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Rewiring of cortical glucose metabolism 
fuels human brain cancer growth
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The brain avidly consumes glucose to fuel neurophysiology1. Cancers of the brain, 
such as glioblastoma, relinquish physiological integrity and gain the ability to 
proliferate and invade healthy tissue2. How brain cancers rewire glucose use to drive 
aggressive growth remains unclear. Here we infused 13C-labelled glucose into patients 
and mice with brain cancer, coupled with quantitative metabolic flux analysis, to map 
the fates of glucose-derived carbon in tumour versus cortex. Through direct and 
comprehensive measurements of carbon and nitrogen labelling in both cortex and 
glioma tissues, we identify profound metabolic transformations. In the human cortex, 
glucose carbons fuel essential physiological processes, including tricarboxylic acid 
cycle oxidation and neurotransmitter synthesis. Conversely, gliomas downregulate 
these processes and scavenge alternative carbon sources such as amino acids from 
the environment, repurposing glucose-derived carbons to generate molecules 
needed for proliferation and invasion. Targeting this metabolic rewiring in mice 
through dietary amino acid modulation selectively alters glioblastoma metabolism, 
slows tumour growth and augments the efficacy of standard-of-care treatments. 
These findings illuminate how aggressive brain tumours exploit glucose to suppress 
normal physiological activity in favour of malignant expansion and offer potential 
therapeutic strategies to enhance treatment outcomes.

Gliomas are the most prevalent malignant brain tumours, originat-
ing from glial transformation into aggressive, brain-invading cells3. 
Glioblastoma (GBM), the most common and aggressive primary 
malignant brain tumour in adults, is marked by its invasiveness, 
treatment resistance and fatal prognosis3,4. Despite standard-of-care 
treatments including surgical resection, radiation therapy (RT) and 
temozolomide (TMZ) chemotherapy, GBMs invariably recur, and most 
patients die within 1–2 years of diagnosis4. Poor outcomes are due 
largely to treatment resistance, with extensive tumour heterogeneity 
limiting therapeutic efficacy3,5, but might be overcome by defining 

and targeting common GBM metabolic vulnerabilities that promote  
resistance6–9.

Understanding metabolic activity in tumours is critical to appropri-
ately guide metabolically directed therapy. While approaches such as 
positron emission tomography (PET) with glucose analogues10, mag-
netic resonance spectroscopy and metabolomics can measure glu-
cose uptake and metabolite abundance, stable isotope tracing directly 
monitors metabolic activity. To determine how nutrients are differen-
tially metabolized, substrates containing heavy (but non-radioactive) 
isotopes are followed into downstream metabolites, revealing which 

https://doi.org/10.1038/s41586-025-09460-7

Received: 30 November 2023

Accepted: 28 July 2025

Published online: 3 September 2025

Open access

 Check for updates

1Department of Radiation Oncology, University of Michigan, Ann Arbor, MI, USA. 2Rogel Cancer Center, University of Michigan, Ann Arbor, MI, USA. 3Laboratory for Systems Biology of Human 
Diseases, University of Michigan, Ann Arbor, MI, USA. 4Biointerfaces Institute, University of Michigan, Ann Arbor, MI, USA. 5Department of Chemical Engineering, University of Michigan, Ann 
Arbor, MI, USA. 6Department of Radiation Oncology, David Geffen School of Medicine, University of California, Los Angeles, CA, USA. 7Jonsson Comprehensive Cancer Center, University of 
California, Los Angeles, CA, USA. 8Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI, USA. 9Department of Molecular and Integrative Physiology, University of 
Michigan, Ann Arbor, MI, USA. 10Department of Chemical and Biomolecular Engineering, University of California, Los Angeles, CA, USA. 11Department of Molecular and Medical Pharmacology, 
David Geffen School of Medicine, University of California, Los Angeles, CA, USA. 12Department of Anesthesiology, University of Michigan, Ann Arbor, MI, USA. 13Department of Neurosurgery, 
University of Michigan, Ann Arbor, MI, USA. 14Department of Pharmacy Services, Michigan Medicine, University of Michigan, Ann Arbor, MI, USA. 15Bruker Daltonics, Billerica, MA, USA. 
16Department of Neurosurgery, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA. 17Department of Biostatistics, University of Michigan, Ann Arbor, MI, USA. 
18Department of Radiation Oncology, Mayo Clinic, Rochester, MN, USA. 19Department of Pathology, University of Michigan, Ann Arbor, MI, USA. 20Department of Internal Medicine, Division  
of Gastroenterology, University of Michigan, Ann Arbor, MI, USA. 21These authors contributed equally: Andrew J. Scott, Anjali Mittal, Baharan Meghdadi. 22These authors jointly supervised  
this work: Costas A. Lyssiotis, Wajd N. Al-Holou, Deepak Nagrath, Daniel R. Wahl. ✉e-mail: clyssiot@umich.edu; wna@med.umich.edu; dnagrath@umich.edu; dwahl@med.umich.edu

https://doi.org/10.1038/s41586-025-09460-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-09460-7&domain=pdf
mailto:clyssiot@umich.edu
mailto:wna@med.umich.edu
mailto:dnagrath@umich.edu
mailto:dwahl@med.umich.edu


414  |  Nature  |  Vol 646  |  9 October 2025

Article
pathways are active under different conditions. Applying this meth-
odology to human cancers has revealed suppressed glucose oxidation 
in kidney cancer11 and enhanced lactate use, glycolysis and glucose 
oxidation in lung cancer12. Limited applications of this technology to 
human brain cancer have shown that the tricarboxylic acid (TCA) cycle 
is active and can be fuelled by both glucose and acetate13,14. How active 
other pathways are in glioma, how this activity differs from adjacent 
brain tissue and its therapeutic tractability are unanswered questions.

To answer these questions, we infused isotope-labelled nutrients 
into patients with high-grade gliomas and mice bearing orthotopic 
GBMs, following their metabolism into downstream pathways in both 
cancerous and cortical brain tissue. We paired these measurements 
with metabolic flux models to quantify the absolute rates of in vivo 
metabolic reactions. We find that aggressive brain cancers shift glucose 
carbon use away from physiological processes, including TCA cycle oxi-
dation and amino acid neurotransmitter synthesis, in part by salvaging 
nutrients like serine from the environment. Instead, they preferentially 
use glucose carbons to synthesize the nucleotides needed to grow. 
We also find that this metabolic regulation is plastic, with GBMs adap-
tively upregulating these pathways in response to therapy. Restricting 
alternative carbon sources by modulating diet shifts GBM metabolism 
away from biomass production and increases chemoradiation efficacy. 
Together, these studies present comprehensive measurements com-
paring metabolic activity in brain tumours to adjacent cortical tissue, 
revealing tumour-specific metabolic rewiring that can be selectively 
targeted with precision dietary interventions.

Glucose tracing in intracranial tissue
To identify common metabolic phenotypes across the heterogeneous 
GBM landscape, we infused uniformly labelled 13C-glucose ([U13C]glu-
cose) into patients with likely GBM undergoing surgical resection and 
several intracranial patient-derived GBM models. We then determined 
the downstream metabolic fates of glucose-derived 13C in the cortex 
and discrete tumour regions using mass spectrometry (MS; Fig. 1a).

Our current surgical practice for patients with glioma with tumours 
in non-eloquent locations is to perform a supramaximal resection 
removing the contrast-enhancing tumour, the non-enhancing 
fluid-attenuated inversion recovery (FLAIR) hyperintense tumour and 
some of the surrounding cortex15 (Fig. 1b). In GBM, contrast enhance-
ment occurs when the blood–brain barrier is compromised, typi-
cally signifying aggressive, vascular tumour areas. Conversely, FLAIR 
hyperintense, non-enhancing regions are often infiltrative areas with 
a less-compromised blood–brain barrier. To acquire a comprehensive 
understanding of tumour metabolic activity, we investigated how both 
tumour regions differ from cortical tissue. Eight patients enrolled in 
this study (Extended Data Table 1). Six of these patients were found to 
have GBMs, one was diagnosed with IDH-mutant anaplastic oligoden-
droglioma and one was diagnosed with histone H3 G34R mutant grade 
4 glioma. In animal studies, three patient-derived orthotopic models 
with heterogeneous genomic backgrounds were selected based on 
transcriptional profiling of tumours from our patient cohort, suggest-
ing mesenchymal, proneural and classical features (Extended Data 
Fig. 1a–c and Supplementary Tables 1 and 2). These features are exhib-
ited respectively by HF2303, GBM38 and GBM12 models16–19—although 
these subtypes may be plastic.

Haematoxylin and eosin (H&E) staining confirmed adequate separa-
tion of human samples, with around 80% tumour in enhancing samples, 
80% cortex in cortex samples and mixed content in non-enhancing 
samples (Extended Data Fig. 2a,b). Consistent with adequate separa-
tion and magnetic resonance spectroscopy reports20, human cortex 
had 2–50-fold higher N-acetylaspartate levels than enhancing tumour 
(Extended Data Fig. 2c). Furthermore, the patient with IDH-mutant 
oligodendroglioma had higher tumour 2HG levels (20–30-fold) than 
cortex and other patients (Extended Data Fig. 2d). Consistent with 

previous studies21, numerous other metabolites differed in absolute 
levels between cortex and tumour (Extended Data Fig. 2e–i).

In patients, [U13C]glucose infusions lasted for the duration of crani-
otomy, typically around 3 h. Circulating arterial [U13C]glucose levels 
(m+6, all 6 carbons labelled) ranged between 20 and 40% of total arterial 
glucose during surgery and were typically at steady state after 30 min 
(Fig. 1c). 13C-labelling of arterial lactate (formed by tissue-mediated 
[U13C]glucose conversion and secretion into circulation) varied among 
patients and was typically between 10 and 30% (Extended Data Fig. 3a). 
In mice, [U13C]glucose reached arterial steady state within 30 min with 
label enrichments of around 50% (Fig. 1d), while circulating lactate 
labelling reached about 30% (Extended Data Fig. 3b).

After tissue entry, glucose is metabolized through glycolysis 
(Extended Data Fig. 3c). Liquid chromatography coupled with MS 
(LC–MS) analysis of tissues from 13C-infused humans and mice revealed 
similar 13C labelling of upper glycolysis intermediates in GBM and 
cortex (Fig. 1e,f), suggesting that [U13C]glucose adequately and rap-
idly reached both tissues. UDP-glucose, a close metabolic derivative 
of glucose, was m+6 labelled at a similar magnitude in tumour and 
non-tumour tissues in patients and 2 out of 3 mouse models (Extended 
Data Fig. 3d,e). These findings are consistent with PET imaging22, show-
ing robust [18F]fluorodeoxyglucose uptake in the cortex and GBM. 
Notably, lactate enrichment exceeded upstream glycolytic enrichment 
in both tissues (Fig. 1e,f), resembling patterns seen in lung cancer12 and 
suggesting possible carbon entry into lower glycolysis through lactate 
uptake or exchange. To complement these LC–MS-based analyses, we 
also performed spatial 13C-metabolite imaging of flash-frozen tissue 
slices using matrix-assisted laser desorption/ionization (MALDI) MS23, 
which further suggested similar lactate enrichment in the cortex and 
most GBMs (Fig. 1g and Extended Data Fig. 4a,b). Together, these data 
indicate adequate 13C-glucose entry into tumour and cortical tissues 
and similar use/exchange of labelled extracellular lactate.

