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Ex vivo and in vivo stable isotope labelling of
central carbon metabolism and related pathways
with analysis by LC–MS/MS
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Min Yuan1,2, Daniel M. Kremer3,4, He Huang1,2,5, Susanne B. Breitkopf1,2,5, Issam Ben-Sahra6,
Brendan D. Manning7, Costas A. Lyssiotis 3,8,9* and John M. Asara1,2,5*
Targeted tandem mass spectrometry (LC–MS/MS) has been extremely useful for proﬁling small molecules extracted from
biological sources, such as cells, bodily ﬂuids and tissues. Here, we present a protocol for analysing incorporation of the
non-radioactive stable isotopes carbon-13 (13C) and nitrogen-15 (15N) into polar metabolites in central carbon metabolism
and related pathways. Our platform utilizes selected reaction monitoring (SRM) with polarity switching and amide
hydrophilic interaction liquid chromatography (HILIC) to capture transitions for carbon and nitrogen incorporation into
selected metabolites using a hybrid triple quadrupole (QQQ) mass spectrometer. This protocol represents an extension of
a previously published protocol for targeted metabolomics of unlabeled species and has been used extensively in tracing
the metabolism of nutrients such as 13C-labeled glucose, 13C-glutamine and 15N-glutamine in a variety of biological
settings (e.g., cell culture experiments and in vivo mouse labelling via i.p. injection). SRM signals are integrated to
produce an array of peak areas for each labelling form that serve as the output for further analysis. The processed data
are then used to obtain the degree and distribution of labelling of the targeted molecules (termed ﬂuxomics). Each method
can be customized on the basis of known unlabeled Q1/Q3 SRM transitions and adjusted to account for the corresponding
13
C or 15N incorporation. The entire procedure takes ~6–7 h for a single sample from experimental labelling and metabolite
extraction to peak integration.
This protocol is an extension to: Yuan, M. et al., Nat. Protoc. 7, 872–881 (2012), doi:10.1038/nprot.2012.024; published
online 12 April 2012.

Introduction
There has been rapidly growing interest in and application of metabolomics technologies over
the past decade due to advancements in mass spectrometry (MS) technology and the realization
that central carbon metabolism is reprogrammed in a variety of diseases, including cancer and
diabetes. Targeted MS is very powerful because it can enhance the sensitivity of detection of
compounds of interest in the face of enormous molecular background. High-resolution MS
has been used to track speciﬁc compounds and their 13C incorporation through subsets of central
carbon metabolism pathways1–6. Previous work in other laboratories has included tracing 13C-labeled
glucose into central carbon metabolism pathways and amino acids in microbes using gas
chromatography–mass spectrometry (GC–MS)7–9. In addition, nuclear magnetic resonance (NMR)
has also been used to track 13C-labeled carbons in targeted molecules in microorganisms10,
and software such as SUMOFLUX, 13C-FLUX211,12, X13CMS or Omix for GC–MS and LC–MS
data13,14 has been used for tracking 13C ﬂuxes. Here, we show a targeted tandem mass spectrometry
(LC–MS/MS)-based approach for analysing 13C or 15N incorporation into polar metabolites. This
protocol represents an extension of a previously published protocol for targeted steady-state metabolomics of unlabeled species that now includes speciﬁc methods for tracking the fate of 13C and
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N from glucose and glutamine15. Our platform utilizes SRM with polarity switching and amide
HILIC on a hybrid triple quadrupole MS to capture transitions reﬂecting the incorporation of heavy
atoms. This technology is fast, reproducible and robust for studying large numbers of research and
clinically stable isotope-labeled metabolite samples. The platform can be customized to target any
forms of heavy carbon or nitrogen incorporation into metabolites, provided that the Q1 precursor ion
and Q3 fragment ion are adjusted to account for the labeled species. The beneﬁt of using SRM versus
untargeted high-resolution LC–MS/MS approaches is improved sensitivity and molecule coverage
for speciﬁc molecules and pathways of interest. This technique isolates speciﬁc unlabeled (12C) and
13
C (or 15N) isotopomers away from the molecular background, thus improving signal-to-noise ratio
and dynamic range.
In this protocol, we address dynamic changes in metabolism in response to drug treatments
or nutrient changes. Therefore,, the 13C/15N labelling sources are added minutes to hours
prior to harvesting cells in order to probe how central carbon metabolism and related pathways
are altered in response to a stimulus or to probe how tumour cells utilize metabolism compared
to healthy cells. We have used this targeted triple quadrupole technology to track 13C or
15
N metabolic ﬂux across central carbon metabolism in >30 articles to date, with many in
major peer-reviewed journals, including Science, Cell, and Nature.16–27. Noteworthy examples
discussed in more detail in the Anticipated results section include the application of this technology
to discern the metabolic reprogramming of the tricarboxylic acid (TCA) cycle in pancreatic
cancer16,20,26 and the regulation of pyrimidine and purine synthesis by the mammalian target
of rapamycin (mTOR)17,18. The entire Procedure does not add a substantial amount of time to
our previously published protocol (Yuan et. al.)15 and can be used in cell culture to study the intraand extracellular metabolome, for in vivo tissue samples, and for bodily ﬂuids from isotopically
labeled animals.
For some SRM transitions that involve labeled versions of metabolites, it is possible that the
inherent biological sample contains an unlabeled and unrelated molecule that may mimic the labeled
SRM transition, resulting in a false-positive signal, known as an isobaric peak. This situation Usually,
reveals itself when an unlabeled sample is analysed using a 13C/15N tracer method. In some cases, the
signal can be baseline-subtracted from the labeled sample on the basis of the unlabeled control. In
other cases, if the Q1 precursor ion is altered by only 1 mass unit in the 13C or 15N ﬂux tracer method,
but the Q3 fragment ion does not change (i.e., phosphate loss), there can be a small degree of signal
bleed due to peak width isolation.
This protocol focuses on targeted LC–MS/MS-based ﬂux from the most common 13C- or
15
N-labeled energy sources, such as glucose and glutamine. The number and location of
labeled carbon or nitrogen atoms per molecule are dependent upon the speciﬁc ﬂux questions
that need to be addressed in the experimental setup. Common labelling patterns for ﬂux
experiments utilize either fully labeled glucose (13C6-U-glucose) or fully labeled glutamine
(13C5-U-glutamine), as well as two-carbon-labeled glucose (13C1,2-glucose) and one-nitrogenlabeled glutamine in either the amide or amine positions (15N1-amide-glutamine or 15N1-amineglutamine). Targeting 13C or 15N atom incorporation yields various isotopologs for each
metabolite, and these data can be used to obtain ﬂux information (Fig. 1). We have used this
platform for analysing stable isotope tracer ﬂux in a variety of cell types with a variety of labeled
energy sources16–25.

