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Materials and Methods 

Cell Culture: The 143B osteosarcoma cell line, C2C12 mouse myoblast cell line, SW1353 

chondrosarcoma cell line, DLD1 colon adenocarcinoma cell line, HCT116 colorectal carcinoma 

cell line, and U87 glioblastoma cell line were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) (ThermoFisher) supplemented with 5% Heat Inactivated Fetal Bovine Serum 

(ThermoFisher) and 1% penicillin and streptomycin (ThermoFisher), and 0.1 mg/mL uridine 

(Sigma). The MINK Lung cell line and ATCC Fibroblast cell line were cultured in Fibroblast 

Basal Medium (Fischer Scientific) supplemented with the components of the low serum 

Fibroblast Growth Kit (Fischer Scientific).  For experiments that required culturing cells in 

hypoxia, medium was pre-adapted in a hypoxia incubator (Baker Ruskinn) set to the appropriate 

oxygen level for at least 24 hours. For experiments involving expression of the alternative 

oxidase (AOX) or the class 1 DHODH, cells in all genetic conditions were treated with 100 

ng/mL doxycycline (Takara Bio) for 24 hours to induce its expression. Inhibitors and other 

supplements: 100 nM – 2 M antimycin (Thermo Fisher Scientific), 5 mM pyruvate (Sigma), 

10-20 mM Aspartate (Sigma), 2 M brequinar (Sigma), 1 M Rotenone (Sigma), 1 M – 5 M 

piericidin (VWR), 10-20 mM Malonic Acid (Sigma), 500 nM Tetramethylrhodamine, Ethyl 

Ester, Perchlorate (TMRE) (ThermoFisher), 250-500 nM Carbonyl cyanide 3-

chlorophenylhydrazone (Sigma). Cells were periodically tested for mycoplasma 

(SouthernBiotech). 

Proliferation: 25,000 cells were seeded in 6-well dishes and counted on day 1 and day 5 on a 

Beckman Coulter Counter. Doubling times were calculated using the following equation:  

Doublings = LN(2)/(LN(Day 5 Count/ Day 1 Count)) 

Generation of Stable Cell Lines: Single Guide RNAs (sgRNAs) against SDHA 

(ACCGTGCATTATAACATGGG), SDHB (TCCTTTATCACATACATGTG), UQCRC2 

(TAAAGCAGGCAGTAGATATG), COX4 (GAACTTAATGCGATACACTG), were subcloned 

into the plentiCRISPR V1 (Addgene 52963). Subcloned plasmids were co-transfected into 

HEK293T cells with lentiviral packaging vectors. 143B cells were subsequently infected with 

the lentivirus and selected with puromycin, generating stable knockout cell lines. Single cells 

were sorted on a FACS Aria (BD Biosciences) to isolate clones. Clones were cultured and 

screened for the relevant knockouts. cDNA rescue experiments were performed by expressing 

cDNAs harboring silent mutations, rendering them resistant to sgRNAs in the knockout cells. 

cDNAs were cloned into pCW57.1 N-term GFP tTA (Addgene 107551) and stably expressed in 

knockout cells. Alternative Oxidase cDNA and the class 1 DHODH cDNA were cloned into a 

pCW57.1-Luciferase backbone (Addgene 9928). All plasmids were sequence verified (Quintara 

Biosciences) and will be available on Addgene. 

Western Blots: Adherent cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, pH 

7.5, 0.1% SDS, 1% Triton-X 100 (Sigma), 0.5% deoxycholate (Sigma), cOmplete EDTA-free 

protease inhibitor (Sigma)) and clarified by centrifugation. Protein content was quantified using 

a Pierce BCA Protein Assay Kit (Life Technologies) and 30-50 g protein were loaded on 12% 

Tris-Glycine Novex Gels (Invitrogen). Proteins were subsequently transferred to a 0.45 m 

PVDF membrane (Sigma). Primary antibodies were used at the following dilutions in 5% BSA: 

SDHA (Proteintech; 1:1000), NDUFV1 (Abcam; 1:1000), Total OXPHOS Rodent WB Antibody 