GBMs rewire TCA cycle and neurotransmitter synthesis
Metabolite labelling was then examined in the TCA cycle, which oxi-
dizes glucose-derived carbons while producing amino acids and neu-
rotransmitters (Extended Data Fig. 3f). In the cortex, glucose-derived 
labelling of TCA cycle intermediates was higher than in GBM (Fig. 2a,b), 
indicating altered GBM TCA cycle activity and/or preferential use of 
non-glucose carbon sources24–29. To characterize temporal dynamics of 
TCA cycle labelling, mouse time-course [U13C]glucose infusion studies 
were performed in which tissues were collected at multiple timepoints. 
In both GBM and cortex, rapid formation of m+2 TCA cycle intermedi-
ates (formed in the first TCA cycle turn) was observed. However, frac-
tions of more complex intermediates (formed from multiple turns or a 
single turn involving pyruvate carboxylase) steadily increased over time 
only in the cortex, remaining relatively lower in GBM (Extended Data 
Fig. 3g–i). Isotopologue distribution changes at the latest timepoints, as 
GBM labelling approached steady state, also suggested trends of higher 
labelling in cortex than GBM (Extended Data Fig. 3j–l). These findings 
indicate steady, consistent glucose-derived oxidative TCA cycle turn-
ing in cortex, while asymptotic 13C-labelling in GBM is consistent with 
a shift from physiological glucose oxidation24–29.

TCA-cycle-derived amino acids also function as neurotransmitters or 
neurotransmitter precursors in the brain. In the cortex, glucose-derived 
carbons accounted for a substantial fraction of the neurotransmitters 
glutamate, gamma-aminobutyric acid (GABA), aspartate and precursor 
glutamine, whereas GBMs had lower 13C-fractions and exhibited low 
GABA abundance levels almost devoid of label (Fig. 2c,d and Extended 
Data Fig. 2j,k). These observations were confirmed by independent 
MALDI-based analyses similarly revealing decreased TCA-cycle-related 
metabolite labelling (Fig. 2e,f and Extended Data Fig. 4c–g,i–n). To cor-
roborate these observations, we also investigated expression of genes 
regulating synaptic signalling. GBM expression profiling revealed a 
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substantial downregulation of GABA system transcripts alongside 
other neurotransmission genes (Extended Data Fig. 5a–e), suggest-
ing a decrease in GABAergic inhibition and underscoring a GBM shift 
characterized by diminished neuroregulation and cortical identity.

GBMs activate nucleotide synthesis
GBMs exhibit [U13C]glucose uptake similar to cortex but with lower 
TCA cycle and neurotransmitter 13C labelling. To investigate alterna-
tive fates of glucose-derived carbons in GBM, we analysed metabolites 
that function as building blocks for macromolecules that are essential 
to GBM proliferation.

Nucleotides and their derivatives can be generated using glucose- 
derived ribose 5-phosphate (R5P) (Extended Data Fig. 3c). Purine 
nucleotides can be produced de novo, in which nucleobases are built 
on ribose, or salvaged when a preformed nucleobase is conjugated to 
ribose (Extended Data Fig. 3m). 13C labelling of many purines increased 
in GBM versus in cortex (Fig. 2g,h) and, because R5P enrichment was 
similar between tissues (Extended Data Fig. 3n,o), the increased GBM 
purine labelling could probably be explained by increased biosynthe-
sis. MALDI confirmed specific 13C-purine increases in GBM (Fig. 2i and 
Extended Data Fig. 4h). Notably, only the GMP arm of purine synthesis 
was consistently enriched across patients (Extended Data Fig. 3p–v), 
suggesting particular importance of glioma guanylate production.
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Fig. 1 | Glucose labelling of brain tumours and cortex. a, Schematic of  
[U13C]glucose infusions and analyses of patients with glioma and patient-derived 
intracranial GBM mouse models. The diagram was created using BioRender.  
b, Example of magnetic-resonance-imaging-defined tissue acquisition.  
c, Arterial m+6 glucose enrichment in patients undergoing [U13C]glucose 
infusions at the indicated times after the start of infusion. Plasma from patient 
8 could not be analysed at time 0. The triangles indicate the tissue resection 
and flash-freezing timepoint. d, Arterial m+6 glucose enrichment in mice 
undergoing [U13C]glucose infusions. Data are mean ± s.d. at each timepoint.  
e,f, Normalized (to labelled plasma glucose on a per-patient (e) or per-mouse (f) 
basis) enrichment of glycolytic intermediates in intracranial tissues from eight 

patients with glioma (e) or mouse models (f) infused with [U13C]glucose. Data 
are mean ± s.d. Comparisons between groups were performed using linear mixed- 
effects models with a random intercept for individual. For each metabolite, 
multiple pairwise comparisons across tissue types were adjusted using  
Holm’s method. Statistical tests were two-sided. g, H&E staining of GBM38 
patient-derived xenograft (PDX) grown orthotopically (left) and MALDI image 
showing 13C enrichment of lactate (right) with the tissue maximum set at 100%. 
Imaging with a separate, independent instrument was performed once and 
produced similar results. Scale bar, 3 mm. FBP, fructose 1,6-bisphosphate; GAP, 
glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; 3PG/2PG, 
3-phosphoglycerate/2-phosphoglycerate; PEP, phosphoenolpyruvate.
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Fig. 2 | GBM modulates TCA cycle and neurotransmitters to channel  
glucose into nucleotides and NAD. a, Intracranial enrichment of TCA cycle 
intermediates in patients with glioma infused with [U13C]glucose. b, Intracranial 
enrichment of TCA cycle intermediates in GBM-bearing mice infused with 
[U13C]glucose. c, Intracranial enrichment of amino acids derived from the  
TCA cycle in patients with glioma infused with [U13C]glucose. d, Intracranial 
enrichment of amino acids derived from the TCA cycle in GBM-bearing mice 
infused with [U13C]glucose. e, Malate enrichment in representative human 
cortex, non-enhancing tumour tissue and enhancing tumour tissue. The colour 
bar maximum is set at true enrichment. f, MALDI image showing normalized 
mean 13C enrichment of malate in brain from a GBM38 tumour-bearing mouse. 
GBM was defined by an overlay with H&E staining shown in Fig. 1g. The colour 
bar tissue maximum is normalized to 100%. Scale bar, 3 mm. g, Intracranial 
purine enrichment in patients with glioma infused with [U13C]glucose.  

h, Intracranial purine enrichment in GBM-bearing mice infused with  
[U13C]glucose. i, MALDI image of AMP m+5 signal intensity in brain from a GBM38 
tumour-bearing mouse with tissue maximum set at 100%. GBM was defined by 
an overlay with H&E staining shown in Fig. 1g. Scale bar, 3 mm. j, Intracranial 
pyrimidine enrichment in patients with glioma infused with [U13C]glucose.  
k, Intracranial pyrimidine enrichment in GBM-bearing mice infused with  
[U13C]glucose. l, Intracranial enrichment of NAD and NADH in patients with 
glioma infused with [U13C]glucose. m, Intracranial enrichment of NAD and 
NADH in GBM-bearing mice infused with [U13C]glucose. For a–d, g, h and j–m, 
data are mean ± s.d. of metabolite enrichments normalized to labelled plasma 
glucose on a per-patient or per-mouse basis. Comparisons between groups 
were performed using linear mixed-effects models with a random intercept for 
individual, and multiple pairwise comparisons across tissue types were 
adjusted using Holm’s method. All statistical tests were two-sided.
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Like purines, pyrimidines (which also incorporate glucose-derived 
carbon from de novo and salvage synthesis) exhibited elevated label-
ling in GBM (Fig. 2j,k and Extended Data Fig. 3w–y). Glucose-derived 
R5P is also used to form NAD, of which redox cycling to NADH supports 
biosynthetic and oncogenic processes (Extended Data Fig. 3z). Consist-
ent with increased GBM nucleotide labelling, elevated NAD and NADH 
labelling was also observed (Fig. 2l,m). Together, these findings sug-
gest reprogramming of GBM glucose use from physiological activity 
to the biosynthetic demands of proliferation and survival, especially 
nucleotide synthesis.

GBM elevates nucleotide flux
As increased 13C-nucleotide enrichment at a single timepoint does not 
necessarily imply increased flux, we developed a metabolic flux analysis 
(MFA) approach30 from in vivo enrichment data (Fig. 3a) to directly 
quantify these fluxes and determine whether higher GBM nucleotide 
enrichment corresponds to higher biosynthetic flux. GBM38-bearing 
mice were infused with [U13C]glucose, with tissues collected at multiple 
timepoints after infusion to generate time-dependent enrichment 
profiles for MFA. Nucleotide enrichment profiles showed increasing 
trends throughout the experiment (Extended Data Fig. 6a,b), suggest-
ing that isotopic steady state in these pathways had yet to be achieved 
at tissue collection times in single-timepoint studies. To overcome this 
limitation, we applied an ordinary differential-equation-based MFA 
model using time-course nucleotide mass isotopologue distribution 
profiles to estimate fluxes31, with forward and reverse fluxes included 
in reversible reactions (Extended Data Fig. 6c,d).

MFA revealed significant differences in nucleotide synthesis fluxes 
between GBM and cortex. GBMs elevated purine biosynthetic flux 
through de novo inosine monophosphate (IMP) and GMP synthesis, IMP 
and AMP salvage, and generation of inosine and guanylates (Fig. 3b). 
The total levels of many purines were equal or lower in abundance in 
GBM compared with in cortex (Extended Data Fig. 6e), highlighting that 
13C-MFA can provide additional pathway flux information that cannot be 
obtained from tracing and static metabolite levels alone. Collectively, 
these results indicate that higher GBM purine enrichment results from 
increased absolute purine biosynthesis fluxes. Pyrimidine fluxes also 
differed between GBM and cortex, with de novo UMP synthesis elevated 
in GBM and uridine salvage the dominant form of pyrimidine synthesis 
in both tissues (Fig. 3c).

To confirm increased de novo and salvage nucleotide production 
in GBM, mice were infused with pathway-specific tracers: 15N-amide- 
glutamine was used to trace de novo nucleotides and 15N4-inosine 
was used to trace purines derived from salvaged IMP. Consistent with 
MFA-based predictions, glutamine-derived nucleotide labelling was 
higher in GBM than in cortex, accompanied by elevated inosine-derived 
labelling of purines (Fig. 3d–f). These data align with MFA predictions 
based on [U13C]glucose tracing that GBMs upregulate nucleotide pro-
duction through de novo and salvage pathways.

GBM modulates flux after therapy
GBMs exhibit profound resistance to therapy, including standard- 
of-care RT, prompting us to investigate whether their metabolic adap-
tations could facilitate this response. GBM-bearing mice were treated 
with cranial RT delivered to the entire brain immediately before [U13C]
glucose infusions, with tissues collected at multiple timepoints after 
RT. Initial MFA modelling assumed metabolic steady state throughout 
infusion, which is unlikely to be true after RT due to rapid DNA damage 
response activation and cell cycle arrest. We therefore developed a 
dynamic 13C-MFA model that incorporates time-dependent concen-
tration changes and is used to estimate transient flux profiles32,33 to 
quantify purine synthesis fluxes after RT. This framework was modified 
to include dynamic concentration and flux changes (Extended Data 

Fig. 6f–h). De novo purine fluxes changed dynamically after RT in GBM 
but were largely unaffected in cortex (Extended Data Fig. 7a–d). GBM 
de novo IMP synthesis increased transiently after treatment, with peak 
activity around 1 h after RT and diminishing over the next 3 h (Extended 
Data Fig. 7b), in alignment with the timeframe of DNA damage and 
repair following RT34. De novo GMP synthesis from IMP increased con-
currently, while de novo AMP synthesis decreased (Extended Data 
Fig. 7c,d). Other pathways remained stable in both tissues (Extended 
Data Fig. 7e–r), suggesting that GBM selectively rewires de novo purine 
synthesis in response to RT. Collectively these data suggest that, after 
RT, GBMs acutely increase de novo IMP synthesis and channel it towards 
GMP production while reducing AMP synthesis.