Experimental design
When performing metabolic ﬂux experiments, it is important to also include unlabeled (12C or 14N)
control samples. These are used to eliminate signals in 13C SRM targets that may be due to unrelated
molecules that coincidentally have the same parent mass, fragment ion mass and elution time of a
labeled molecule. The unlabeled control also provides a true reference value for the peak area
intensity for each targeted molecule because the signal is not distributed among isotopologs. We also
suggest that one includes three (or more) biological replicates per experimental condition in order to
calculate the statistical signiﬁcance of signal changes across samples. We also advise injection of a
water or methanol blank sample between unique sample sets in order to eliminate the possibility of
signal carryover from, e.g., the column or the injector. Although this is rare, it can occur if metabolite
samples contain a very large quantity of material (e.g., >4–5 million cells, >400 μL of serum or
plasma, or >15 mg of tissue).
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Fig. 1 | Isotopomer depiction of 13C-glutamine incorporation into the TCA cycle. Schematic example of uniformly
13
C-labeled glutamine ([U]13C-Gln) metabolism in the TCA cycle. Labeled carbons are depicted in red; unlabeled
carbons are white. Gln carbon incorporation into alpha-ketoglutarate (αKG) during the ﬁrst turn of the TCA cycle
results in fully labeled αKG (M+5). Successive turns contribute other carbon sources to the TCA cycle, resulting in
partial labelling. The full spectrum of labeled positions is denoted in the box at the top right. Gln-labeled malate can
leave the mitochondria, where it is converted into pyruvate. This can equilibrate with glucose-derived pyruvate and
the resulting mixed label is depicted as red hash marks. The mixed labelling can exist in several forms. Mixed
labelling within a pyruvate isotopolog (e.g., M+2) can exist as three possible isotopomers. Using the SRM protocol,
each isotopomer is identiﬁed individually and the ion currents are summed to obtain the labelling data for the
isotopolog. M+, mass plus.

Materials
c

CRITICAL The Reagents and Equipment lists are similar to those in Yuan et al.15 (https://www.nature.
com/articles/nprot.2012.024).

Biological materials
Cultured cells: We recommend using ≥1–2 million cultured cells at 70–80% conﬂuence, ~5–10 mg of
solid tissue (tumours, organs) or ~50–200 μL of bodily ﬂuids (serum, urine, plasma, cerebrospinal ﬂuid
(CSF)) for performing both 80% (vol/vol) methanol and methyl tert-butyl ether (MTBE) extractions.
! CAUTION If stable cell lines are to be used in your research, they should be regularly checked to
ensure that they are authentic and that they are not infected with mycoplasma.
13 15
● Animals: Any animals (e.g., mice) can be used for in vivo
C/ N labelling via i.p. or tail-vein
injections, or oral gavage. ! CAUTION All experiments involving animals must be approved by the
relevant animal care and use committee and adhere to local and national regulations.
●

Reagents
c

CRITICAL Alternative 13C and 15N molecules can be purchased for customized studies.
13
● D-GlucoseC6 (≥99% atom) (Cambridge Isotope Laboratories, cat. no. CLM-1396 (250-mg to 2-g
quantities); MilliporeSigma, cat. no. 389374 (250-mg to 25-g quantities))
13
● D-GlucoseC1 (98% atom) (Cambridge Isotope Laboratories, cat. no. CLM-420-PK (250-mg to 10-g
quantities); MilliporeSigma, cat. no. 297046 (250-mg to 10-g quantities))
13
● L-GlutamineC5 (98% atom) (Cambridge Isotope Laboratories, cat. no. CLM-1822-H (100- to
500-mg quantities); MilliporeSigma, cat. no. 605166 (100- to 500-mg quantities))
15
●
L-Glutamine- N2 (98% atom) (Cambridge Isotope Laboratories, cat. no. NLM-1328 (250-mg
quantity); MilliporeSigma, cat. no. 490032 (100-mg quantity))
15
● L-Glutamine-(amideN) (98% atom) (Cambridge Isotope Laboratories, cat. no. NLM-557-PK
(500-mg to 1-g quantities); MilliporeSigma, cat. no. 490024 (100-mg quantity))
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N) (98% atom) (Cambridge Isotope Laboratories, cat. no. NLM-1016-PK
(100-mg to 1-g quantities); MilliporeSigma, cat. no. 486809 (100-mg quantity))
● Methyl tert-butyl ether (MTBE; anhydrous 99.8%; MilliporeSigma, cat. no. 306975-1L)
● LC/MS-grade water (Fisher Scientiﬁc, cat. no. MWX00011)
● LC/MS-grade acetonitrile (Fisher Scientiﬁc, cat. no. AC61514-0025)
● HPLC-grade methanol (Fisher Scientiﬁc, cat. no. AC61009-0040)
● Ammonium hydroxide, 25% (wt/vol) solution, puriss grade (Fisher Scientiﬁc, cat. no. 1336-21-6)
● Ammonium acetate crystals, puriss grade (Fisher Scientiﬁc, cat. no. 09688)
●

L-Glutamine-(amine-

NATURE PROTOCOLS

Equipment
Mass spectrometer: We advise using a triple quadrupole–style mass spectrometer that is capable of
positive/negative polarity switching, such as a 5500 QTRAP or 6500 QTRAP (AB/SCIEX) or a TSQ
Quantum or TSQ Quantiva (Thermo Fisher Scientiﬁc)
●
HPLC system: For chromatography, an HPLC system capable of ﬂow rates up to 1 mL/min is also
needed, such as a Prominence UFLC (Shimadzu) or a 1200 HPLC (Agilent Technologies)
● SpeedVac concentrator or lyophilizer for drying metabolite supernatants to a pellet (Thermo Fisher
Scientiﬁc or other vendor)
● 1.5-mL polypropylene microcentrifuge tubes, (Fisher Scientiﬁc, cat. no. 05-408-129)
● 2.0-mL polypropylene microcentrifuge tubes, (Fisher Scientiﬁc, cat. no. 02-682-558)
● 12 x 32-mm polypropylene autosampler vials with caps (National Scientiﬁc, cat. no. C4000-87)
● Small pestle or tissue grinder for use with 1.5- and 2.0-mL microcentrifuge tubes
●