Cocktail- containing UQCRC2, SDHB, and ATP5A (Abcam; 1:1000), COX IV (Cell Signaling 



Technology; 1:1000), MT-ND5 (Abcam; 1:1000), FLAG (Sigma; 1:1000), HIF1a (Cell 

Signaling Technology; 1:1000), ATP citrate lyase (Abcam; 1:1000), Citrate Synthase (Cell 

Signaling; 1:1000). Secondary antibodies were used at the following dilutions in 5% Milk: Anti-

rabbit IgG HRP-linked Antibody (1:5000, Cell Signaling Technology), Anti- mouse IgG HRP-

linked Antibody (1:5000, Cell Signaling Technology). Blots were developed using SignalFire 

ECL Reagent (Cell Signaling Technology) and exposed to autoradiography film.  

Isolation of Mitochondria for Biochemical Assays: 143B cells were scraped and pelleted at 1000 

x g for 5 minutes. Cell pellets were washed in 1X PBS and pelleted at 1000 x g for 5 minutes. 

For tissue samples, approximately 100 mg of tissue was weighed out. Tissue was powderized 

under liquid nitrogen with a mortar and pestle. Tissue powder or cells were re-suspended in 

isolation buffer (200 mM sucrose, 10 mM Tris HCl, 1 mM EGTA/Tris, pH 7.4 (adjusted with 

1M HEPES)), transferred into an ice-cold glass homogenizer (VWR), and dounced with 15-30 

strokes. Homogenates were transferred into tubes and centrifuged at 600 x g for 10 minutes at 

4oC. Supernatants were moved to a new tube and centrifugation was repeated. Then, supernatants 

were moved to a new tube and pelleted at 7,000 x g for 10 minutes at 4oC. Pellets were washed 

in isolation buffer and centrifugation was repeated. Pellets were subsequently stored at -80o C 

until use.  

Blue Native Gel: Blue Native PAGE gels were run as previously described (60). Mitochondria 

were isolated as described above. 50 g of mitochondrial protein was re-suspended in sample 

buffer cocktail containing 1X Native PAGE Sample Buffer (Life Technologies) and 8g digitonin 

/g mitochondrial protein. Samples were incubated on ice for 20 minutes and then centrifuged at 

20,000 x g for 10 minutes at 4oC. Coomassie G-250 sample additive (Life Technologies) was 

combined to 1/4th the final protein concentration in the supernatant. Samples were loaded onto 

NativePAGE 3-12% Bis-Tris Protein Gels (Life Technologies) and initially run in dark blue 

cathode buffer (1X Native PAGE anode buffer (Life Technologies), 0.2 mg/mL G-250 sample 

additive (Life Technologies)) for 30 minutes and subsequently switched to light blue cathode 

buffer (1:10 dilution of dark blue cathode buffer in 1X Native PAGE anode buffer (Life 

technologies)) for an additional 150 minutes. Gels were transferred onto a 0.45 m PVDF 

membrane (Sigma) using 1X NuPAGE Transfer Buffer (Life Technologies) supplemented with 

10% methanol.  Membranes were subsequently washed with 8% acetic acid followed by 100% 

methanol and probed for relevant proteins using the western blot protocol described above (61). 

Complex 1 activity assay (DCPIP): Purified mitochondria were re-suspended in buffer (0.22 M 

Mannitol, 0.075 M Sucrose, 1 mM EDTA, 10 mM HEPES pH 7.4, and one cOmplete Protease 

inhibitor tablet (Sigma)) to a concentration of 5 mg/mL. Mitochondria underwent 5 freeze-thaw 

cycles to permeabilize them. 50 g of mitochondrial protein was used for each reaction and 

mixed with complex 1 activity assay buffer (25 mM KH2PO4 pH 7.5, 1 M decylubiquinone 

(Sigma), 300 M 2,6-dichlorophenolindophenol (VWR), 3.5 g/L BSA) supplemented with 10 

M antimycin (Sigma). Either 1 M rotenone or equivalent DMSO was added to each well and 

baseline absorbance at 600 nm was measured on a SpectraMax iD5 plate reader (Molecular 

Devices). Reactions were initiated by adding NADH (Sigma) to a final concentration of 2 mM 

and absorbance at 600 nm was monitored over time.  