These findings were validated by infusing GBM-bearing mice with 
15N4-inosine or 15N-amide-glutamine after RT. Consistent with MFA, RT 
did not affect IMP salvage from hypoxanthine or inosine (Extended Data 
Fig. 7s). GMP salvage from guanine could not be directly assessed due 
to low circulation enrichment35. In mice infused with 15N-glutamine, the 
abundance of m+3 GMP (reflecting de novo IMP origin, not guanine) 
was higher in RT-treated GBM compared with in the controls (Extended 
Data Fig. 7t), consistent with increased GMP synthesis from IMP after 
RT. IMP and AMP changes after RT could not be identified, probably 
because the longer infusion times required for intracranial 15N-tracer 
accumulation did not assess predicted early transient shifts (Extended 
Data Fig. 7u,v). To the best of our knowledge, these findings represent 
the first intracranial measurements of purine synthesis after RT in GBM. 
Increased de novo purine synthesis in vivo is consistent with heightened 
GBM guanylate dependence after RT7 and is currently under investiga-
tion as a radiosensitization target (NCT04477200, NCT05236036).

GBM prioritizes serine uptake
De novo purine synthesis uses several amino acids, including serine, 
which is also a precursor for glycine and one-carbon units (especially 
in nucleotide-demanding proliferating T cells36), a driver of lipid syn-
thesis and a neuromodulator in its d-racemized configuration. Serine, 
which can be synthesized from glucose and is non-essential in normal 
tissues, can drive the growth and aggressiveness of tumours includ-
ing GBM37–42, prompting additional analysis to better understand its 
metabolism in GBM.

Total serine labelling was similar in glioma and cortex (Extended 
Data Fig. 8a,b), distinct from other amino acids, neurotransmitters 
and nucleotides, which exhibited differential label enrichment (Fig. 2). 
Deeper analysis of serine labels revealed that m+3 serine was higher in 
cortex than in enhancing tumour tissue in nearly every patient, while 
m+1 serine was predominant in most gliomas (Extended Data Fig. 8c,d). 
This shift became even more evident when labelling across individuals 
was standardized by ratios of those isotopologues (Fig. 4a and Extended 
Data Fig. 8e). Parallel labelling patterns were observed in mice, in which 
m+3 serine was higher in cortex than in GBM, and m+1 serine was pre-
dominant in GBM (Fig. 4b and Extended Data Fig. 8f). Predominance of 
m+1 serine has been observed in previous human cancer [U13C]glucose 
infusion studies11,26,43 (Extended Data Fig. 8g–k), although the finding 
is of uncertain significance. Although cortex has not been analysed 
in other human tracing studies, the brain is one of the few organs in  
[U13C]glucose-infused mice in which m+3 serine labelling approximates 
m+1 labelling26 (Extended Data Fig. 8l), consistent with our results. 
These previous findings support the labelling patterns observed in 
experiments reported here.

Labelled serine can be acquired through glucose-derived de novo 
synthesis, production from a folate cycle carbon and glycine, or envi-
ronmental uptake. As the glycolytic intermediate and serine precursor 
phosphoglycerate was predominantly m+3 labelled in GBM and cortex 
(Extended Data Fig. 8m,n), any intracranial serine formed de novo from 
glycolysis would also be predominantly m+3 labelled. The predomi-
nance of m+3 serine in cortex and m+1 serine in glioma suggested cortex 

https://clinicaltrials.gov/ct2/show/NCT04477200
https://clinicaltrials.gov/ct2/show/NCT05236036
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primarily generates serine from glucose while GBM tissue probably 
relied on other sources.

Arterial serine was almost exclusively m+1 labelled (Extended Data 
Fig. 8m,n), probably due to synthesis from unlabelled glycine and a 

labelled folate carbon. This indicated higher m+1 serine in GBM could 
be explained by increased uptake of circulating serine. However, intrac-
ranial m+1 serine could also arise from direct synthesis using unlabelled 
glycine and labelled one-carbon units in the folate cycle. Given this 
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complexity, we developed a multicompartment 13C-MFA model to 
understand the relative magnitudes of these fluxes (Extended Data 
Fig. 8o) and calculate scores for ratios of serine de novo synthesis flux 
to uptake flux. Mouse cortex predominantly relied on de novo serine 
synthesis while 2 out of the 3 GBM models (HF2303, GBM38) derived 
most serine from extracellular sources (Extended Data Fig. 8p). Patient 
samples similarly exhibited some heterogeneity. While cortex pre-
dominantly generated serine de novo, many tumour samples (11 out of 
15 enhancing/non-enhancing) primarily relied on extracellular serine 
uptake (Extended Data Fig. 8p,q). Together, these data indicated that 
the relative flux of de novo serine synthesis is lower in many gliomas 
than cortex, and that gliomas scavenge serine from the environment.

To validate these inferences from [U13C]glucose tracing, exogenous 
serine uptake was directly traced in GBM-bearing mice. Mice were 
infused with 13C3-serine (m+3) into the circulation, and tracer accu-
mulation into cortex and GBM tissue was measured, whereby tissue 
levels of m+3 serine indicate acquisition from extracellular sources. 
In all three models, GBM accumulated more m+3 serine from plasma 
compared with cortex (Fig. 4c–f), confirming that GBMs have increased 
environmental serine uptake.

While direct 13C-serine-tracing experiments revealed higher GBM 
serine uptake than cortex in all models, the 13C-glucose MFA indicated 
that the ratios of de novo synthesis versus uptake of serine vary across 
gliomas. This suggests that, while elevated serine uptake is common 
in GBM, increased glucose-driven serine synthesis may be limited to 
certain tumours. Given the heightened serine demand indicated by 
both methods, we investigated the expression of genes related to serine 
metabolism between tumour and cortex. Archived RNA-sequencing 
(RNA-seq) data suggested increased expression of the serine-synthesis 
enzyme phosphoserine phosphatase and a variety of serine transport-
ers in GBM (Extended Data Fig. 5f–h). Patient-specific tumour hetero-
geneity, functional redundancy of multiple serine transporters44 and 
transport of multiple amino acids are likely to contribute to variability 
based on individual tumour metabolic demands.

Serine restriction enhances GBM therapy
The experiments above suggested that many gliomas prioritize ser-
ine uptake over glucose-derived synthesis, enabling them to allocate 
glucose carbons towards other biosynthetic needs. In such a sce-
nario, depleting environmental serine would force GBMs to increase 
glucose-derived serine synthesis at the expense of glucose-derived 
nucleotide production required for aggressive phenotypes. To test this 
hypothesis, patient-derived gliomaspheres were grown in serine- and 
glycine-depleted medium followed by tracing of [U13C]glucose into 
serine. Medium serine/glycine restriction reduced intracellular ser-
ine, with remaining serine predominantly glucose derived (Extended 
Data Fig. 9a,b). Nucleotides were also broadly reduced (Extended Data 
Fig. 9c), indicating that GBMs depend on exogenous serine to channel 
glucose carbons into biosynthesis. These findings suggest that, without 
extracellular serine, gliomaspheres cannot fully compensate through 
de novo synthesis despite ample glucose, exposing a metabolic bot-
tleneck and highlighting their reliance on environmental serine.

To determine whether exogenous serine restriction alters GBM 
metabolism intracranially, we performed experiments with tumour- 
bearing mice fed a control diet or a diet lacking serine and glycine  
(−SG). The −SG diet decreased circulating serine levels (Extended 
Data Fig. 10a) and was well tolerated. While mice on the −SG diet long 
term exhibited mild to moderate growth delays, blood cell counts and 
standard blood chemistries were minimally affected (Extended Data 
Fig. 10b–x); no other behavioural or functional consequences were 
noted. The −SG diet altered GBM metabolomes with little effect on 
cortical metabolites (Fig. 4g,h and Extended Data Fig. 9d), consistent 
with glucose-driven de novo serine synthesis predominating in cortex. 
GBMs from mice on the −SG diet had lower serine and nucleotides 

compared with the controls and higher levels of phosphoserine (Fig. 4h 
and Extended Data Fig. 9e), formed when glucose carbons are shunted 
towards serine.

The finding that environmental serine restriction selectively altered 
GBM metabolism suggested that the −SG diet might reduce GBM growth. 
Having identified widespread increased serine uptake and heterogene-
ous serine synthesis in GBM, we examined whether serine-depletion 
phenotypes corresponded to baseline use of de novo serine synthesis 
versus uptake. When mice were restricted for environmental serine, 
tumours with high serine uptake/synthesis ratios (HF2303, GBM38) 
were smaller than controls and had lower Ki-67/proliferation indices 
(Extended Data Fig. 11a–f). Dietary serine restriction improved the 
survival times of HF2303 and GBM38 tumour-bearing mice (Fig. 4i,j). By 
contrast, GBM12 tumours, with higher glucose-derived serine synthesis 
(Fig. 4b and Extended Data Fig. 8f,p), exhibited no changes in growth or 
Ki-67 in serine-restricted mice (Extended Data Fig. 11g–i), nor were the 
survival times affected by the −SG diet (Fig. 4k). These results suggest 
that GBMs with low serine synthesis rely on environmental serine that 
can be targeted by dietary serine restriction.

Chemoradiation is the current standard-of-care GBM treatment 
and amplifies tumour biosynthetic demand7,8. This increased purine 
reliance could heighten demand for exogenous serine, serving as a 
precursor and potentially enabling glucose to be redirected from serine 
synthesis toward nucleotide production. To determine whether −SG 
diets increase chemoradiation efficacy, mice receiving control or −SG 
diets were treated with RT and TMZ (Extended Data Fig. 11j–l). While 
−SG diet monotherapy effects were selective to certain GBMs, the −SG 
diet improved chemoradiation efficacy across models (Fig. 4i–k). This 
suggests GBMs are selectively sensitive to serine deprivation at the 
baseline but, under conditions of genomic and biosynthetic stress, 
they cannot adapt to environmental serine restriction.

These data suggested many GBMs upregulate capture of alternative 
carbon sources, such as serine, to preferentially reroute glucose-derived 
carbon into biomass production. To validate this carbon partitioning 
model, we infused [U13C]glucose into GBM-bearing mice fed control  
or −SG diets. In HF2303 tumours, which exhibited limited glucose- 
driven serine synthesis (Fig.  4b and Extended Data Fig. 8p) and 
responded favourably to dietary serine deprivation (Fig. 4i), the −SG 
diet increased glucose-driven serine synthesis (m+3 serine), an effect 
that was not observed in cortex (Fig. 4l,m). Serine-restricted diets 
decreased GBM glucose-derived nucleotide labelling (Fig. 4n), exhib-
iting lower ratios of glucose-derived nucleotides to glycolysis-derived 
serine compared with the controls (Extended Data Fig. 9f–i). A similar 
experiment was performed using mice with GBM12 tumours, which 
derive more serine from glucose than other models and are less sensi-
tive to dietary serine restriction (Fig. 4b,k and Extended Data Fig. 8p). In 
this model, the −SG diet did not alter glucose-driven serine or nucleo-
tide labelling (Extended Data Fig. 9j–o). Together, these data reveal that 
many gliomas preferentially depend on extracellular serine, yet can 
adapt to restriction by curbing proliferation and redirecting glucose 
carbons from biomass production to serine synthesis—a vulnerability 
that can be leveraged to enhance the efficacy of chemoradiation (Fig. 5).

Discussion
Here we used clinical stable isotope infusions and MFA to define brain 
cancer metabolic rewiring and its therapeutic implications. While both 
GBM and cortex avidly consume glucose, cortex predominantly uses 
glucose-derived carbons for physiological processes such as TCA cycle 
oxidation and neurotransmitter synthesis. GBMs downregulate these 
physiological processes and instead use glucose-derived carbons to 
synthesize nucleotides, fuelling proliferation and treatment resistance. 
Many gliomas also upregulate environmental serine acquisition, while 
the cortex synthesizes a higher fraction of its serine from glucose. This 
metabolic rewiring is a targetable liability with a therapeutic window. 
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In mouse models, dietary serine restriction depletes GBM nucleotides 
and slows tumour growth while minimally affecting cortex metabolites.

