glucose
excess and otherwise non-physiological conditions. Second, glucose and other fuels were
oxidized in the TCA cycle of these tumors, indicating that energy production involves
numerous pathways in addition to the Warburg effect. Third, the metabolism of eleven
individual tumors was remarkably similar, suggesting that it is a common feature of
aggressive tumor growth in the brain rather than the effect of a specific mutation or
histological type.

13C-enriched glucose and detection of 13C-enriched products by NMR has been applied in
earlier studies of tumor metabolism using the rat C6 glioma model. This malignancy was
induced in rats by exposure to N,N’-nitroso-methylurea, and tumor cells can either be
cultured ex vivoor re-implanted into new hosts, producing tumors with morphological
similarities to glioblastoma multiforme [33]. In some respects, results from the C6 model are
consistent with the current report. Bouzier and colleagues, for example, found
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significant 13C enrichment in glutamate, glutamine, GABA and aspartate from perchloric
acid extracts of C6 gliomas resected after a 60 min infusion of [1-13C]glucose [34].
Although it was not mentioned in this report, the published 13C spectra appear to show 13C
—13C spin-spin coupling in glutamate, exactly as would be anticipated if a significant
fraction of acetyl-CoA entering the TCA cycle was derived from [1-13C]glucose, as reported
here for human tumors. However, other reports, also using [1-13C]glucose in the same C6
model, reached the opposite conclusion [35]. Even after prolonged infusion, enrichment of
glutamate carbons 3 and 4 was readily detected in normal brain but not in the tumor. For this
reason, the mathematical analysis of glucose metabolism in that report rested on the
assumption that oxidation in the TCA cycle was negligible.

The 13C labeling pattern in glucose, [U-13C]glucose, was chosen over alternatives because
the intent was to achieve maximal enrichment of the pyruvate pool to increase the likelihood
of detecting flux through PDH. This labeling pattern eliminates the ambiguity associated
with labeling patterns producing singly-labeled acetyl-CoA, such as [1-13C]glucose or
[1,6-13C]glucose, because the resulting singlets in glutamate can be difficult to distinguish
from natural abundance 13C if turnover of the TCA cycle is slow. Although
[1,2-13C]glucose is preferable to detect activity of the oxidative pentose phosphate shunt,
only half of the pyruvate produced from [1,2-13C]glucose contains 13C. Furthermore, from a
practical perspective, [U-13C]glucose is relatively inexpensive, greatly improving the
affordability of human experiments involving steady-state infusions. We focused on 13C
NMR spectroscopy since the information encoded in spin-spin coupling makes this the
single most powerful technique to analyze complex metabolic pathways from individual
samples. Crucially, the infusions with 13C enabled us to analyze the relative activities of
metabolic pathways as opposed to simply measuring metabolite abundance.

Because the sensitivity of 13C NMR is low, the choice of infusion parameters was essential
to obtain spectra of the highest quality. Using a bolus and an infusion rate of 8g
[U-13C]glucose/hr reproducibly resulted in outstanding signal-to-noise and excellent
resolution of 13C-13C multiplets, allowing us to apply mathematical models of intermediary
metabolism. Although informative NMR spectra can be obtained after an intravenous bolus
without a continuous infusion [22], no metabolic steady-state is established under those
conditions.

Systemic infusion of 13C-enriched glucose provides glucose to other organs such as the liver
and skeletal muscle that could, in principle, generate 13C enriched glutamine that could be
transferred via the circulation to the tumor. However, this is unlikely because we detected
only very small amounts of 13C-glutamine in the plasma of these patients. Furthermore,
investigators have developed “chemical biopsy” methods to probe labeling patterns in
hepatic glutamine and glutamate precisely because the human liver does not ordinarily
export significant amounts of these amino acids [36]. We also considered the possibility
that 13C-labeled glutamate and/or glutamine was synthesized in the surrounding brain and
then transferred to the tumor, exaggerating the ability of the tumor to oxidize glucose and
produce these intermediates. Indeed, an earlier study used microdialysis to demonstrate that
human brain releases glutamine synthesized de novo from 13C-labeled nutrients into the
interstitial space [37]. No release of 13C-glutamate was detected in that study. However,
examination of the tumor spectra in our study does not support a model in which the 13C
detected in tumor glutamate/glutamine originated from extracellular glutamine generated by
adjacent tissue. If 13C-glutamine entered the tumor from the interstitial space, and then was
converted to glutamate, the fractional enrichment in glutamine would exceed that of
glutamate. But we observed the opposite, as demonstrated by the differences in glutamate
and glutamine multiplets, as illustrated in Fig. 1. Here the ratio of the singlet from natural
abundance 13C to the doublet from de novo synthesis is much higher in glutamine than
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glutamate. This indicates a lower fractional enrichment in glutamine, and the pattern
suggests that 13C passes through the glutamate pool before reaching glutamine, rather than
the opposite. This is most consistent with de novo synthesis of both glutamate and glutamine
from glucose within the tumor.