DHODH activity assay: Assay was performed as previously described (62). Briefly, 1 X 106 

143B cells were seeded 24 hours prior to the assay. Cells were pelleted, resuspended in 1 mL of 



KPBS (136 mM KCl (Sigma), 10 mM KH2PO4 (Sigma) (pH 7.25)), and permeabilized using 5 

freeze-thaw cycles. 280 μL of lysate was incubated with 20 μL of 20 mM dihydroorotate 

(Sigma) and 700 μL of DHODH activity buffer (500 μM dihydroorotate, 200 mM K2CO3-HCl 

(pH 8.0), 0.4% Triton X-100 (Sigma), 78 μM decylubiquinone (Sigma)) at 37°C at 850 rpm in a 

ThermoMixer (Eppendorf) for 30 minutes. Then, 100 μL of this mixture was incubated with 150 

μL of Milli-Q water, 250 μL of 80 mM K2CO3 (Sigma), 250 μL of 8.0 mM K3[Fe(CN)6] 

(Sigma), and 250 μL of 8.0 mM 4-TFMBAO (Sigma) at 95°C for 5 minutes. After quenching the 

reaction in an ice-water bath for 2 minutes, the fluorescence was read in a black Costar 96-well 

plate with a clear bottom using a SpectraMax iD5 at excitation and emission wavelengths of 320 

nm and 420 nm, respectively. Orotate production was quantified using a standard curve in the 

range of 0 – 10 mM orotate. 

SDH Activity Assay: Purified mitochondria were re-suspended in buffer (0.22 M Mannitol, 

0.075 M Sucrose, 1 mM EDTA, 10 mM HEPES pH 7.4, and one cOmplete Protease inhibitor 

tablet (Sigma)) to a concentration of 5 mg/mL and underwent 5 freeze-thaw cycles to 

permeabilize them. 30 g mitochondria (6 uL) were diluted 1:10 (in 54 uL) of SDH activity 

assay buffer (27.5 mM KH2PO4 pH 7.4, 1.1 mM CoQ-10 (Sigma), 3.5 g/L BSA). Reactions were 

supplemented with DMSO, 1 M antimycin, or 1 M piericidin and pre-incubated at 37 oC for 

10 minutes. Fumarate reduction reactions were initiated by adding NADH to a final 

concentration of 1 mM and fumarate to a final concentration of 10 mM. Succinate oxidation 

reactions were initiated by adding succinate to a final concentration of 10 mM. Reactions were 

quenched at the appropriate timepoints with 80% methanol:20% Water and vortexed for 10 

minutes at 4 oC. Samples were centrifuged at 16,000 x g for 10 minutes at 4 oC and supernatants 

were dried down and analyzed by LC-MS for succinate and fumarate.  

Oxygen Consumption Rate (Seahorse): Respiration was measured on intact 143B cells and on 

mitochondria purified from tissue on the Seahorse XFe-96 Analyzer (Seahorse Bioscience). Cells 

were incubated in a non-CO2 37 oC incubator in serum-free Seahorse XF RPMI Media (Seahorse 

Bioscience, Catalog # 103336) supplemented with 5 mM glucose, 2 mM glutamine, and 1 mM 

pyruvate. Oxygen consumption rate (OCR) was measured over a period of 30 minutes. Oxygen 

consumption rate was also measured on mitochondria purified from mouse tissues. Mitochondria 

were incubated in MAS buffer (70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM 

MgCl2, 2 mM HEPES pH 7.2, 1 mM EGTA, 2% BSA) supplemented with 2 mM ADP, 5 mM 

glutamate, 5 mM malate, 5 mM pyruvate, and 2.5 mM succinate. Oxygen consumption rate 

(OCR) was measured over a period of 30 minutes. 