Software
● Analyst v.1.6.2 (https://sciex.com/products/software/analyst-software); used for acquisition and for
setting up SRM transition methods for QTRAP instrumentation
● MultiQuant v.3.0 or higher (https://sciex.com/products/software/multiquant-software); used for peak
area integration of the Q3 signals
● Microsoft
Excel 2010 or later (https://products.ofﬁce.com/en-US/compare-all-microsoft-ofﬁceproducts-b?tab=1&OCID=AID737190_SEM_IpiPmp7w&lnkd=Google_O365SMB_Mixed&gclid=
EAIaIQobChMIr6PSkemV3wIVCl8NCh0sNQwFEAAYASAAEgKdsfD_BwE); used for data analysis
● MetaboAnalyst v.4.0 software (http://www.MetaboAnalyst.ca); used for data analysis (e.g., normalization, heat maps, clustergrams, pathway enrichment)
●
SUMOFLUX (https://omictools.com/sumoﬂux-tool), Omix Visualization (https://www.omix-visualiza
tion.com/index.jsp#sthash.UXgEqfAI.dpbs), or 13C-FLUX2 (https://www.13cﬂux.net/13cﬂux2/); used
for calculating 13C ﬂux in known pathways
● Cytoscape v.3.5.1 or later (https://cytoscape.org/); used for visualization of data and pathway
information.

Reagent setup
Medium preparation
It is recommended that the representative base medium (e.g., DMEM or RPMI) be purchased
without the nutrient being supplemented. For example, to trace 13C6-glucose, glucose-free base
medium is preferred, and is supplemented with dialyzed serum (e.g., 10% (vol/vol)) per standard cell
growth medium formulations. In doing so, the glucose-derived signal arising from the labeled
molecule is enriched. The concentration of the label should be added at the typical ﬁnal concentration
of the non-labeled nutrient. In this example, 25 mM 13C6-glucose can be used in place of
25 mM glucose (4.5 g/L for DMEM), or 4 mM 13C5-glutamine can be used in place of 4 mM
glutamine (for DMEM).
80% (vol/vol) methanol
To prepare the 80% (vol/vol) methanol solution for metabolite extraction, add 40 mL of HPLC-grade
methanol to a 50-mL polypropylene conical tube, followed by 10 mL of LC/MS-grade water,
then cap and gently shake to mix. Store in a −80 °C freezer for 4–6 h for further use. Note that
methanol can be replaced or combined with acetonitrile to an 80% total organic concentration for
metabolite extractions, although methanol is preferred for intracellular metabolites and most
applications
316
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HPLC buffer A
HPLC buffer A is (pH 9.0: 95% (vol/vol) water, 5% (vol/vol) acetonitrile, 20 mM ammonium
hydroxide, 20 mM ammonium acetate). To prepare HPLC buffer A, add 1.54 g of ammonium acetate
to a 1-L HPLC bottle, and then add 950 μL of LC/MS-grade water and gently stir by rotating the
bottle. Next, add 2.8 mL of 25% (wt/vol) ammonium hydroxide solution, followed by 50 mL of
HPLC-grade acetonitrile. Cap the bottle and mix by gently shaking. Check the pH value to ensure it is
at 9.0.
HPLC buffer B
HPLC buffer B is 100% acetonitrile. To prepare HPLC buffer B, add 1 L of LC/MS-grade acetonitrile
to a 1-L HPLC bottle and cap the bottle.

Equipment setup
QTRAP mass spectrometer with polarity switching
Use the following settings for the QTRAP mass spectrometer: +4,800 V positive/−4,500 V negative;
475 °C; curtain N2 gas set to 25; high collision energy; ion source gas 1 and 2 set to 35; declustering
potential +93 positive/−93 negative; entrance potential +10 positive/−10 negative; collision cell exit
potential +10 positive/−10 negative.
HPLC system
The buffers, column and gradient conditions can be reproduced from those in Yuan et al.15; these
include a HILIC (4.6-mm column, Amide XBridge, Waters) with ammonium hydroxide buffers at pH
9.0 over an ~26-min targeted acquisition. Buffer A is 95% (vol/vol) water, 5% (vol/vol) acetonitrile,
20 mM ammonium hydroxide, and 20 mM ammonium acetate; buffer B is 100% (vol/vol)
acetonitrile; gradient conditions are as follows.
Time (min)

%B

Flow rate (μL/min)

0.0
3.5
12.0
16.5
17.0
25.5

85
32
2
2
85
85

400
400
400
400
400
400

Software
Several of these tools, including Cytoscape and Omix Visualization, require the user to ﬁrst calculate
13 12
C/ C ﬂux ratios in Excel before mapping over known or custom metabolic pathways for ﬂux
visualization.