This study adds to our growing understanding of metabolic 
rewiring in cancer. Like radioactive glucose analogues used in PET,  
[U13C]glucose rapidly accumulates in both GBM and cortex22, which 
suggests that broadly targeting glucose uptake may cause untoward 
toxicity. Like previous 13C-labelling studies, we find an active TCA cycle 
in brain cancer13,14,45,46. However, our unique surgical practice enabled us 
to compare metabolism in human cortex and brain cancer, showing that 
the TCA cycle is altered in GBM compared with non-malignant cortex, 
with decreased glucose-derived labelling suggesting either reduced 
activity or increased reliance on non-glucose substrates13,28,29. To our 
knowledge, serine synthesis routes have not previously been examined 
in human cancer. In contrast to brain metastases41 and cortex, which 
appear to rely on de novo serine synthesis in preclinical models41, many 
gliomas preferentially rely on environmental serine and can therefore 
use glucose-derived carbon for other purposes.

Our flux models and subsequent validation provide insights into 
metabolic rewiring that are difficult to glean with simpler analysis 
techniques30,31,47–49. While de novo synthesis of nucleotides is elevated 
in GBM compared with in cortex, salvage of uridine and hypoxanthine 
appears to dominate nucleotide production. This contrasts with other 
brain tumours in which de novo pyrimidine synthesis is critical50–52. 
GBMs also appear to adaptively rewire metabolism, particularly GMP 
synthesis, in response to RT, which may contribute to treatment resist-
ance. The development of single-timepoint flux models will hopefully 
help translate these tools to clinical practice, where time-course sample 
acquisition can be impractical.

Our work has important clinical implications. Inhibiting nucleotide 
synthesis, serine uptake or non-glucose TCA cycle fuel sources might 
have a therapeutic index to selectively affect GBM, whereas broadly 
targeting glucose uptake may cause unacceptable cortical toxicity. 
Targeting proximal de novo nucleotide synthesis in GBM may be inef-
fective due to active salvage pathways. Blocking IMPDH may still have a 
therapeutic benefit in glioma with a favourable therapeutic ratio owing 
to the preference for gliomas to salvage hypoxanthine. Restricting 
dietary serine could help to slow GBM growth and potentially augment 
the efficacy of standard-of-care GBM treatments53, although the effi-
cacy of this approach could be limited by local production of serine in 
the GBM microenvironment54. The patient-to-patient heterogeneity in 
environmental serine dependence we observed suggests that isotope 

tracing could be used as a precision medicine technique to determine 
which patients could benefit from dietary serine restriction.

Our studies provide insights into potential strategies to target serine 
metabolism in brain tumours. Mouse modelling and isotope tracing 
suggest that tumours with the lowest levels of glucose-driven serine 
synthesis will be most sensitive to environmental serine depletion. 
Depleting environmental serine in humans is achievable through 
specialized diets already in the clinic (NCT05078775), although other 
depletion strategies could be used in the future55,56. In our mouse 
models, dietary serine deprivation reduced circulating serine levels 
by 25%, which may be related to the mouse strain used57–59. Given the 
upregulation of numerous putative serine transporters in gliomas, 
environmental serine depletion may be more efficacious than phar-
macological transporter inhibition. Finally, our mouse studies suggest 
pairing environmental serine depletion with chemoradiation could 
maximize efficacy, and we are now designing a trial to test these com-
binations in the clinic.

Our study also lays the groundwork for future investigation. Expand-
ing the use of isotope tracing beyond the small number of patients with 
brain cancer in this study will help us to understand the links between 
metabolism and genotype, treatment responses and prognosis. Using 
tracers beyond glucose will help us to understand additional aberrant 
metabolic pathways in cancer. While our studies required analysis of 
bulk tissues, future advances in technologies such as spatial metabo-
lomics could improve the understanding of metabolic dysregulation 
in discrete GBM cell types including growth-promoting myeloid cells60.

In summary, we have identified profound growth-promoting rewir-
ing of glucose metabolism in aggressive human brain cancers. These 
cancer-specific metabolic alterations are compelling targets with 
favourable therapeutic indices. Our research team and others are cur-
rently inhibiting these metabolic pathways in patients with brain cancer 
(NCT04477200, NCT05236036). We are hopeful that broader use of 
isotope tracing in clinical studies will help us to make additional fun-
damental observations about cancer metabolism and teach us which 
patients might benefit most from metabolically targeted therapies.
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Methods

Clinical stable isotope tracing protocol
The human isotope tracing study was approved by the Institutional 
Review Board of the University of Michigan. After obtaining informed 
consent, eight patients with suspected GBM were enrolled onto our clini-
cal study, which was performed perioperatively with standard-of-care 
craniotomies for tumour resection. Near the start of each procedure 
(approximately 2–4 h before tissue resection), patients received a bolus 
intravenous dose of [U13C]glucose (8 g) followed by a continuous intra-
venous infusion of [U13C]glucose at a rate of 4 g h−1. Arterial blood was 
collected into EDTA-coated vials every 30–60 min for plasma prepara-
tion and analysis until intracranial tissues of interest were isolated from 
each patient. After initial craniotomy and tumour exposure, stereotactic 
image guidance was used to identify radiographically defined enhancing 
tumour, non-enhancing FLAIR T2 hyperintense tumour and adjacent 
cortical tissues. These tissues were then resected and separated by a 
board-certified neurosurgeon (W.N.A.-H.), rinsed in cold PBS and immedi-
ately (typically less than 3 min after resection) flash-frozen in liquid nitro-
gen by the research team for further analysis. Cortex and non-enhancing 
tumour were obtained from all eight patients. Enhancing tumour tis-
sue was obtained from only seven patients, because one tumour com-
prised entirely non-enhancing disease. Tumour content quantification 
in human samples (cortex, enhancing tumour, non-enhancing tumour) 
stained with H&E was performed by a board-certified neuropatholo-
gist (S.V.). Clinical information including Ki-67 index and IDH mutation 
status were abstracted from the medical record and clinical pathology 
report. Sample size was based on maximal enrollment rather than pre-
determination with statistical methods, and patients were not allocated 
into groups. Blinding was not performed, as the paired design comparing 
distinctly identifiable tumour and cortex from each participant made 
masking impractical during sample collection and analysis; however, 
the quantitative nature of the data obtained by mass spectrometry miti-
gated potential subjective bias in interpretation.

Patient-derived orthotopic models
All animal studies were approved by the Institutional Animal Care 
and Use Committee (IACUC) at the University of Michigan. Mice were 
housed in specific-pathogen-free conditions at a temperature of 74 °F 
and relative humidity between 30 and 70% on a light–dark cycle of 12 h 
on–12 h off with unfettered access to food and water. In experiments 
assessing baseline 13C labelling from [U13C]glucose under control or ser-
ine/glycine-restricted conditions, all mice were placed on either control 
diets (TestDiet Baker Amino Acid Diet 5CC7) or serine/glycine-restricted 
diets (TestDiet Modified Baker Amino Acid Diet 5BJX) 3 days before 
orthotopic tumour implantation (described below) and remained on 
respective diets indefinitely. Before intracranial implantation and for 
all other experiments, mice were fed standard chow (PicoLab Labora-
tory Rodent Diet 5L0D).

Studies of intracranial tumour-bearing mice used three different 
patient-derived models that genomically and histologically reflect 
typical GBMs and capture heterogeneity characteristic of the disease. 
These models included the patient-derived HF2303 model16,17, as well 
as the GBM12 and GBM38 PDXs from the PDX National Resource at 
Mayo Clinic19. Tumour tissue was propagated subcutaneously in the 
flanks or brains of immunodeficient mice (B6.129S7-Rag1tm1Mom/J, 
obtained from Jackson Laboratory or bred in-house). To introduce 
GFP and firefly luciferase into GBM tissue and enable their fluores-
cence and luminescence detection, short-term explant cultures 
were generated from tumours and transduced by lentiviral infec-
tion (lenti-LEGO-Ig2-fluc-IRES-GFP-VSVG or lenti-CAG-dscGFP-
T2ALuc-Efs-Puro-VSVG, obtained from the University of Michigan  
Vector Core). After infection, cells were enriched for GFP-positive popu-
lations by fluorescence-activated cell sorting or puromycin selection 
and then reintroduced to mice either as subcutaneous flank tumours 

or intracranial tumours. To generate orthotopic GBM brain tumours 
in B6.129S7-Rag1tm1Mom/J mice, 3 × 105 to 1 × 107 cells were implanted 
intracranially using a stereotactic rig or guide screws to the region of 
the brain calculated to be the striatum in anaesthetized mice. Tumour 
development was then confirmed by bioluminescence imaging as 
described in Supplementary Methods.

In vivo tumour studies
Sample sizes for animal experiments were determined by preliminary 
studies and the level of observed effect. Stratified randomization 
was used to achieve similar starting median tumour luminescence 
across groups. Blinding was not possible due to the complexity of 
multistep procedures: group allocation, animal treatments, animal 
monitoring, data collection and analyses were performed indepen-
dently by separate investigators, including technicians unaware of 
hypotheses and without stake in outcome, minimizing bias. For all 
experiments, B6.129S7-Rag1tm1Mom/J mice ( Jackson 002216 or bred 
in-house) were used, except in the long-term serine/glycine restriction 
experiment described in Supplementary Methods, which used C57BL/6J 
mice ( Jackson 000664) without tumours. Mice were aged 4–12 weeks 
at the start of experiments. All experiments used a mix of male and 
female mice, except for the time-course glucose tracing experiment, 
which comprised only female mice and was validated using non-glucose 
tracers in both male and female mice. The maximum allowed tumour 
sizes and end points were predetermined in agreement with IACUC. For 
subcutaneous flank tumours, these were as follows: tumour diameter 
exceeds 2 cm in any single dimension; tumour ulcerates greater than 
half its surface area; ulceration has effusion, appears infected or has 
haemorrhage; tumour develops in an area that impairs normal move-
ment or physiological behaviour. For intracranial GBM-bearing mice, 
humane end points were determined based on clinical observations 
in collaboration with veterinarians with University of Michigan’s Unit 
for Laboratory Animal Medicine. In all experiments, we followed their 
numerical scoring system, assigning points for appearance, physical 
parameters, behaviours and body condition. When predetermined 
scores were reached, mice meeting these end-stage criteria were 
humanely euthanized. No experiments exceeded tumour sizes or end 
points predetermined with IACUC.

Stable isotope tracing in GBM-bearing mice
At approximately 3–6 weeks after orthotopic tumour implantation, 
intracranial GBM-bearing mice underwent dual catheterizations, with 
one catheter surgically placed into the jugular vein (for tracer admin-
istration) and a second catheter placed into the carotid artery (for 
plasma collection during infusion). Mice were then allowed to recover 
from surgery for 4–5 days. Conscious, free-moving, undisturbed mice 
were then delivered stable isotope tracers through the intravenous line 
as follows: [U13C]glucose administered as a bolus dose (0.4 mg per g) 
followed by a continuous infusion (12 ng per g per min) for a total of 4 h; 
15N-amide-glutamine administered as a bolus dose (0.28 mg per g) fol-
lowed by a continuous infusion (5 µg per g per min) for 6 h; 15N4-inosine35 
administered as a bolus dose (0.8 mg) followed by a continuous infusion 
(0.65 µg per g per min) for 6 h; or 13C3-serine61 delivered continuously 
(6.3 µg per g per min) for 6 h.