All tumors consumed [U-13C]glucose avidly, producing extensive 13C-13C coupling in
numerous metabolites. Glucose metabolism through PDH and the TCA cycle was active in
both primary and metastatic tumors. Thus, these tumors retained the enzymatic mechanisms
to capture energy efficiently in the TCA cycle. This specific conclusion relies solely on
qualitative analysis of the 13C NMR spectra, and does not require any assumptions or
mathematical modeling. The findings argue against the conventional perception of
metabolism in 18FDG-PET-positive tumors: that tumor glucose handling is dominated by
production of the end products lactate and alanine. Although these two metabolites were
observed in all tumors, their formation indicates that these human tumors /n situ use both
oxidative and non-oxidative metabolism concurrently [17, 38]. The data reinforce a recent
reexamination of Warburg’s work that stressed the complexity of tumor metabolism and the
lack of evidence for suppression of respiration in most tumors, even those studied in
Warburg’s early experiments [39]. The observation of PDH activity in the tumors is
particularly important because recent therapeutic efforts to modulate GBM metabolism 7n
vivo have used agents intended to stimulate rather than suppress PDH [40].

Unexpectedly, we found that blood-borne glucose provided only a minority of the acetyl-
CoA in the tumor TCA cycle. This finding contrasts with the normal brain, in which 95% of
oxidative metabolism is supplied by glucose [41]. The results should be interpreted in view
of two assumptions underlying 13C NMR analysis. First, we assumed that the fractional
enrichment of blood-borne glucose matched the enrichment in glucose available to the
tumor. This seems reasonable since tumors tend to out-compete surrounding brain

for 18FDG-PET uptake, and because there was little change in the NMR spectra from tumor
specimens obtained up to 30 minutes apart (data not shown). Second, the mathematical
analysis requires that the tumor sample is homogeneous with respect to glucose metabolism.
Although all tumor fragments contain small populations of non-malignant cells, the
fragments used for 13C NMR were carefully selected through pre-operative planning and
imaging, stereotactic localization of fragments during the resection, and gross and
histological examination of each sample to ensure that the tumor cellularity was as high as
possible (see Materials and Methods), and that the resulting 13C NMR spectrum reflected
metabolism of bona fide tumor tissue. Thus, at the somewhat low level of resolution
supported by this analysis (150-400 mg tumor fragments), every possible precaution was
taken to maximize the homogeneity of the sample. With these assumptions in mind, the data
imply that tumors oxidize other substrates in addition to blood-borne glucose. Metabolism of
these alternative fuels, which could include glycogen, fatty acids, amino acids or organic
acids, might be suitable therapeutic targets in human GBM because their utilization in the
rest of the brain is expected to be minimal. Another possibility is that cytoplasmic lipid
droplets contained in human and animal gliomas provide a dynamic reservoir of substrate
for the production of acetyl-CoA in the mitochondria [42]. Future infusions with 13C-labeled
analogs of alternative nutrients will test these possibilities.

In addition to its role in producing energy, glucose also contributed to biosynthesis. Carbon
from glucose was used to supply pools of the macromolecular precursors glutamate,
glutamine, and glycine, which are required for protein and nucleic acid synthesis. Production
of glutamine was particularly evident in GBMs, where the total 3C NMR signal in
glutamine exceeded the signal in corresponding glutamate carbons (Fig. 1d and Fig. 4e).
Glycine is generated from the glycolytic intermediate 3-phosphoglycerate, which supplies
carbon both to serine and glycine. We recently used /7 vivo H MRS to identify a subset of
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human GBMs with high intracellular glycine content [43]. Detection of glycine in the breast
metastasis is of particular interest since phosphoglycerate dehydrogenase, an enzyme in the
serine/glycine biosynthesis pathway, is commonly over-expressed in human breast
adenocarcinoma, is amplified at the genomic level in a subset of these tumors, and is
essential for tumor growth in a human breast cancer xenograft model [29]. Therefore the
detection of glycine synthesis /n vivois likely to yield important information relevant to
tumor growth.