Procedure
Metabolite extraction
1

Metabolites can be extracted from a variety of different biological sources; in some cases, there
are multiple options for extraction. Although the traditional approach uses 80% (vol/vol) methanol
for extraction15, one can use MTBE/methanol and collect the middle polar layer for polar
metabolomics analysis28,29. The beneﬁt of MTBE extraction is the ability to collect labeled nonpolar
lipids (top layer) for labeled lipid ﬂux analysis.
This section also includes the addition of the isotopically labeled reagent. The nature of the
experiment should be used to determine the duration of exposure to the label. To gain an
understanding of label incorporation at steady state, overnight labelling (~12–16 h) is typically
sufﬁcient. For ﬂux analysis, the time series should be determined experimentally for each biological
system. To track ﬂux into a pathway using a 13C or 15N isotope label, cells can be prepared for a
time course analysis. For example, to track glucose incorporation into glycolysis, time points on the
order of minutes are suggested16. To track glutamine carbon incorporation into the TCA cycle, time
points spanning ~4 h are recommended20. However, if one wishes to observe acute labelling effects
in response to kinase inhibitor drugs, we advise priming the cells with the drug and then adding
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your labelling source (e.g., glucose or glutamine), followed by harvesting the cells at the time frames
for the label indicated above30.
To extract polar metabolites from adherent cells using 80 %(vol/vol) MeOH/H2O, use option A;
to extract polar metabolites from suspension cells, use option B; to extract metabolites from
adherent cells using the three-phase system with MTBE, use option C; to extract metabolites from
suspension cells using the three-phase system with MTBE, use option D; to extract polar
metabolites from tissues, use option E; to extract metabolites from tissues with the three-phase
system, use option F; to extract metabolites from liquid samples with MeOH, use option G; and to
extract metabolites from liquid samples with MTBE, use option H.
(A) Adherent cell sample preparation: polar metabolite extraction from isotopically labeled
cells ● Timing ~2–3 h
(i) Seed the cells on a 10-cm2 cell culture plate with unlabeled medium. The cells are grown to
75–80% conﬂuence in log-phase in the cell culture plate.
CRITICAL STEP Prepare an extra plate or well from which proteins will be later collected;
this will serve as a loading control.
CRITICAL STEP Recommendations for cell number per replicate range from ~105 to 106,
depending on the cell type. As an example, cancer cells tend to be much larger than
lymphocytes, and using ~10× of the latter is recommended. We also recommend a
minimum of three biological replicates, although four is preferred.
(ii) After the cells have reached the desired conﬂuence, remove the unlabeled medium, wash
the cells using ~3 mL of 1× PBS and aspirate the wash volume.
(iii) Replace the medium with an equal volume of the 13C/15N isotopic tracer–labeled medium
(e.g., 25 mM 13C6 glucose or 4 mM 13C5 glutamine). For example, 10 mL of medium is
used for cells in a 10-cm2 dish, and 2 mL is used for cells in a well of a 6-well dish. Incubate
the cells with labeled medium depending on the nature of the experimental inquiry, as
described above.
CRITICAL STEP For some experiments, including drug treatments, pre-treatment of the
cells with the small-molecule drug is preferred in order to induce an acute effect on the
cells (<2 h) before the 13C/15N labelling procedure.
(iv) When the desired time point has been reached, remove the cells from the incubator and
aspirate the medium completely. This can be performed on a benchtop (i.e., non-sterile).
CRITICAL STEP Collect the proteins from the loading control well described in Step 1A
(i), using standard lysate preparation procedures. Calculate protein concentration and
apply this for metabolite loading in Step 1A(xi).
(v) Place the plates on dry ice and add 4 mL of 80% (vol/vol) methanol (cooled to −80 °C) for
10 cm2 dishes or 1 mL/well of a 6-well dish.
(vi) Incubate the plates at −80 °C for 20 min.
(vii) Scrape the entirety of the contents of the plate or well and transfer to a 15-mL conical tube.
(viii) Vortex for 1 min at 4–8 °C, and then incubate for 30 min at −80 °C.
(ix) Centrifuge at >4,000g for 10 min (at 4–8 °C) to precipitate the insoluble material.
(x) Transfer the supernatant to a new 15-mL conical tube.
(xi) Make aliquots of the supernatant that account for the protein concentration of the
experimental samples (see the CRITICAL STEP note below) in 1.5-mL microcentrifuge
tubes. Typically this is on the order of ~1 mL.
CRITICAL STEP The protein concentration of the protein extract from the additional
biological replicate isolated in Step 1A(iv) should now be calculated. This can be done by
BCA or Bradford assay. This will serve as a scaling factor for normalization because sample
source protein amounts scale with metabolite amounts. MS is a quantitative analytical
procedure, meaning that the amount of sample loaded onto the instrument will be
proportional to the output. Normalization of sample loading is especially important
in instances in which an experimental variable may affect the growth/proliferation of
one group.
PAUSE POINT The samples can be stored at −80 °C for up to 6 months, although they
should be used within 4–8 weeks for optimal reliability.
(xii) SpeedVac/lyophilize to a pellet in 1.5-mL microcentrifuge tubes, using no heat. A nitrogen
EVAP system can also be used to dry the samples.
PAUSE POINT The samples can be stored at −80 °C for <6 months.
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(B) Suspension cell sample preparation ● Timing ~2–3 h
(i) Transfer the medium with the cells to a 15-mL conical tube, and spin at 750g for 5 min
at 4 °C.
(ii) Completely remove the medium, add 4 mL of 80% (vol/vol) methanol (−80 °C), vortex to
stir the cells and incubate for 20 min at −80 °C.
(iii) Continue as described in Step 1A(vii–xii).
(C) Extraction of metabolites from adherent cells using MTBE ● Timing ~2–3 h
CRITICAL One can use MTBE to collect the middle polar layer for metabolomics
analysis4,12,13,29. The beneﬁt of MTBE extraction is that it provides the additional ability to
collect labeled nonpolar lipids (top layer) for labeled lipid ﬂux analysis.
(i) Perform Step 1A(i) and (ii).
(ii) Harvest the cells from the plates at room temperature (RT; ~23 °C) and transfer to a 12-mL
glass vial.
(iii) Spin for 5 min at 1,000g (microcentrifuge, RT) and remove the supernatant.
(iv) Add 200 μL of 1× PBS to the vial.
(v) Add 1.5 mL of HPLC-grade methanol and vortex for 1 min.
(vi) Add 5 mL of MTBE and rock for 1 h at RT.
(vii) Add 1.2 mL of water and vortex again for 1 min.
(viii) Spin for 10 min at 1,000g (microcentrifuge, RT).
(ix) Collect the upper MTBE liquid phase containing the nonpolar lipids.
(x) Re-extract the lower liquid phase with two volumes of MTBE/methanol/water
(10:3:2.5, vol/vol/vol) by repeating Step 1C(v–ix).
(xi) Dry the combined MTBE phases in a SpeedVac or under a nitrogen stream.
PAUSE POINT Dried metabolite samples can be stored at −80 °C for <6 months.
(D) MTBE extraction for suspension cell sample preparation ● Timing ~2–3 h
(i) Transfer the medium with the cells to a 15-mL conical tube, and spin at 750g for 5 min at
4 °C.
(ii) Completely remove the medium, and proceed as described in Step 1C(iv–xi).
(E) Metabolite extraction from tissues, organs and tumours of isotopically labeled animals
● Timing ~2–3 h
CRITICAL The procedure below will provide information about how, and the speciﬁc
pathways into which, a labeled nutrient incorporates in vivo. For example, using 13C6-glucose,
one can determine if the cells in a tissue/organ/tumour incorporate glucose label into various
metabolic pathways. This method relies on a single i.p. bolus injection of an isotopically
labeled metabolite and is limited to assessing the degree of incorporation. Accordingly, one
tissue may experience a different exposure than another tissue, or looking across experimental
animals, a tumour in one animal may experience more labelling than another. To accurately
compare the degree of labelling, steady-state incorporation of the label must be achieved and
experimentally validated31. The extraction and analysis method described below can also be
applied to tissues that have been labeled to steady state. Finally, care should be taken when
interpreting data from in vivo–labeled animals because the nutrients are readily processed by
the liver and then re-centre circulation, where the tissue/organ/tumour in question can access
the processed nutrients. The steps below use the single-bolus glucose labelling strategy to
assess the degree of incorporation, as an example.
(i) For glucose, inject mice i.p. with a 13C6-glucose solution (2 g/kg in PBS). Numerous other
protocols exist for in vivo labelling studies, including tail-vein injection and jugular-vein
injection, plus or minus the application of an osmotic pump31–34. To assess label
incorporation, we advise the use of i.p. injection, as it is the simplest of the above-noted
protocols. (Labeled glutamine can be applied similarly with a 10 mg/kg 13C5-glutamine
solution in PBS35.)
(ii) Use a glucometer to monitor blood glucose at 15- to 30-min intervals, and sacriﬁce the
mice when blood glucose levels begin to decline36. Harvest the tissues/organs/tumours for
metabolite extraction, as follows.
Metabolite sample preparation: polar metabolite extraction from isotopically labeled
samples
(iii) Weigh the tissue/organ/tumour on a sensitive analytical balance to ±0.1 mg. Record the
weight. This will be used later when normalizing sample loading.
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(iv) Add the tissue/organ/tumour to a 1.5-mL or 2.0-mL round-bottom microcentrifuge tube
containing 1 mL of 80% (vol/vol) HPLC-grade methanol (cooled to −80 °C) and a small
steel ball bearing. ~10–20 mg of tissue/organ/tumour can be readily processed in this
manner.
CRITICAL STEP Conical-bottom microcentrifuge tubes may crack using this protocol,
resulting in loss of contents. Round-bottom microcentrifuge tubes are highly recommended.
(v) Place the tubes into a TissueRupter (Qiagen) or similar device. Apply the tissue-ruption
program for 30 s pulses at 26 Hz, cooling on dry ice between cycles, until the tissue/organ/
tumour is fully dissociated.
(vi) Centrifuge at 14,000g (or the highest speed) for 10 min using a refrigerated centrifuge
(4–8 °C).
(vii) Transfer the supernatant to a new 1.5-mL microcentrifuge tube.
(viii) Repeat the centrifugation and supernatant transfer.
CRITICAL STEP Ball bearings can be washed and reused.
PAUSE POINT Supernatants can be stored at −80 °C for up to 6 months.
(ix) Aliquot the equivalent of 10 mg of supernatant into a new 1.5-mL microcentrifuge tube
and dry using SpeedVac/lyophilization or nitrogen gas.
PAUSE POINT Dried, labeled metabolite samples can be stored at −80°C for <1 year.
(F) MTBE extraction of tissues
(i) Add 200 μL of 1× PBS and disrupt the tissue, as in Step 1E(v).
(ii) Perform the MTBE extraction in the same way as you would for adherent cells; i.e., follow
Step 1C(v–xi).
(G) Extraction from bodily ﬂuids (serum/urine/CSF/cell culture medium)
(i) Obtain ~100–250 μL of the ﬂuid.
(ii) Centrifuge at 14,000g for 10 min at 4–8 °C to remove contaminating cells.
(iii) Transfer the supernatant to a new 1.5-mL microcentrifuge tube.
(iv) Add enough methanol (cooled to −80 °C) to the supernatant to make a ﬁnal 80% (vol/vol)
methanol solution.
(v) Gently shake to mix and incubate for 20 min at −80 °C.
(vi) Follow Step 1A(viii–xii) as in the adherent cell extraction procedure.
PAUSE POINT Dried metabolite samples can be stored at −80 °C for <1 year.
(H) MTBE extraction of liquid (blood/urine/CSF) samples
(i) For liquid samples of 200–250 μL, follow Step 1C(v–xi).
(ii) For liquid samples of <200 μL, add enough 1× PBS buffer to obtain a 200-μL volume; then
follow Step 1C(v–xi).
LC–MS/MS acquisition
Set up the MS method as follows: modify the Q1/Q3 SRM transition list to accommodate the 13C or
15
N labeled versions of each metabolite for both the increase of C or N atom mass for the precursor
ion (Q1) and the fragment ion (Q3) in each polarity mode. In many cases, one will create all
possible options for 13C or 15N incorporation for isotopomer/isotopolog analysis. Representative
methods for glucose and glutamine tracing are provided as Supplementary Datasets. For example,
to measure 13C-glucose incorporation into glucose 6-phosphate (G6P), the mass of the
deprotonated Q1 precursor ion is 259 Da (C6H12O9P) in negative ion mode and that of the Q3
fragment ion is 199 Da (C6H12O6). Both the Q1 and the Q3 ions contain six carbon atoms (product
ion, loss of PO3−). So, if one wants to analyse fully 13C labeled G6P (referred to as mass plus 6,
M+6), 6 Da must be added to the Q1 and Q3 transitions to form 265/205. In addition, if one
chooses to analyse the isotopologs of G6P, a transition for each carbon atom needs to be made, i.e.,
259/199 (M+0, unlabeled), 260/200 (M+1), 261/201 (M+2), 262/202 (M+3), 263/203 (M+4) and
264/204 (M+5).
Inject ~5 μL of each metabolite sample from the sample list via the autosampler after resuspension
in ~20–25 μL of LC–MS-grade water, using a targeted acquisition method deﬁned in the Analyst
software in Step 2.
Using analysis and peak integration software such as MultiQuant with SCIEX instrumentation, look
for 13C/15N peaks in the mass spectra in addition to the unlabeled 12C peaks.
CRITICAL STEP When creating SRM transition lists for the QTRAP 5500, it is important to keep
the total number of SRM transitions <300 (~150 per polarity mode) because scheduled SRM is not
used. By doing so, it ensures that the combined total cycle time will be <~1.5 s, resulting in at least