During infusions, blood was collected periodically through the arte-
rial line into EDTA-coated vials and used to prepare plasma. At the end 
of infusions, ketamine (50 mg per kg) was administered into the intra-
venous line to rapidly induce anaesthesia. Mice were then decapitated, 
and tissues were extracted on dry ice. To separate orthotopic GBM 
from mouse cortex, we performed microdissection aided by fluores-
cent light that enabled us to distinguish GFP-positive tumour from 
GFP-negative cortex. All tissues were then immediately (less than 3 min 
after anaesthesia) flash-frozen in liquid nitrogen for further analysis. In 
experiments measuring the spatial distribution of labelled intracranial 
metabolites, GBM-bearing mice were administered two intraperitoneal 
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injections of either saline or [U13C]glucose at dosages of 2 g per kg 
30 min apart. At 30 min after the second injection, mice were admin-
istered a lethal dose of isoflurane (inhalation) and then decapitated. 
Whole brains were rapidly collected and flash-frozen in liquid nitrogen 
and then cryosectioned for further analysis.

MFA
To estimate nucleotide synthesis fluxes from isotopologue time-course 
data, in vivo MFA methods were developed. These are described in 
detail in Supplementary Methods and corresponding Supplementary 
Tables 3–13. To estimate serine contributions in brain tumours using 
single-timepoint data, a steady-state method was used as described 
in  Supplementary Methods and corresponding Supplementary 
Table 14.

LC–MS of human and mouse samples
Flash-frozen tissue samples were homogenized in cold (−80 °C) 80% 
methanol. For plasma analysis, 100% methanol at −80 °C was added 
to plasma samples to yield a final methanol concentration of 80%. 
Insoluble material was then precipitated from all samples by centrifu-
gation at 4 °C, and supernatants containing soluble metabolites were 
dried by nitrogen purging or vacuum centrifugation. Dried metabolites 
were reconstituted in 50% methanol for LC–MS analysis. Isotope label-
ling was determined using an Agilent system consisting of an Infinity 
Lab II UPLC coupled with either a 6545 or 6230 QTOF mass spectrom-
eter (Agilent Technologies) operated by the University of Michigan 
Metabolomics Core, and data were analysed with values corrected 
for natural isotope abundance using MassHunter Profinder 10.0. We 
used control samples without 13C or 15N labelling to ensure that labelled 
isotopologues from mice and patients were not from contaminating 
species, although it is possible that isobars present only in traced sam-
ples could still contaminate peaks. For targeted analyses of metabolite 
abundances, the samples were prepared as described above and then 
analysed using the Agilent 1290 Infinity II LC–6470 Triple Quadrupole 
tandem mass spectrometry system (Agilent Technologies). For com-
pound optimization, calibration and data acquisition, Agilent Mass-
Hunter Quantitative Analysis Software v.B.08.02 was used. Retention 
times, transitions, buffers and gradient compositions are described 
in Supplementary Methods and Supplementary Table 15. For in vitro 
patient-derived gliomaspheres, MS and analyses of serine, glycine and 
phosphoglycerate are described in Supplementary Methods.

MALDI MS analysis of mouse-derived specimens
Standard microscopy slides with mounted tissue were vacuum desic-
cated for 20 min before matrix coating. After desiccation, the slides 
were sprayed with NEDC matrix (10 mg ml−1, 1:1 ACN:H2O) using an M3+ 
sprayer (HTX Technologies; flow rate, 75 µl min−1; temperature, 70 °C; 
velocity, 1,000 mm min−1; track spacing, 1 mm; pattern, crisscross; 
drying time, 0 s). The slides were mounted into a MTP Slide Adapter II 
(Bruker Daltonics) before analysis.

MALDI imaging data were acquired using the timsTOF fleX MALDI-2 
mass spectrometer (Bruker Daltonics) operating in transmission mode 
with a 20 µm raster size, acquiring m/z 100–600. The laser (Bruker 
Daltonics; SmartBeam 3D, 355 nm, 5,000 Hz repetition rate) used a 
16 µm beam scan, resulting in a 20 µm × 20 µm ablation area. Taurine 
was used as a lock mass ([M-H]1-, m/z 124.0074).

MS imaging data were visualized using SCiLS Lab 2023b, with single 
fractional enrichment, normalized mean enrichment and fraction-
alized enrichment images generated in SCiLS Lab using an in-house 
script using the SCiLS REST API (Bruker Daltonics; v.6.2.114), written in  
R (v.4.2.2), using RStudio (2022.12.0 build 353). A segmentation algo-
rithm built into SCiLS Lab was used to create four data-driven regions 
corresponding to the healthy and GBM tissue in the 13C dosed and con-
trol tissues (normalization, total ion count; denoising, weak; method, 
bisecting k-means; metric, Manhattan). The relative isotopologue 

intensity of these regions was also calculated with another in-house 
script implemented through the SCiLS REST API.

Tentative annotations were performed using MetaboScape 2023 
(Bruker Daltonics) using target lists of known biological molecules 
generated with the TASQ 2022 software (Bruker Daltonics; amino acids, 
glycolysis, citrate cycle). The molecular formula of target molecules 
was used to calculate an accurate mass for each target. Annotations 
required a mass error of less than 3.0 ppm. In total, 72 features were 
annotated using this limited list, with annotated peaks having a mass 
accuracy of 1.1 ppm.

Spatial metabolite imaging and analysis of human clinical specimens 
are detailed in Supplementary Methods.

Chemoradiation treatments and tumour burden studies
In experiments evaluating the influence of RT on metabolism, can-
nulated mice were anaesthetized by 2% isoflurane inhalation and then 
treated with cranially directed RT at a dose of 8 Gy or sham RT with a 
lead shield keeping the cranium exposed. Immediately after RT (less 
than 5 min), the mice were removed from anaesthesia and administered 
tracer infusions as described above.

In studies assessing animal survival, mice were placed onto either 
a control diet (TestDiet Baker Amino Acid Diet, 5CC7) or a modified 
diet containing 0% serine and 0% glycine with all other amino acids 
adjusted to account for serine and glycine reduction (TestDiet Modi-
fied Baker Amino Acid Diet, 5BJX) 3 days before orthotopic tumour 
implantation. The mice were then implanted with luciferase-positive 
intracranial tumours and maintained on respective diets for the remain-
der of experimentation. Once bioluminescence imaging (described 
in the Supplementary Methods) detected intracranial tumours with 
flux values of 106–107 p s−1 (9 to 50 days after implantation), the mice 
on each diet were randomized into control or chemoradiation-treated 
groups. On each treatment day, mice received both TMZ (oral admin-
istration) and cranial RT (under isoflurane anaesthesia with a lead 
shield keeping cranium exposed), with RT administered 1 h after TMZ 
treatment. GBM12-bearing mice were administered chemoradiation 
as three consecutive days of TMZ (25 mg per kg) and cranial RT (2 Gy). 
GBM38-bearing mice were administered chemoradiation as 3 consecu-
tive days of TMZ (50 mg per kg) and cranial RT (2 Gy). HF2303-bearing 
mice were administered chemoradiation in two cycles, with 13 days 
between cycles. The first cycle consisted of 4 consecutive daily doses 
of TMZ (25 mg per kg) and RT (2 Gy). The second cycle consisted of 2 
consecutive treatment days, a 2 day gap, and then 1 treatment day. 
A schematic of the treatment schemes is provided in Extended Data 
Fig. 11j–l. Overall survival was determined using the Kaplan–Meier 
method, with log-rank tests used to compare survival curves.

Histological analyses were performed as previously described7 by 
H&E staining and Ki-67 staining. The primary antibody for Ki-67 (BD 
Biosciences, 550609) was used at a 1:1,000 dilution. Immunohisto-
chemical staining was performed using the Vectastain Elite ABC Kit 
(PK-6102), which included the secondary antibody (1:200). Further 
details and quantification are described in Supplementary Methods.

Analysis of metabolite enrichment
To quantify the incorporation of stable isotope tracers into metabolites, 
we calculated mean enrichment, defined as the average percentage 
of labelled atoms (13C or 15N) within a metabolite pool62, corrected for 
natural abundance:
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where n is the number of C or N atoms in the metabolite, i represents 
isotopologues and m represents isotopologue abundance. This metric 
captures the total fractional contribution of tracers to metabolites of 
interest, averaging labelling across all isotopologues. Alternatively, 



specific isotopologue fractions or relative abundance were used to 
track specific metabolic pathways. When appropriate and where indi-
cated, tissue enrichment values were normalized to plasma tracer 
enrichment. Detailed analysis methods are described in the figure 
legends. Isotopologues and mean enrichment percentages were deter-
mined using MassHunter Profinder v.10.0 (Agilent Technologies).

Descriptive statistics (mean, s.d.) for metabolite enrichments are 
graphically presented. Comparisons between groups were performed 
using linear models for unpaired data and linear mixed-effects models 
for paired (for example, cortex and tumour from the same individual) 
or repeated-measures data (for example, in cases of multiple tumour 
foci extracted from a single mouse). Holm’s method was used to adjust 
for multiple comparisons performed for each metabolite. All tests 
were two-sided, and statistical significance was assessed at the 0.05 
significance level. Statistical comparisons and parameters are further 
described in the figure legends. Analyses were performed using R v.4.4.2 
or GraphPad Prism 10.

Additional experimental information
No commonly misidentified cell lines were used in this study. The 
GBM374gs gliomasphere model was authenticated regularly via short 
tandem repeat fingerprinting using the GenePrint 10 system (Laragen). 
All experiments involving GBM12, GBM38 and HF2303 patient-derived 
models were performed in vivo, with the exception of in vitro culturing 
for lentiviral GFP and luciferase transduction, and were not authenti-
cated beyond primary isolation; in vivo passage and marker retention 
ensured identity of these models. All models cultured in vitro were 
tested regularly for mycoplasma using the MycoAlert Mycoplasma 
Detection Kit (Lonza) and confirmed negative. Comprehensive experi-
mental and analytical details including metabolite imaging of clinical 
samples, LC–MS, subtype and transcriptional analyses of our data 
and others63–65, development of MFA methods, in vitro gliomasphere 
experiments, additional in vivo methods, and histological staining 
and quantification protocols are found in Supplementary Methods, 
containing refs. 66–99.

Statistics and reproducibility
Human data were obtained from the same cohort of patients through-
out the study. Labelled human samples were analysed from eight 
patients, comprising n = 8 cortex samples, n = 7 enhancing tumour 
samples, and n = 8 non-enhancing tumour samples. One patient 
lacked enhancing tumour tissue. Mouse LC–MS data corresponding to  
[U13C]glucose labelling and metabolite abundance in HF2303 and 
GBM12 models were from the same cohorts throughout the study. 
Mouse LC–MS data corresponding to single-timepoint [U13C]glucose 
labelling in GBM38-bearing mice were from the same cohort through-
out the study. For all mouse LC–MS data showing single-timepoint 
labelling from [U13C]glucose, samples were analysed from sixteen 
total mice with n = 16 cortex samples and comprised: seven GBM38- 
bearing mice with n = 7 tumour foci and n = 7 cortex samples; five 
GBM12-bearing mice with n = 5 tumour foci and n = 5 cortex samples; 
and four HF2303-bearing mice with five tumour foci, one of which 
was diffuse and cortically contaminated and was therefore excluded 
from analysis, yielding n = 4 tumour foci and n = 4 cortex samples. 
One of these HF2303-bearing mice exhibited suboptimal data quality 
for plasma glucose measurements used to normalize tissue labelling. 
Therefore, plasma glucose enrichment for this mouse was estimated 
using the mean value derived from remaining mice in the group. 
Mouse data corresponding to single-timepoint metabolite abundance 
in GBM38-bearing mice were from the same cohort throughout the 
study. All time course [U13C]glucose labelling data were from the 
same cohort of mice. All data showing in vivo isotope labelling from 
15N-glutamine were from the same cohort of mice. All data showing 
in vivo isotope labelling from 15N4-inosine were from the same cohort 
of mice. Mouse tissue spatial imaging data and matched H&E staining 

shown throughout this study are from the same 13C-labelled and nega-
tive control unlabelled mice. In developing our hypothesis-generating 
metabolic flux models of nucleotide synthesis, the need for multiple 
timepoints constrained sample numbers at each timepoint, and exclu-
sions were necessary to minimize variance within groups and ensure 
data robustness. Specific exclusion criteria are described at https://
github.com/baharm1/iMFA/, and model-based predictions were vali-
dated by multiple orthogonal tracers. Mice failing to form intracranial 
tumours post-orthotopic implantation (<5%) or dying 0–5 days after 
implantation (<5%) or jugular/carotid catheter placement (<10%), likely 
due to surgical complications, were excluded. In LC–MS experiments, 
metabolites below detection thresholds were excluded. 