Oxygen Consumption Rate (Resipher): 25,000 143B cells were seeded into Thermo Nunc 

Treated, Flat-Bottom 96-Well Microplate (167008) in standard culture medium 24 hours prior to 

experimentation. On the day of experimentation, medium was changed and the Resipher oxygen 

sensing lid (Lucid Scientific) was attached. Live oxygen consumption rate was measured for 3 

hours and then medium was changed to treat cells with the appropriate inhibitors. Live oxygen 

consumption rate was monitored for an additional 3 hours. Data were analyzed on Resipher web 

application (Lucid Scientific). 

MT-DNA Quantification: Cells were pelleted, washed 1X in PBS, and then lysed in buffer 

(25 mM NaOH, 0.2 mM EDTA) for 15 minutes at 95 oC. Lysis was neutralized with buffer 

(40 mM Tris-HCl) and centrifuged at 16,000 x g for 10 minutes at 4 oC. Supernatant containing 



MT-DNA was quantified on a CFX96 Real-Time System Thermal Cycler (Bio Rad). Primers 

amplifying the MT-DNA marker D-Loop (Forward Primer-tatcttttggcggtatgcacttttaacag    

Reverse Primer- tgatgagattagtagtatgggagtgg) and the nuclear DNA marker-Globin (Forward 

Primer- gtgcacctgactcctgaggaga  Reverse Primer- ccttgataccaacctgcccag) were used and the 

relative MT-DNA to nuclear DNA was quantified in each sample (63). 

Immunofluorescence assays: 143B cells were seeded onto cover slips at 50% density for 24 

hours and then fixed with 4% paraformaldehyde for 15 minutes. Then, cells were permeabilized 

in 0.25% Triton X-100 in PBS for 5 minutes, followed by blocking in CST blocking buffer (5% 

Donkey Serum (Sigma), 0.3% Triton X-100) for 30 minutes and incubated for 1 hour with 

primary antibodies against COX4 (Cell Signaling Technology) or FLAG (Cell Signaling 

Technology) at 1:200 diluted in buffer (1% BSA, 0.3% Triton X-100 in PBS). Secondary 

antibodies 568 Donkey anti-rabbit (Invitrogen) and 488 Donkey-anti-mouse (Invitrogen) were 

diluted to 1:500 in buffer (1% BSA, 0.3% Triton X-100 in PBS) and incubated for an hour at 

room temperature. Cover slips were mounted using ProLong Gold + DAPI (ThermoFisher) and 

imaged on a confocal microscope (Zeiss). 

Live Cell Imaging: 143B cells were seeded at 50% density in 6-well dishes 24 hours prior to the 

experiment. Cells were pre-incubated with 500 nM TMRE dye for 30 minutes and then imaging 

on a Nikon TE2000 inverted microscope was started. Images were taken at 1 minute intervals 

over the course of an hour in the mCherry channel while the plate was incubated in a chamber 

maintaining a temperature of 37 oC and 5% CO2.  

Flow Cytometry:  Cells were seeded 24 hours prior to the experiment at 50% density. On the day 

of the experiment, the cells were treated for the designated time with inhibitors. 30 minutes prior 

to the end of the incubation, 500 nM TMRE dye was added to the wells. Following incubation 

cells were washed, trypsinized, and filtered through a cell strainer prior to sorting. Fluorescence-

activated cell sorting was performed on a LSR-II sorter, in which the fluorescence intensity of 

individual cells was quantified in the PE channel. Data were analyzed using FlowJo software 

(TreeStar). 

Mouse Experiments: All mouse protocols were approved by the Institutional Animal Care and 

Use Committee (IACUC) at Massachusetts Institute of Technology. Wild-type C57BL/6J mice 

acquired from The Jackson Laboratory were housed in the Whitehead Institute Animal Facility 

and maintained according to the Sabatini Lab protocol approved by the Committee on Animal 

Care (0718-065-21). In vivo stable isotope tracing experiments were performed by retro-orbital 

and intraperitoneal bolus injections of 13C5
15N2-glutamine (50 mg/mL) dissolved in Hank’s 

Balanced Salt Solution (Sigma), 200 L in each injection site of 12-16 week old male and female 

wild-type C57BL/6J mice (Jackson Laboratory). Mice were euthanized 20 minutes after the 

injections. Tissue were harvested, flash frozen in liquid nitrogen, and stored at -80 oC until 

samples were ready for processing.  