2

3

c

4
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10 data points per peak for a standard 30-min LC–MS/MS run time per sample with amide HILIC.
Of note, each isotopomer transition counts against the total ~300 transitions targeted per run, and
thus, inclusion of more isotopomers comes at the expense of increased total metabolite coverage.
Since the scan speed is higher on the QTRAP 6500, the total number of SRM transitions can be
increased to ~350–375 without scheduling.
CRITICAL STEP For some metabolites, multiple isotopomer patterns are possible for a single
isotopolog, depending upon which carbon atoms are labeled. In this case, the ion current for each
isotopomer for a given isotopolog is summed to obtain the total ion current for the individual
isotopolog. The only substantial change to the original method from 2012 is the application of the
new set of SRM transitions for the 13C labeled carbon atoms or 15N labeled nitrogen atoms.
Supplementary Datasets 1–5 contain ﬁve different methods for SRM-based tracer ﬂux proﬁling.
Supplementary Dataset 1 is for 13C isotopomer analysis focusing on glycolysis, the TCA cycle, the
pentose phosphate pathway (PPP) and nucleotides; Supplementary Dataset 2 is for 13C fully labeled
metabolite analysis from glucose; Supplementary Dataset 3 is for 13C fully labeled metabolite
analysis from glutamine; Supplementary Dataset 4 is for 15N labelling from glutamine (amide) and
Supplementary Dataset 5 is for 15N labelling from glutamine in the amine position. These
Supplementary Datasets contain the necessary information needed for creating customized SRM
methods in both positive and negative ion modes and can be downloaded and incorporated into
Analyst (SCIEX) software or modiﬁed for other vendor software.
CRITICAL STEP In addition to using the protein concentration from a parallel sample for cells,
the wet weight for tissues/organs/tumours, or the volume for bodily ﬂuids for normalization (see
above), one can also use the median or average peak area values from each sample in resulting
datasets to normalize instrument loading across sample conditions.
As an alternative to Step 4, it is possible to run high-resolution LC–MS/MS using a mass
spectrometer capable of high mass accuracy in both MS and MS/MS mode with polarity switching,
e.g., a QExactive Orbitrap in data-dependent acquisition (DDA) mode. However, this approach
does not involve setting Q1/Q3 transitions. If this approach is chosen, reconstruct the parent ion
and fragment ion peak areas from the full fragmentation proﬁle.
? TROUBLESHOOTING