Stable isotope infusion studies in human patients inherently lack 
full repeatability because of substantial variability among individu-
als, clinical-protocol-related factors and restricted tissue quantities. 
Labelled glucose infusion studies of intracranial GBM38-bearing 
mice were performed three or more times. In vivo glucose labelling 
studies were further repeated by five or more serial labelled glucose 
injection experiments using intracranial HF2303 tumour-bearing 
mice, intracranial GBM38 tumour-bearing mice, and two additional 
intracranial models not presented. In vivo serine tracer uptake meas-
urements were replicated via serial tracer injection into intracranial 
GBM38-bearing mice. Studies with amide-labelled glutamine infu-
sions showed consistent GBM versus cortex label patterns in three or 
more independent experiments. In vitro gliomasphere experiments 
were performed three times. All attempts at replicating the experi-
ments were successful.

For Fig. 1d, the numbers of mice analysed at each timepoint are as 
follows: n = 10 at 0 min, n = 7 at 5 min, n = 10 at 30 min, n = 10 at 30 min, 
n = 5 at 45 min, n = 8 at 60 min, n = 5 at 120 min, n = 3 at 180 min and 
n = 3 at 240 min. For Fig. 1e, samples were analysed from eight patients, 
comprising n = 8 cortex samples, n = 7 enhancing tumour samples and 
n = 8 non-enhancing tumour samples. Some metabolites were not reli-
ably detected in every tissue sample and were not shown. Therefore, 
sample numbers corresponding to each metabolite are as follows: GAP/
DHAP: cortex, n = 8; enhancing, n = 6; non-enhancing, n = 8. 3PG/2PG: 
cortex, n = 7; enhancing, n = 7; non-enhancing, n = 6. PEP: cortex, n = 5; 
enhancing, n = 6; non-enhancing, n = 5. Pyruvate: cortex, n = 8; enhanc-
ing, n = 7; non-enhancing, n = 7. Lactate: cortex, n = 8; enhancing, n = 7; 
non-enhancing, n = 8. For Fig. 1f, samples were analysed from 16 total 
mice with n = 16 cortex samples and comprised 7 GBM38-bearing mice 
with n = 7 tumour foci and n = 7 cortex samples; five GBM12-bearing mice 
with n = 5 tumour foci and n = 5 cortex samples; and four HF2303-bearing 
mice with five tumour foci, one of which was diffuse and cortically con-
taminated and was therefore excluded from analysis, yielding n = 4 
tumour foci and n = 4 cortex samples. Some metabolites were not reli-
ably detected in every tissue sample and were not shown. Therefore, the 
sample numbers corresponding to each metabolite are as follows: FBP: 
cortex, n = 16; HF2303, n = 4; GBM12, n = 5; GBM38, n = 7. GAP/DHAP: 
cortex, n = 15; HF2303, n = 3; GBM12, n = 4; GBM38, n = 6. 3PG/2PG: cor-
tex, n = 6; HF2303, n = 4; GBM12, n = 4; GBM38, n = 6. Pyruvate: cortex, 
n = 15; HF2303, n = 4; GBM12, n = 5; GBM38, n = 7. Lactate: cortex, n = 16; 
HF2303, n = 4; GBM12, n = 5; GBM38, n = 7.

For Fig. 2a,c,g,j,l, samples were analysed from eight patients, com-
prising n = 8 cortex samples, n = 7 enhancing tumour samples and n = 8 
non-enhancing tumour samples. Some metabolites were not reliably 
detected in every tissue sample and were not shown. Therefore, sample 
numbers corresponding to each metabolite are as follows. Figure 2a: 
citrate/isocitrate, α-ketoglutarate and malate: cortex, n = 8; enhancing, 
n = 7; non-enhancing, n = 8. Succinate: cortex, n = 7; enhancing, n = 6; 
non-enhancing, n = 8. Figure 2c: glutamate and glutamine: cortex, n = 8; 
enhancing, n = 7; non-enhancing, n = 8. GABA: cortex, n = 5; enhanc-
ing, n = 5; non-enhancing, n = 4. Aspartate: cortex, n = 6; enhancing, 
n = 5; non-enhancing, n = 6. Figure 2g: IMP: cortex, n = 8; enhancing, 
n = 6; non-enhancing, n = 8. Inosine, GMP, guanosine, AMP and ADP: 
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cortex, n = 8; enhancing, n = 7; non-enhancing, n = 8. GDP: cortex, 
n = 7; enhancing, n = 6; non-enhancing, n = 7. Figure 2j: UMP: cortex, 
n = 8; enhancing, n = 6; non-enhancing, n = 8; dTDP: cortex, n = 8; 
enhancing, n = 4; non-enhancing, n = 8. Figure 2l: NAD: cortex, n = 8; 
enhancing, n = 7; non-enhancing, n = 7. NADH: cortex, n = 8; enhanc-
ing, n = 7; non-enhancing, n = 5. Samples in Fig. 2b,d,h,k,m were ana-
lysed from 16 total mice with n = 16 cortex samples and comprised 7 
GBM38-bearing mice with n = 7 tumour foci and n = 7 cortex samples; 
five GBM12-bearing mice with n = 5 tumour foci and n = 5 cortex sam-
ples; and four HF2303-bearing mice with five tumour foci, one of which 
was diffuse and cortically contaminated and was therefore excluded 
from analysis, yielding n = 4 tumour foci and n = 4 cortex samples. 
Some metabolites were not reliably detected in every tissue sample 
and were not shown. Therefore, sample numbers corresponding to 
each metabolite are as follows. Figure 2b: for all metabolites: cortex, 
n = 16; HF2303, n = 4; GBM12, n = 5; GBM38, n = 7. Figure 2d: glutamate 
and aspartate: cortex, n = 16; HF2303, n = 4; GBM12, n = 5; GBM38, n = 7. 
Glutamine: cortex, n = 16; HF2303, n = 4; GBM12, n = 5; GBM38, n = 3. 
GABA: cortex, n = 12; HF2303, n = 3; GBM38, n = 6. Figure 2h: IMP: cortex, 
n = 16; HF2303, n = 4; GBM12, n = 5; GBM38, n = 6. GMP, GDP, AMP, ADP 
and ATP: cortex, n = 16; HF2303, n = 4; GBM12, n = 5; GBM38, n = 7. GTP: 
cortex, n = 12; GBM12, n = 5; GBM38, n = 7. Figure 2k: UMP: cortex, n = 16; 
HF2303, n = 4; GBM12, n = 5; GBM38, n = 7; CMP: cortex, n = 12; GBM12, 
n = 5; GBM38, n = 7. dTDP: cortex, n = 13; HF2303, n = 4; GBM12, n = 5. 
Figure 2m, NAD: cortex, n = 16; HF2303, n = 4; GBM12, n = 5; GBM38, 
n = 7; NADH: cortex, n = 15; HF2303, n = 4; GBM12, n = 5; GBM38, n = 7.

n values for Fig. 3 are shown in the figure caption. For Fig. 4a, samples 
were analysed from eight patients, comprising n = 8 cortex samples, 
n = 7 enhancing tumour samples and n = 8 non-enhancing tumour 
samples. For Fig. 4b, samples were analysed from 16 total mice with 
n = 16 cortex samples and comprised 7 GBM38-bearing mice with n = 7 
tumour foci and n = 7 cortex samples, 5 GBM12-bearing mice with n = 5 
tumour foci and n = 5 cortex samples, and 4 HF2303-bearing mice with 
5 tumour foci, one of which was diffuse and cortically contaminated 
and was therefore excluded from analysis, yielding n = 4 tumour foci 
and n = 4 cortex samples. For Fig. 4d, samples were analysed from 5 
GBM-bearing mice, comprising n = 5 cortex samples and n = 5 tumour 
samples. For Fig. 4e, samples were analysed from 5 GBM-bearing mice, 
comprising n = 4 cortex samples and n = 4 tumour samples. For Fig. 4f, 
samples were analysed from five GBM-bearing mice, comprising n = 5 
cortex samples and n = 5 tumour samples. For Fig. 4i, animal num-
bers are as follows: control diet, n = 7; −SG diet, n = 8; control diet with 
chemoradiation, n = 8; −SG diet with chemoradiation, n = 9. For Fig. 4j, 
animals were examined over three independent experiments with 
total mouse numbers as follows: control diet, n = 14; −SG diet, n = 14; 
control diet with chemoradiation, n = 11; −SG diet with chemoradiation, 
n = 9. In one of these experiments, three mice were excluded due to 
lack of detectable brain tumour and one mouse was excluded due to 
an unrelated condition requiring its humane euthanasia. For Fig. 4k, 
animals were examined over two independent experiments with total 
mouse numbers as follows: control diet, n = 18; −SG diet, n = 21; con-
trol diet with chemoradiation, n = 10; −SG diet with chemoradiation, 
n = 13. For Fig. 4m, data corresponding to control diets are from the 
same HF2303-bearing mice described in Fig. 4b. Moreover, data cor-
responding to −SG diets were obtained from four HF2303-bearing 
mice with four cortex samples and four tumour samples. Thus, sample 
numbers are as follows: for control diet, n = 4 cortex samples and n = 4 
tumour samples; and, for the −SG diet, n = 4 cortex samples and n = 4 
tumour samples. For Fig. 4n, data are from the same mice as described 
in Fig. 4b,m. These samples comprised n = 4 control tumour samples 
and n = 4 −SG tumour samples.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
RNA-seq data generated in this study are accessible through GEO series 
accession number GSE299102. The TCGA-GBM dataset63 used in this 
study was accessed from GDC portal (13 December 2024). The two 
RNA-seq datasets64,65 used in this study are available at the GEO under 
accession numbers GSE59612 and GSE165595. All other data support-
ing the findings of this study are available within the Article and its 
Supplementary Information. Source data are provided with this paper.