Metabolism reflects many clinically important aspects of tumor biology, including
proliferative state, response to chemotherapy and radiation, and possibly the effects of
particular oncogenes. Thus it is striking that the metabolic activities of eleven independent
tumors were so consistent. Further work is necessary to determine whether individual
oncogenic mutations are associated with specific metabolic features that could be used to
predict prognosis or to individualize therapy. For example, mutations in isocitrate
dehydrogenase isoforms 1 and 2 are commonly found in low-grade gliomas and influence
intermediary metabolism, including some of the pathways analyzed in this work [44-46].
There should be no major obstacles to extending this method to study low-grade gliomas
and, importantly, to study the metabolism of other nutrients besides glucose.

CONCLUSIONS

In summary, these studies demonstrated that infusion of [U-13C]glucose can be integrated
easily into standard operating room procedures in patients undergoing surgical resection of
high-grade gliomas and brain metastases. A simple protocol using an 8g bolus followed by
an 8g/hr infusion of U-13C]glucose produced a high steady-state enrichment of plasma
glucose and excellent signal-to-noise in 13C spectra of metabolites extracted from the tumor.
Flux through PDH and turnover in the TCA cycle was active in all eleven tumors studied,
indicating that oxidation in the mitochondria is a significant fate of glucose carbon. Glucose
was also used to produce the nonessential amino acids glutamate, glutamine and

glycine. 13C NMR isotopomer analysis suggested that the tumors oxidized alternative
substrates in the TCA cycle in addition to blood-borne glucose.
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Fig. 1. Tumor glucose metabolism in a GBM patient infused with [U-13C]gluoose at 4 grams/
hour

(a) Pre-operative T1-weighted post-gadolinium coronal image demonstrating a large right
temporoparietal ring-enhancing mass lesion with a central cystic component (X) and
surrounding edema. (b) 18FDG-PET scan demonstrating uptake of 18FDG along the tumor
margin and inferior to the cyst (arrow). The expected high rate of cortical 8FDG signal with
reduced uptake in white matter is apparent in the left hemisphere. The blunted 18FDG signal
in the right hemisphere superior to the tumor is likely a consequence of tumor-associated
edema. Histological analysis of the tumor sample revealed nearly 100% malignant cells. (c)
Percent 13C enrichment in plasma glucose (Glc) over the 200-minute infusion of
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[U-13C]glucose at 4g/hr. Enrichment is the fraction of plasma glucose that was uniformly
labeled with 13C. Tumor samples were collected during the final 35 minutes (blue bar).
Proton-decoupled 13C NMR spectra of (d) a tumor sample corresponding to the arrow in
(b); and (e) cyst fluid. The presence of multiplets at many of the highlighted resonances is
the result of 13C-13C coupling. Assignments for all spectra throughout the paper: (1) Lactate
C2; (2) Glutamate C2; (3) Glutamine C2; (4) Aspartate C2; (5) Alanine C2; (6) Taurine C1;
(7) Glycine C2; (8) N-Acetylaspartate C3; (9) GABA C4; (10) Creatine C2; (11) Aspartate
C3; (12) Taurine C2; (13) GABA C2; (14) Glutamate C4; (15) Glutamine C4; (16)
Glutamate C3; (17) Glutamine C3; (18) GABA C3; (19) N-Acetylaspartate C6; (20), Lactate
C3; (21) Alanine C3. The insets, from left to right, are Lactate C2; Glycine C2; Glutamate
C4; and Glutamate and Glutamine C3. Abbreviations: S, singlet; D, doublet (e.g. D12,
doublet arising from 13C in carbons 1 and 2); Q, quartet (doublet of doublets).
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Fig. 2. Summary of glucose metabolism in human brain tumorsin vivo

Filled symbols are 13C, open symbols are 12C. Numerals represent carbon positions within
metabolites analyzed directly or indirectly by 23C NMR in this study, and are included to aid
in the interpretation of the spectra. Labeling beyond the first turn of the TCA cycle can be
inferred from the 13C distribution shown for citrate/isocitrate; additional detail is available
[47]. Every pathway indicated in the diagram was observed in multiple tumors. The overall
metabolic network involved metabolism of glucose to lactate through glycolysis and through
more complex metabolic pathways involving part of the TCA cycle and/or the pentose
phosphate pathway (data not shown). Pyruvate dehydrogenase (PDH), citrate synthase (CS),
complete turnover of the TCA cycle, anaplerosis, and synthesis of glutamate and glutamine
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from glucose were evident in all eleven tumors. De novo glycine synthesis was apparent in

the astrocytoma, the metastatic breast tumor, and in 7 of 8 glioblastomas. GS, glutamine
synthetase.
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Fig. 3. Tumor glucose metabolism in a patient with WHO Grade 111 astrocytoma infused with
[U-13C]glucose at 8 grams/hour