5

Troubleshooting
Metabolite peaks are uniformly higher/lower in some samples.
● Loading inconsistency can be alleviated by careful attention to protein concentration (for cells in
culture), wet weight (for tissues/organs/tumours) and volume (for biological ﬂuids) across replicates/
samples. Unfortunately,, once run, inconsistent loading is not readily corrected by computational
approaches. It is recommended that the lyophilized sample volume be recalculated and the samples be
re-prepared and re-run.
The mass spectrometer is not showing any Q1/Q3 transition peaks above baseline for 13C
isotopomer transitions.
● This would indicate either that not enough metabolite content is on the HPLC column during the
acquisition or, more likely, that the ﬂux of 13C atoms into speciﬁc Q1/Q3 transitions is below
detectable levels. Check the levels of HPLC buffers, and collision and source gases, and that the column
or tubing is not leaking.
● Check that the instrument is well-calibrated in both positive and negative ion modes.
● Check whether the parent ion can be detected in the unlabeled sample.
● Check how many cells or how much tissue was used. It is possible that more sample is required
(equivalent of >2 million cells).
● The ion source area has a tendency to get very dirty under the conditions described in this protocol,
hence, it will be necessary to clean the ion source more frequently.
The Q1/Q3 transitions for 13C isotopomers are displaying peaks at a different retention time from
that of the 12C unlabeled version.
13
● The peaks at altered retention times are not the same molecule and cannot be integrated as such.
C or
15
N stable isotopes are chemically identical to the unlabeled forms, and there should be no shift in
retention time.
The metabolite peaks either are not being retained or are eluting very late on the HPLC column.
● Check that the HPLC buffer concentrations and pH are correct; and make fresh solutions if necessary.
● Check that the HPLC A and B pumps are properly purged to remove air.
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If the buffers are good and the pumps are properly purged and the problem persists, it may indicate
that either your pre-column ﬁlter is clogged or the HPLC column has been contaminated or has
undergone passivation. First, try changing the pre-column ﬁlter, and if this does not work, change the
analytical column. After making any changes to the pre-column or analytical column, it is important to
run a series of standards of known concentration for the metabolites of interest, to re-establish their
retention times.
Some metabolites are never detected, no matter what changes are done or what concentrations are
injected.
● It is possible that the metabolite Q1/Q3 values are not optimal or are incorrect, or that the collision
energy selected is not ideal for the selected fragmentation event.
● The particular metabolite of interest may be present only at very low concentrations in your sample. It
may also degrade quickly, either in vivo or after extraction. For example, -CoA derivatives degrade
quickly and sulfhydryl-bearing molecules are readily oxidized, which make these metabolites more
difﬁcult to detect than many other metabolites.
● It is also possible that methanol and MTBE are not ideal solvents for the metabolite extraction, or that
the chromatography used is not suitable for the compound of interest.
●

Timing
Step 1, from tissue/cells/ﬂuid collection to sample injection of metabolite extracts: ~4.5–6 h, mainly
depending upon the drying speed of the SpeedVac/lyophilizer
Steps 2 and 3, total LC–MS/MS run time: 25.5 min (16.5-min MS acquisition) from injection
to injection
Step 4, peak integration and veriﬁcation of raw data: ~1.0 h per dataset; data analysis using
various bioinformatics software tools: variable, depending on the degree of interpretation, ~1.0–2.5 h
per dataset

Anticipated results
The targeted SRM LC–MS/MS method should be selected on the basis of the biological question
(Fig. 2). We have included methods for the proﬁling of >140 fully labeled metabolites and
isotopolog analysis of up to 40–50 unique metabolites (Supplementary Datasets 1–5). The fully
labeled methods target the unlabeled and fully labeled metabolites, whereas the isotopolog
method will reveal all incremental forms of 13C or 15N labelling (Fig. 1). The output will be
a peak area array of all detected metabolite forms from each tested sample in a .txt or Excel
format similar to the output from an unlabeled proﬁling experiment. We advise that pathways of
interest be plotted using Excel and more global bioinformatics analyses, including heat maps and
PCA, which can be obtained using free online MetaboAnalyst 4.0 software (https://www.metaboana
lyst.ca/). One can also run untargeted metabolomics of isotope-labeled samples with high-resolution
tandem MS; however, the data will need to be interpreted manually or 13C/15N labelling software
must be used37.
Figure 2 shows the platform that is used for both unlabeled (12C or 14N) and labeled (13C or 15N)
metabolites. To achieve a minimum of 10 data points per peak, the total SRM transition list is kept
below ~300 transitions because scheduled SRM is not used. After the Q3 signals are integrated, an
array of peak areas are available, representing each labelling form, which serve as the output for
further analysis.
In Fig. 1, an example of 13C5-labeled glutamine (also often referred to as uniformly labeled [U]13C)
incorporation into the TCA cycle is presented schematically. Alpha-ketoglutarate (αKG) is used in
this example to illustrate isotopolog-labelling nomenclature. Labelling of pyruvate is used to show
how isotopomer-labelling patterns can be obtained and consolidated to ﬁnd the isotopolog distribution. The white circles indicate carbon-12 (12C) atoms from glucose via glycolysis, and the red
circles indicate 13C atoms from glutamine via the TCA cycle. The circles containing white and red
stripes indicate carbon atoms that can have contribution from 12C via glucose/glycolysis or 13C via
glutamine/TCA cycle. The data in Fig. 1 show that pyruvate and acetyl-coA contain carbon
atoms from both 12C and 13C energy sources. Further, two of the six carbon atoms on citrate and
isocitrate are labeled from either glycolysis (12C-glucose) or the TCA cycle (13C-glutamine) (hashed
circles), whereas four carbon atoms in citrate/isocitrate are derived from oxidative 13C-glutamine
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Peak area intensities
Sample Name
UTP-nega_13C9
UTP-nega_13C8
UTP-nega_13C7
UTP-nega_13C6
UTP-nega_13C5
UTP-nega
ribose-5-phosphate_nega
ribose-5-phosphate_13C5_nega
ribose-5-phosphate_13C4_nega
ribose-5-phosphate_13C3_nega
ribose-5-phosphate_13C2_nega
ribose-5-phosphate_13C1_nega
malate_nega
malate_13C4_nega
malate_13C3_nega
malate_13C2_nega
malate_13C1_nega
lactate_nega
lactate_13C3_nega
lactate_13C2_nega
lactate_13C1_nega