Code availability
Codes generated in this study were deposited at GitHub (https://github.
com/baharm1/iMFA/).
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Transcriptional profiling of human brain tumours.  
a, Heatmap of single sample gene set enrichment analysis (ssGSEA) scores 
using 150 signature genes of proneural, classical, and mesenchymal subtypes 
for 170 GBM samples of TCGA and three patients from this study based on the 
availability of bulk RNA-seq data. Samples were grouped by hierarchical 
clustering. Four methods were used to identify molecular subtypes: hierarchical 
clustering, support vector machine (SVM), k-nearest neighbour (KNN), ssGSEA. 
The latter three methods were used on GlioVis portal. Subtypes of TCGA 

samples have been predicted in Wang et al.63 and were used to assess GlioVis 
methods. b, Venn diagrams of percentages of cells assigned to each molecular 
subtype based on AUCell scores using scRNA-seq data. n represents the 
number of cells passed quality control for each patient tissue. c, Heatmap of 
AUCell score of 150 signature genes for molecular subtypes using scRNA-seq 
data. Abbreviations: ssGSEA (single sample gene set enrichment analysis), SVM 
(support vector machine), KNN (k-nearest neighbour).
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Extended Data Fig. 2 | Histological and metabolic validation of tumour and 
cortex sample separation. a, Representative H&E stains of tissues resected 
from our cohort of 8 glioma patients. b, Percent tumour content in tissues from 
each patient was defined by a clinical neuropathologist (SV). Data are mean ± s.d. 
c, Levels of NAA in cortical tissue and tumour tissue (enhancing and non- 
enhancing) from human glioma patients undergoing surgical resection.  
d, Levels of 2-hydroxyglutarate in cortical tissue and tumour tissue (enhancing 
and non-enhancing) from human glioma patients undergoing surgical resection. 
e-i, Volcano plots of metabolite abundance determined by LC-MS were used to 
assess fold change in tumour metabolite levels compared to cortical metabolite 

levels as follows: e, GBM compared to cortex in orthotopic GBM38- 
bearing mice, f, GBM compared to cortex in orthotopic GBM12-bearing  
mice, and g, GBM compared to cortex in orthotopic HF2303-bearing mice,  
h, enhancing tumour compared to cortex in patients, and i, non-enhancing 
tumour compared to cortex in patients. j, Levels of GABA in intracranial tissues 
from orthotopic GBM-bearing mice. Data are mean ± s.d. k, Levels of GABA  
in cortical tissue and tumour tissue (enhancing and non-enhancing) from 
human glioma patients undergoing surgical resection. Abbreviations:  
NAA (N-acetylaspartate), NAAG (N-acetylaspartylglutamate), GABA 
(gamma-aminobutyric acid).
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Extended Data Fig. 3 | Glucose-derived labelling of tissue and plasma 
metabolites in patients and mice with brain tumours. a, Time course of m + 3 
lactate in plasma from 8 patients infused with [U13C]glucose. Plasma from 
patient 8 could not be analysed at time 0. b, Time course of m + 3 lactate in 
plasma from orthotopic GBM38 bearing mice (3–10 per timepoint) infused 
with [U13C]glucose. Data are mean ± s.d. at each timepoint. c, Schema of 
glucose carbon (red circles) redistribution into glycolytic intermediates. 
Scrambling can occur via recombination with unlabelled intermediates in the 
pentose phosphate cycle (E4P, S7P, R5P, GAP). d, Normalized enrichment of 
m + 6 UDP-glucose in intracranial tissues from 8 glioma patients infused with 
[U13C]glucose. e, Normalized enrichment of m + 6 UDP-glucose enrichment in 
cortex and orthotopic GBM tissue isolated from intracranial tumour-bearing 
mice infused with [U13C]glucose. f, Schema of 13C-labelling in TCA cycle 
intermediates and neurotransmitters arising from m + 3 pyruvate. Red circles 
indicate entry through pyruvate dehydrogenase, and gold circles indicate 
entry through pyruvate carboxylase. Blue circles indicate labelling patterns 
possible on second TCA cycle turn. g-i, Isotopologue abundance levels of 
citrate (g), succinate (h), and malate (i) in cortex and GBM tissues at indicated 
time points from orthotopic GBM38-bearing mice infused with [U13C]glucose. 
j-l, Percent change in citrate ( j), succinate (k), and malate (l) isotopologues 
from 120 to 240 min in mice infused with [U13C]-glucose. m, Schema of purine 
synthetic pathways. Green and yellow circles indicate glycine- and folate-
derived carbons, respectively. Blue circles indicate R5P-derived carbons. 
Partial shading of these circles indicates that a variety of labelling patterns are 
possible. n, Normalized enrichment of R5P in intracranial tissues from 8 glioma 
patients infused with [U13C]glucose. o, Normalized enrichment of R5P in cortex 
and orthotopic GBM tissue isolated from intracranial tumour-bearing mice 
infused with [U13C]glucose. p-v, Normalized enrichment of IMP (p), inosine (q), 

AMP (r), ADP (s), GMP (t), GDP (u), and guanosine (v) in intracranial tissues from 
glioma patients infused with [U13C]glucose. w, Schema of pyrimidine synthetic 
pathways. Magenta indicates aspartate-derived carbons, blue indicates R5P-
derived carbons, and yellow indicates folate-derived carbons. Partial shading is 
used to indicate that a variety of labelling patterns are possible. x,y, Normalized 
enrichment of UMP (x) and dTDP (y) in intracranial tissues from glioma patients 
infused with [U13C]glucose. z, Schematic of carbon incorporation into NAD and 
NADH. In d, e, n, and o, data are mean ± s.d. of metabolite enrichments normalized 
to labelled plasma glucose on a per-patient or per-mouse basis. Comparisons 
between groups were performed using linear mixed-effects models with a 
random intercept for individual, and multiple pairwise comparisons across 
tissue types were adjusted using Holm’s method. All statistical tests were two-
sided. For mice, n = 4–16 samples per group were from 16 mice (4–7 mice for 
each orthotopic model with cortex samples from all mice pooled) were analysed. 
For humans, n = 7–8 samples per group were analysed. Some metabolites were 
not reliably detected in every tissue sample and were therefore not shown. In g, 
h, and i, data are mean ± s.d. of n = 3–9 samples from 1–3 mice per timepoint.  
In  j, k, and l, data are mean ± s.d. Error bars are propagated from uncertainty in 
t = 120 and t = 240 min datapoints. n = 9 samples from 3 mice per time point.  
In c, f, m, w, and z, some intermediates are omitted from pathway diagrams  
for conciseness. Abbreviations: G6P (glucose 6-phosphate), F6P (fructose 
6-phosphate), DHAP (dihydroxyacetone phosphate), GAP (glyceraldehyde 
3-phosphate), 3PG (3-phosphoglycerate), R5P (ribose 5-phosphate),  
E4P (erythrose 4-phosphate), S7P (sedoheptulose 7-phosphate), PRPP 
(phosphoribosyl pyrophosphate), Me-THF (N10-formyltetrahydrofolate), 
5,10-MeTHF (5,10-methylenetetrahydrofolate),  
NAM (nicotinamide).
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Extended Data Fig. 4 | Spatially defined isotope labelling in cortex  
and GBM. a, H&E staining of brains from orthotopic GBM bearing mice 
intraperitoneally injected with either vehicle (left) as a negative control or 
[U13C]glucose (right). b-h, MALDI-MS was used to determine 13C enrichment of 
lactate (b), malate (c), aspartate (d), GABA (e), glutamate (f), glutamine (g), and 
AMP m + 5 (h). Tissue maximum is set to 100%. i-k, Tissues resected from brain 
cancer patients receiving either [U13C]glucose infusion (patients 1–8) or  
no infusion (UL 1–2) were assessed by MALDI-MS for 13C isotope labelling of  
malate (i), glutamate ( j), and glutamine (k). Colour bar maximum set at true 
enrichment. l-n, Quantification of 13C-labelling of malate (l), glutamate (m),  

and glutamine (n) for all data points (pixel values) from spatial MALDI-MS  
scans shown in panels i-k and Fig. 2e. In box plots, centre line represents 
median, box limits represent upper and lower quartiles, and whiskers show 1.5x 
interquartile range. Outlier points are hidden. Violin plots are trimmed to the 
range of the data. All violins have the same maximum width. For a and b, the 
images of 13C-labelled tissues are also shown in Fig. 1g. For c, the image of 
13C-labelled tissue is also shown in Fig. 2f. For h, the image of 13C-labelled tissue 
is also shown in Fig. 2i. For i, the images corresponding to patient 7 are also 
shown in Fig. 2e. Abbreviations: UL (unlabelled).
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Extended Data Fig. 5 | Transcriptional analysis of neurotransmitter 
signalling and serine metabolism genes in GBM and cortex. a,b, UMAP 
visualization based on expression of all genes in the GSE165595 RNA-seq 
dataset64 (a) for cortex and GBM tissues and GSE59612 RNA-seq dataset65  
(b) for cortex, enhancing, and non-enhancing tissues. Number of nearest 
neighbours in UMAP is 13 for (a) and 15 for (b). n represents number of samples 
for each group. c, Volcano plot of differentially expressed neurotransmitter 
genes in tumour compared to the cortex in both datasets. d,e, Transcriptional 
expression of neurotransmitter-related genes in GSE165595 (d) and GSE59612 (e). 
f, Volcano plot of differentially expressed serine synthesis and serine 

transporter genes in tumour compared to the cortex in both datasets.  
g,h, Transcriptional expression of serine-related genes in GSE165595 (g) and 
GSE59612 (h). In (c) and (f), Log2 fold change represents the ratio of mean 
expression of a gene in tumour over cortex. Positive Log2 fold change indicates 
higher expression in tumour. P-values were adjusted using Benjamini-Hochberg 
test with the false discovery rate <0.05 and log2 fold change threshold was set 
to 1. In d-e and g-h, expression values are shown in log2(1+transcript per 
million) unit. Abbreviations: UMAP (Uniform Manifold Approximation and 
Projection).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165595
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59612
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165595
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59612
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165595
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59612
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Extended Data Fig. 6 | Dynamic incorporation of glucose carbons into 
nucleotide metabolites and in vivo modelling frameworks. a, Time-
dependent enrichment profiles of purine metabolites IMP, GDP, guanosine, 
AMP, and inosine in orthotopic GBM38-bearing mice infused with [U13C]glucose. 
Data are mean ± s.d. of n = 3–9 samples from 1–3 mice per timepoint. b, Time-
dependent enrichment of pyrimidine metabolites UMP and uridine in orthotopic 
GBM38-bearing mice infused with [U13C]glucose. Data are mean ± s.d. of n = 3–9 
samples from 1–3 mice per timepoint. c-d, Biochemical interconversions and 
model boundaries used for metabolic modelling of purine synthesis (c) and 
pyrimidine synthesis (d). e, Relative abundance of nucleotide species in cortical 

and GBM tissues from orthotopic tumour bearing mice. f, Schema of dynamic 
metabolic flux analysis pipeline. The diagram was created using BioRender.  
g-h, Isotope enrichment (g) and relative abundance (h) of purine metabolites 
IMP, GDP, guanosine, AMP, and inosine in tissues from orthotopic GBM38-
bearing mice treated with a single dose of cranial RT (8 Gy) and then immediately 
infused with [U13C]glucose. Data are mean ± s.d. of n = 3–9 samples from 1–3 mice 
per timepoint. For a, b, and g, time-course enrichment data normalization to 
plasma glucose is detailed at https://github.com/baharm1/iMFA/. Abbreviations: 
PRPP (phosphoribosyl pyrophosphate), R1P (ribose 1-phosphate), Me-THF 
(10-formyltetrahydrofolate).