(a) Pre-operative T1-weighted post-gadolinium axial image demonstrating nodular
enhancement in the right temporal lobe. (b) Hematoxylin and eosin staining of a histological
section prepared from the resected specimen. Cellularity: ~80% neoplastic nuclei and ~20%
nuclei from nonmalignant cells (neurons, astrocytes, oligodendrocytes, and endothelial
cells). (c) Time course of enrichment of plasma glucose (Glc). This patient received an 8g
bolus of [U-13C]glucose followed by an infusion of 8g/hr. The samples of tumor tissue were
removed between 150 and 200 minutes (blue bar) and the infusion was discontinued after
the last tumor sample was collected, 30 minutes prior to the final plasma sample. (d) Proton-
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decoupled 13C NMR spectrum of tumor tissue. Abbreviation: T, triplet due to enrichment in

carbons 2, 3 and 4 of glutamate or glutamine. Assignments and other abbreviations are the
same as in Fig. 1.
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Fig. 4. Tumor glucose metabolism in a GBM patient infused with [U-13C]gluoose at 8 grams/
hour

a, Pre-operative T1-weighted post-gadolinium sagittal image demonstrating an enhancing
lesion in the left temporal lobe. b, 18FDG-PET scan demonstrating uptake of 18FDG in the
region corresponding to T1 enhancement. ¢, Representative hematoxylin and eosin-stained
section (200x magnification) of the tumor sample revealing features of GBM. Virtually
100% of the live cells in the sample were neoplastic. d, Percent 13C enrichment in plasma
glucose (Glc). This patient received an 8g bolus followed by an 8g/hr infusion of [U-13C]-
glucose. Note that this patient had steroid-induced hyperglycemia, and this resulted in a
relatively low final enrichment in plasma glucose. The blue bar corresponds to removal of
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the tumor samples. e, Proton-decoupled 13C NMR spectrum of metabolites extracted from
the tumor. Assignments and abbreviations are the same as in Figure 1.
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Fig. 5. Correlation between plasma glucose enrichment and content of [1,2-13C]acetyI-CoA in
tumor TCA cycle

13C enrichment in plasma glucose near the time of tumor sampling was determined by mass
spectrometry for each patient. This value was plotted against the value of Fc3 (i.e. the
fraction of acetyl-CoA entering the TCA cycle that was 13C-labeled on both carbons,
[1,2-13C]Jacetyl-CoA) determined from each tumor spectrum using a non-steady state
analysis. Note that in every patient, 13C enrichment in plasma glucose far exceeded Fc3. The
blue symbols are from two of the glioblastoma patients analyzed using the 4 gram per hour
infusion with [U-13C]-glucose (Fc3 could not be calculated from the spectrum of the third
patient infused on this protocol). The black symbols are from the five glioblastoma patients
analyzed using the 8 gram bolus of [U-13C]-glucose followed by the 8 gram per hour
infusion. The red symbol is the patient with WHO Grade 111 astrocytoma and the green
symbols are from the two patients with brain metastases.
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Fig. 6. Tumor glucose metabolism in a patient with metastatic breast cancer

Pre-operative imaging included (a) T1-weighted post-gadolinium coronal image
demonstrating a large, solitary right cerebellar mass and (b) 28FDG-PET scan demonstrating
uptake of 28FDG within the mass. (c) Hematoxylin and eosin staining of a histological
section prepared from the resected specimen. Immunoperoxidase stains demonstrated
expression of mammaglobin and BRST-2 (not shown) in neoplastic cells consistent with
origin in the breast. This tumor was positive for the HER-2 oncogene, and was negative for
expression of the estrogen and progesterone receptors. Tumor cellularity was >99%. (d)
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Proton-decoupled 13C NMR spectrum of the tumor. Assignments and abbreviations are the
same as in Fig. 1.
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Fig. 7. Tumor glucose metabolism in a patient with metastatic non-small cell lung cancer

(a) Preoperative imaging included T1-weighted post-gadolinium axial image demonstrating
a large right occipital mass. (b) Hematoxylin and eosin staining of a section prepared from
the resected specimen. Immunoperoxidase stains demonstrated expression of thyroid
transcription factor-1 (TTF-1) in neoplastic cells (not shown), consistent with origin in the
lung. Tumor cellularity was ~95%. (c) Proton-decoupled 13C NMR spectrum of the tumor.
Assignments and abbreviations are the same as in Fig. 1.
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