Veh2h_1
3214117.525
739401.2133
219455.656
323104.7157
3327879.823
28264066.45
104900.896
884222.2945
537998.297
78026.53229
156221.3937
135179.7278
29378027.51
331053.2785
2899620.907
4205198.814
2170032.017
26273244.7
18239701.34
416859.0992
758588.0247

Veh2h_2
Veh2h_3
Rapa2h_1
2752115.566 2971772.474 3134526.618
752955.6685 815309.0695 633512.8281
267494.1329 272883.9551 272286.1484
275142.8639 333066.1297 225921.3696
3230418.995 3230754.706 2446880.841
27856623.71 28114955.74 27866116.14
113371.5977 70473.96498 141757.3694
719368.3859 610313.2663 838196.8667
642734.4505 539197.5098
637201.709
101503.5517 56455.53385 84560.10255
161390.6045 209887.8341 219983.8595
100152.5605 139247.1094 207223.2058
29409061.53 29571550.94 31039351.39
322001.0782 365787.4563 265762.0099
3607147.244 3594128.801 3165987.348
4251545.873 4409317.441 4419286.848
1960004.357 1894573.701 2223277.086
26627309.92 26445933.73 29949144.47
19136630.48 18282937.07 59560125.77
420350.8348 398466.8004 698335.2262
745928.0242 710324.1061 816897.9385

Rapa2h_2
Rapa2h_3
2952647.56 2824193.075
852079.8518 716016.6048
248466.367 174699.8697
177332.1039 246438.0994
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173161.8231
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848051.2442 851917.8004
655922.9065 594750.1902
76074.69873 114222.3495
196379.508 203693.6238
165743.2305 94500.51312
34020580.79 25939515.83
249314.2229
176817.26
2762837.034 1990654.896
4275616.964 3309978.843
2204836.877 2170031.346
28920602.99 29864901.04
61060893.63 59901575.77
782249.0972 835702.1723
911958.1332 873127.0496

Fig. 2 | Targeted 13C metabolomics workﬂow. Platform for targeted SRM for 13C-labeled polar metabolites, from metabolite extraction to LC–MS/MS
through peak integration and data analysis. PCA, principal component analysis.

metabolism in the TCA cycle. In the example in Fig. 1, αKG is shown with all ﬁve fully labeled with
13
C from glutamine.
In Fig. 3 (top), this concept is applied in pancreatic cancer cells by tracing either U13C-glucose
or U13C-glutamine (in parallel experiments) to analyse 13C label incorporation across a
spectrum of metabolites in central carbon metabolism. In Fig. 3b, isotopolog analysis is performed
for citrate.
In addition to glucose and glutamine, it is possible to label cells with any molecule that
contains heavy atoms involved in the metabolic pathways of interest. For example, using labelling of
15
N-glutamine in the amide position, or using 13C4 aspartic acid, we found that mTORC1
increased cellular levels of N-carbamoyl-aspartate ﬂux through the de novo pyrimidine synthesis
pathway (Fig. 4)17. This was validated using 15N- and 13C-labeled N-carbamoyl-aspartate as
well as 15N- and 13C-labeled uridine monophosphate (UMP). Furthermore, we also found
that treatment with the TOR inhibitor rapamycin, a speciﬁc inhibitor of mTORC1 signalling,
reduces the 13C/15N ﬂux from labeled glutamine and aspartic acid to N-carbamoyl-aspartate
and UMP, which suggests that the pyrimidine synthesis pathway is under the control of mTORC1.
The data in Fig. 4 show that multiple labelling sources can be used to interrogate isotopomer
ﬂux through a pathway in order to determine the source of carbon or nitrogen ﬂow from a
speciﬁc molecule.
Beyond the targeted studies outlined in Figs. 1, 3, and 4, one can also analyse the stable isotope ﬂux
into various metabolites in a more global manner by using a method that targets both the unlabeled
and fully labeled (all heavy labeled carbon or nitrogen atoms) versions of the metabolites of interest.
Using H929 multiple myeloma cells labeled with 13C6-glucose and treated with drugs that block
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Fig. 3 | Fractional labelling of central carbon metabolism in cancer cell lines with 13C-glucose and 13C-glutamine.
a, Bar plot of the fraction of 13C incorporated into a spectrum of metabolites from central carbon metabolism
for both 13C6-glucose and 13C5-glutamine in murine pancreatic cancer cells. Glucose and glutamine labelling
data are generated from parallel samples. b,c, The sums of all isotopologs containing label are presented as single
bars. b, Isotopolog analysis of 13C6-glucose. c, 13C5-Gln incorporation into citrate across a panel of pancreatic cancer
(shades of black) and colon cancer (shades of red) cell lines. Data are presented as ion current for samples
normalized for loading by protein concentration in parallel samples. Gln, glutamine; Glu, glucose.