https://github.com/baharm1/iMFA/
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Extended Data Fig. 7 | Dynamic metabolic response to radiation therapy  
in GBM and cortex. a, Fluxes through purine synthesis after RT estimated by 
analysing orthotopic tumour and cortex tissues from GBM38-bearing mice 
that were treated with whole cranial RT (8 Gy), immediately (<5 min post-RT) 
infused with [U13C]glucose and serially euthanized at varying timepoints 
following treatment. b-r, Flux values for the following reactions were 
approximated using time-course enrichment as described in Supplementary 
Methods: de novo IMP synthesis (b), conversion of IMP to GMP (c), conversion 
of IMP to AMP (d), conversion of PRPP + hypoxanthine to IMP (e), conversion of 
PRPP + guanine to GMP (f), conversion of R1P + guanine to guanosine (g), 
conversion of adenosine to AMP (h), conversion of GMP to GDP (i), GDP exit 
from model boundary ( j), conversion of GMP to guanosine (k), conversion of 
guanosine + R1P to guanine (l), AMP exit from model boundary (m), conversion 
of R1P + hypoxanthine to inosine (n), conversion of IMP to inosine (o), conversion 

of inosine to R1P + hypoxanthine (p), conversion of adenosine to inosine (q), 
and conversion of AMP to IMP (r). Solid lines indicate estimated fluxes, and 
shaded regions indicate 95% confidence intervals. Fluxes were approximated 
using 3–9 samples per timepoint with samples originating from 1–3 mice per 
group and 3 samples per mouse. s, Levels of m + 4 IMP in orthotopic GBM38 
tumours harvested from control or cranial RT (8 Gy)-treated mice infused with 
15N4-inosine. Data are mean ± s.d. of tumour samples from 4–5 mice per group 
containing 1–2 tumour foci each. t-v, Relative levels of de novo m + 3 GMP (t), 
de novo m + 2 IMP or (u) de novo m + 2 AMP (v) in orthotopic GBM38 tumours 
harvested from control or cranial RT (8 Gy)-treated mice infused with 
15N-glutamine. Data are mean ± s.d. of tumour samples isolated from 3 mice per 
group containing 1–3 intracranial tumour foci each. In s-v, groups were compared 
by t-test. Abbreviations: PRPP (phosphoribosyl pyrophosphate), R1P  
(ribose 1-phosphate).
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Extended Data Fig. 8 | Rewiring of glucose-derived serine synthesis and its 
environmental uptake in tumours. a, Normalized (to labelled plasma glucose 
on a per-mouse basis) enrichment of serine in cortex and orthotopic GBM tissue 
isolated from intracranial tumour-bearing mice infused with [U13C]glucose.  
b, Normalized (to labelled plasma glucose on a per-patient basis) enrichment of 
serine in intracranial tissues from 8 glioma patients infused with [U13C]glucose. 
c, Serine isotopologue distributions (normalized to total serine labelling)  
in intracranial tissues from 8 human brain cancer patients infused with  
[U13C]glucose. d, Percent of serine that contains one (m + 1) or three (m + 3) 
tracer-derived 13C atoms in intracranial tissues from 8 glioma patients infused 
with [U13C]glucose. e, Ratios of m + 3 serine to m + 1 serine in intracranial tissues 
from 8 human brain cancer patients infused with [U13C]glucose. f, Percent of 
serine that contains one (m + 1) or three (m + 3) tracer-derived 13C atoms in cortex 
and orthotopic GBM tissue isolated from intracranial tumour-bearing mice 
infused with [U13C]glucose. g, Isotopic enrichment of serine in brain tumours 
from patients infused with [U13C]glucose were plotted from supplementary 
data reported by Courtney et al.11 h-j, Isotopic enrichment of serine in different 
paediatric tumour types including paediatric neuroblastoma (h), paediatric 
sarcoma (i), and a variety of other miscellaneous paediatric cancers ( j) was 
previously reported as supplementary information by Johnston et al.43 and re-
plotted here. k, The work of Courtney et al. includes supplementary information 
reporting enrichment of serine in clear cell renal cell carcinoma (CCRC) and 
adjacent kidney tissue. l, The work of Hui et al.26 includes 13C serine labelling 

information in multiple tissue types from mice infused with [U13C]glucose.  
m, Isotopologue distributions of plasma serine and tissue phosphoglycerate in 
cortex and orthotopic GBM tissue isolated from intracranial tumour-bearing 
mice infused with [U13C]glucose. n, Isotopologue distributions of plasma serine 
and tissue phosphoglycerate in intracranial tissues from 8 glioma patients 
infused with [U13C]glucose. o, Metabolic flux analysis model used to estimate 
scores of de novo serine synthesis to serine uptake ratios in brain cancer 
patients and orthotopic GBM-bearing mice infused with [U13C]glucose. The 
model was used to quantify serine acquisition routes in cortex and gliomas.  
p, Relative (to cortex) reliance on serine uptake compared to glucose-driven 
de novo serine synthesis in mice and humans infused with [U13C]glucose. 
Significance levels of tumour vs. adjacent cortex were tested by comparing  
95% confidence intervals with p < 0.05 (indicated by asterisk) defined by non-
overlapping groups. q, Ratio of contribution of de novo serine synthesis to 
serine uptake in human cortex and brain cancers. Error bars represent 95% 
confidence intervals. In a, b, d, f, m, and n, data are mean ± s.d. In a, b, d, and f, 
comparisons between groups were performed using linear mixed effects 
models with Holm’s correction. In a and f, n = 4–16 samples per group from 16 
mice (4–7 mice for each orthotopic model with cortex samples from all mice 
pooled). In b and d, n = 7–8 samples per group. In g-l, data are mean ± s.d. 
Comparisons between groups were performed using linear mixed effects 
models.



Extended Data Fig. 9 | See next page for caption.



Article
Extended Data Fig. 9 | Differential metabolic effects of exogenous  
serine restriction on patient-derived GBM models and mouse cortex.  
a, Abundance of serine, glycine, and phosphoglycerate in 374gs gliomaspheres 
labelled with [U13C]glucose in control media or media without serine and 
glycine. b, Mass isotopologue distributions of serine, glycine, and 
phosphoglycerate in 374gs gliomaspheres labelled with [U13C]glucose in 
control media or media without serine and glycine. In a and b, data are 
mean ± s.e.m. n = 9 samples per group from 3 independent experiments each 
with 3 samples per condition. c, Heatmap of relative nucleotide abundance in 
374gs gliomaspheres under control or environmental serine/glycine-depleted 
conditions. Each column represents one of 9 biological replicates from 3 
independent experiments each with 3 samples per condition. A white box 
containing an X indicates not detected in this replicate. d, Metabolite levels in 
cortical tissue from intracranial GBM38-bearing mice on a control or serine/
glycine-restricted diet. e, Relative serine and phosphoserine levels in GBM38 
tumours and cortex from mice fed control or Ser/Gly-restricted diets. Data are 
mean ± s.d. Comparisons between groups were performed by t-test. n = 4–5 
mice per group. f, UMP:Ser label ratios in HF2303 tumours from mice on 
control or -SG diets. g, IMP:Ser label ratios in HF2303 tumours from mice on 
control or -SG diets. h, AMP:Ser label ratios in HF2303 tumours from mice on 

control or -SG diets. i, GMP:Ser ratios in HF2303 tumours from mice on  
control or -SG diets. f-i, Label ratios are defined as ratio (relative to control) of 
13C-glucose-derived nucleotide enrichments (% labelled carbons) to glycolysis-
derived m + 3 serine (% of total serine) in HF2303 tumours from mice infused 
with [U13C]glucose. Data are mean ± s.d. Data were generated from 3–4 mice 
per group with 1–2 tumour foci per mouse. Comparisons between groups were 
performed by two-sided t-test. j, Isotopologue distributions of labelled serine 
in intracranial GBM12 tumour-bearing mice infused with [U13C]glucose.  
k, Heatmap showing normalized (to labelled plasma glucose on a per-mouse 
basis) enrichment of biosynthesis intermediates in GBM12 tumours from 
intracranial GBM-bearing mice infused with [U13C]glucose. l, UMP:Ser ratios in 
GBM12 tumours from mice on control or -SG diets. m, IMP:Ser ratios in GBM12 
tumours from mice on control or -SG diets. n, AMP:Ser ratios in GBM12 tumours 
from mice on control or -SG diets. o, GMP:Ser ratios in GBM12 tumours from 
mice on control or -SG diets. l-o, Label ratios are defined as ratio (relative to 
control) of 13C-glucose-derived nucleotide enrichments (% labelled carbons) to 
glycolysis-derived m + 3 serine (% of total serine) in GBM12 tumours from mice 
infused with [U13C]glucose. Data are mean ± s.d. Data were generated from  
5 mice per group. Comparisons between groups were performed by two-sided 
t-test.
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Extended Data Fig. 10 | Biochemical and physiological effects of dietary 
serine/glycine restriction in mice. a, Abundance of serine in plasma from 
intracranial GBM-bearing mice fed either control diets or serine/glycine-
restricted diets for 4 weeks. Data are mean ± s.e.m., and groups were compared 
by t-test. n = 21–25 mice bearing intracranial HF2303, GBM38 or GBM12 tumours 
per group from 5 independent experiments. b, Weights of mice fed control diets 
or serine/glycine-restricted diets. Data are mean ± s.e.m., and differences 
between control diet groups and serine/glycine-restricted diet groups for each 
sex were compared by t-test with Holm-Šídák correction. n = 5 mice per group. 
*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001. c-x, Complete blood counts (c-r) and serum 
chemistries (s-x) were analysed for C57BL/6 J mice fed either a control diet or 
serine/glycine-restricted diet for 9 months. c, Lymphocyte percentage of white 
blood cells and lymphocyte counts. d, Monocyte percentage of white blood  
cells and monocyte counts. e, Neutrophil percentage of white blood cells and 
neutrophil counts. f, Eosinophil percentage of white blood cells and eosinophil 
counts. g, Basophil percentage of white blood cells and basophil counts.  

h, White blood cell counts. i, White blood cell distributions. Data are mean ± s.d. 
j, Red blood cell counts. k, Platelet counts. l, Haemoglobin concentrations.  
m, Haematocrit. n, Mean corpuscular volume. o, Mean corpuscular haemoglobin. 
p, Mean corpuscular haemoglobin concentration. q, Mean platelet volume.  
r, Red blood cell distribution width. s, Creatinine. t, Blood urea nitrogen.  
u, Albumin. v, Sodium. w, Potassium. x, Chloride. c-x, Lines represent means. 
Groups were compared by t-test with n = 6 mice per group except for albumin 
measurements in panel u (n = 2–3 mice per group), in which experimentation 
was limited by sample volume and no statistical comparison could be made. 
Abbreviations: LYM (lymphocyte), MONO (monocyte), NEU (neutrophil), EOS 
(eosinophil), BAS (basophil), WBC (white blood cell), RBC (red blood cell), PLT 
(platelet), HGB (haemoglobin), HCT (haematocrit), MCV (mean corpuscular 
volume), MCH (mean corpuscular haemoglobin), MCHC (mean corpuscular 
haemoglobin concentration), MPV (mean platelet volume), RDW (RBC 
distribution width), CREA (creatinine), BUN (blood urea nitrogen), ALB 
(albumin), Na (sodium), K (potassium), Cl (chloride).
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Extended Data Fig. 11 | Effects of dietary serine/glycine restriction on 
intracranial tumour burden in GBM-bearing mice. a, Representative 
bioluminescence imaging of luciferase-positive HF2303 tumours grown 
orthotopically in mice on control or -SG diets. b, Representative H&E staining 
of HF2303 tumour-containing brain tissue from mice on control or -SG diets. 
One control image shows only tumour tissue (top left, uniform dark purple 
staining) due to tumour size exceeding field. c, Representative Ki-67 
immunohistochemistry of intracranial HF2303 tumour tissue from mice on 
control or -SG diets and quantification of Ki-67 positivity. Quantitative data are 
mean ± s.d. with n = 8 mice per group. Comparisons between groups were 
performed by t-test. d, Representative bioluminescence imaging of luciferase-
positive GBM38 tumours grown orthotopically in mice on control or serine/
glycine-restricted diets. e, Representative H&E staining of GBM38 tumour-
containing brain tissue from mice on control or -SG diets. f, Representative  

Ki-67 immunohistochemistry of intracranial GBM38 tumour tissue from mice 
on control or -SG diets and quantification of Ki-67 positivity. Quantitative data 
are mean ± s.d. with n = 4–5 mice per group. Comparisons between groups were 
performed by t-test. g, Representative bioluminescence imaging of luciferase-
positive GBM12 tumours grown orthotopically in mice on control or serine/
glycine-restricted diets. h, Representative H&E staining of GBM12 tumour-
containing brain tissue from mice on control or -SG diets. i, Representative  
Ki-67 immunohistochemistry of intracranial GBM12 tumour tissue from mice 
on control or -SG diets and quantification of Ki-67 positivity. Quantitative data 
are mean ± s.d. with n = 4–6 mice per group. Comparisons between groups were 
performed by t-test. j-l, Chemoradiation treatment schemes for intracranial 
GBM-bearing mice on control or -SG diets used in therapeutic efficacy studies 
of Fig. 4i–k. Tumour models used were HF2303 ( j), GBM38 (k), and GBM12 (l).
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