metabolic pathways, we targeted >125 unique metabolites. Figure 5 shows a Ward clustering heat
map in 13C6-glucose-treated H929 and RPMI 8226 multiple myeloma cells and K562 chronic myeloid
leukaemia cells that had been exposed to the metabolic inhibitors 2-deoxyglucose (2-DG, glycolysis
inhibitor), 6-aminonicotinamide (6-AN, pentose phosphate pathway inhibitor) or compound 968
(glutaminase inhibitor)30,38 as compared to a vehicle control (DMSO). The cells were treated for 2 h
with drugs and 13C label was applied at the time of drug treatment. The data show distinct effects
across each cell line as well as with each drug treatment displaying the resolution that can be obtained
by targeting both the unlabeled and fully labeled versions of central carbon metabolite intermediates.
The data analysed in Fig. 5 can also be presented as a PCA clustergram (Fig. 6), which demonstrates
the reproducibility across the experiment. Further, such an analysis can be useful for revealing
features that give rise to distinct clusters. The metabolic effects of multiple myeloma cells as well
as their relationship to proteomics, lipidomics and phosphoproteomics, was established for
H929 cells recently30.
In addition to ﬂux proﬁling of cells in culture, we have also traced metabolism in vivo by
labelling mice via i.p. injection of a 10% (wt/vol) U-13C6-glucose solution prior to sacriﬁcing mice for
analysis of tissue and tumour labelling. As noted in the methods description above, this strategy is
useful for determining the proﬁle of nutrients that contribute to a given metabolic pathway. However,
it cannot be used to compare the degree of labelling across tissues or animals. For such analyses, we
recommend efforts to achieve steady-state label incorporation, as have been described31. Representative data for the degree of labelling and variability among animals are presented for tissues and
tumours in Fig. 7. Furthermore, to achieve enrichment of glucose incorporation, we found that while
monitoring blood glucose levels, and in particular, while waiting for glucose levels to fall, use of
324
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Fig. 4 | Isotope labelling of de novo pyrimidine biosynthesis. 13C and 15N ﬂux into nucleotides and precursors of the pyrimidine synthesis pathway
from glutamine and aspartic acid in TSC2−/− cells are under mTORC1 control via CAD protein phosphorylation. In the graphs at left, white bars
represent TSC2+/+ cells and black bars represent TSC2–/– cells. UMPS, uridine monophosphate synthetase. Parts of this ﬁgure reprinted with
permission from Ben-Sahra et. al. 17, American Association for the Advancement of Science.

a hand-held metre is able to enhance the tissue/tumour enrichment. The optimal time after injection
to maximize uptake into tissues before sacriﬁce and resection is approximately 30–60 min. The data
show the highest level of 13C labelling enrichment in the liver and serum (Fig. 7). We have also
explored other in vivo mouse systems, including triple-negative breast tumours and analysed the
central carbon metabolite pathways, including glycolysis, the TCA cycle and the PPP following
treatment with various kinase inhibition36.
One can also map the 13C/12C ﬂux ratio data onto known metabolic pathways after data
manipulation in Excel using programs such as Omix Visualization. Figure 8 shows K14 triplenegative breast cancer cells that contain Brca1−/− and P53−/− mutations28. Cells were labeled
overnight with 13C6-glucose and treated with 2-DG or compound 968 for 24 h. The solid yellow-ﬁlled
metabolite bubbles represent a high percentage of 13C ﬂux through the metabolic intermediate;
whereas a partially ﬁlled or empty bubble represents less 13C ﬂux through that molecule. The data
show that 2-DG markedly reduces the ﬂow of 13C from glucose (ﬂux) through glycolysis and
PPP (Fig. 8a) and that compound 968 does not inhibit 13C glucose ﬂux through glycolysis and
may compensate for TCA cycle inhibition by increasing ﬂux through glycolysis and PPP in K14 cells
(Fig. 8b). Note that 13C ﬂux is not observed in high abundance in the TCA cycle from either drug
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Fig. 5 | Clustering of unlabeled (12C) metabolites and labeled (13C) isotopomers from targeted LC–MS/MS data. Heat map illustration
of both labeled (13C) and unlabeled (12C) metabolites from 13C6-glucose-labeled RPMI 8226 and H929 myeloma cells and K562 CML
cells with metabolic inhibitors 2-deoxyglucose, 6-aminonicotinamide and compound 968 for the 55 most signiﬁcant features using MetaboAnalyst
software.

treatment because 13C6-labeled glucose was used in this experiment rather than glutamine, which
feeds the TCA cycle via glutamic acid. One can also customize one’s own pathway maps in order to
customize one’s ﬂux observations.

Conclusion
These data demonstrate that a variety of 13C/15N isotopic labelling reagents (e.g., 13C-glucose,
13
C-glutamine, 15N-glutamine) can be used in a variety of sample sources from cell lines to in vivo
tumours and can be used with not only glucose and glutamine, but also with many metabolizable
nutrients. The targeted isotopic metabolic ﬂuxomic platform presented here can trace the fate of
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Fig. 6 | Clustergrams of labeled cancer cells. PCA clustergram for triplicate analyses of 13C6-glucose-labeled H929,
RPMI 8226 and K562 cells treated with metabolic inhibitor treatments from MetaboAnalyst software.
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Fig. 7 | In vivo 13C/15N labelling for ﬂux analysis. Flowchart of protocol for in vivo 13C6-glucose mouse labelling by
i.p. injection followed by targeted LC–MS/MS via SRM. PPP, pentose phosphate pathway; TCA, tricarboxylic acid.

central carbon metabolites as well as their dynamic metabolic ﬂux patterns in biological systems. We
also showed that the platform can be applied to both in vitro cell/tissue/bioﬂuid experiments and
in vivo biological systems.
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Fig. 8 | Visualization of metabolic ﬂux analyses with Omix Visualization. a,b, Pathway map and ﬂux of metabolite
intermediates through glycolysis, TCA cycle and pentose phosphate pathway from K14 cells labeled with 13C6glucose and treated for 24 h with the glycolysis inhibitor 2-deoxyglucose (2-DG) (a) and the TCA cycle inhibitor
compound 968 (b).

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.
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enable peer review. Write "no longer applicable" for "Final submission" documents.

(e.g. UCSC)
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Methodology
Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of
reads and whether they were paired- or single-end.

Antibodies

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone
name, and lot number.

Peak calling parameters

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and
index files used.

Data quality

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold
enrichment.

Software

Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a
community repository, provide accession details.
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Replicates

Flow Cytometry
Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument

Identify the instrument used for data collection, specifying make and model number.

Software

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples
and how it was determined.

Gating strategy

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging
Experimental design
Design type

Indicate task or resting state; event-related or block design.

Design specifications

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures

State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Acquisition
Specify: functional, structural, diffusion, perfusion.

Field strength

Specify in Tesla

Sequence & imaging parameters

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.
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Diffusion MRI

Used

Not used

Preprocessing software

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference
Model type and settings

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first
and second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis:
Statistic type for inference
(See Eklund et al. 2016)

Correction

Whole brain

ROI-based
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Preprocessing

Both

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte
Carlo).

Models & analysis
n/a Involved in the study
Functional and/or effective connectivity
Graph analysis
Multivariate modeling or predictive analysis

Functional and/or effective connectivity

Report the measures of dependence used and the model details (e.g. Pearson correlation, partial
correlation, mutual information).

Graph analysis

Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis

Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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