Exercise on treadmill: 12-week-old female mice were acclimated to a motorized treadmill (TSE 

systems, incline 5°) for two days prior to the forced running protocol. Mice were trained at 0.17 

m/sec on each of the two training days for 20 minutes. On the day of running, mice were 

subjected to the following running protocol: 0.17 m/sec for 40 min, 0.18 m/sec for 10 min, 0.2 

m/sec for 10 min, 0.22 m/sec for 10 min, 0.22-0.25 m/sec for 10 min, 0.25-0.28 m/sec for 10 

min, 0.28-0.31 m/sec for 10 min and 0.31-0.32 m/sec for 5 min (Exhausted group). The 30 min 



group was only subjected to 0.17 m/sec for 30 min. All mice were injected with 13C5
15N2-

glutamine (50 mg/mL), 200L intraperitoneal and 50 L intramuscular,  and placed back on the 

treadmill (Exhausted and 30 min group) or in the cage (Rested group) 15 min before organs were 

harvested. Organs were harvested and snap frozen immediately after taking the mice off the 

treadmill. 

Metabolite profiling:  

A. Stable isotope tracing in cells: Cells were seeded 24 hours prior to the experiment in 6-

well dishes at 70% density. For stable isotope tracing of glutamine, glutamine-free 

DMEM (ThermoFisher) was supplemented with 2 mM 13C5
15N2-glutamine (Sigma), 1 

mM pyruvate, 5% FBS, 1% P/S, 0.1 mg/mL uridine. For stable isotope tracing of 

aspartate, DMEM containing 5% FBS , and 1% penicillin and streptomycin, and 0.1 

mg/mL uridine (Sigma) was supplemented with the designated amount of 13C4-aspartate 

(Sigma) and the pH adjusted to 7.4. uridine was left out of the medium for stable isotope 

tracing experiments measuring nucleotide biosynthesis. Unless otherwise stated, for all 

experiments, cells were treated for 8 hours and metabolites were isolated as described 

below. Relevant compounds were added at the start of the incubation periods.  

B. Ex vivo stable isotope tracing on tissues: Tissues were excised from mice and washed in 

1X PBS. Tissues were then cut into small pieces and placed in the appropriate stable 

isotope tracing medium. Stable isotope tracing medium contained either 13C5
15N2-

glutamine (Sigma) or 13C4-aspartate (Sigma) dissolved in DMEM, 5% FBS, 1% P/S. For 

ex vivo tracing experiments performed on the brain, the same medium was used without 

FBS. Tissues were incubated for the designated time at 37 oC in a normal or hypoxia 

tissue culture incubator. Tissues were removed from the medium, washed with PBS, and 

flash frozen in liquid nitrogen. Samples could be stored at -80 oC until metabolites were 

isolated. 

C. Isolation of metabolites from adherent cells: To isolate metabolites, medium was 

removed, cells were washed 2 times with ice cold 1X PBS, and wells were covered in 

LC-MS grade 80:20 methanol:Water (ThermoFisher). Plates were scraped on dry ice and 

lysates were collected into Eppendorf tubes. Lysates were vortexed for 10 minutes at 4 oC 

and centrifuged at 16,000 x g for 10 minutes at 4 oC. Supernatants were immediately 

dried down in a Refrigerated CentriVap Benchtop Vacuum Concentrator connected to a 

CentriVap-105 Cold Trap (Labconco). Dried pellets were stored at -80 oC until they were 

run on LC-MS.  

D. Isolation of metabolites from tissues: Tissues were flash frozen and powderized with a 

mortar and pestle in a liquid nitrogen bath. Approximately 30 mg of tissue powder was 

transferred into Eppendorf tubes and re-suspended in 800 uL ice-cold LC-MS grade 

60:40 methanol:Water (ThermoFisher). Samples were vortexed for 10 minutes at 4 oC. 

Then, 500 uL of ice-cold LC-MS grade chloroform (ThermoFisher) was added to the 

lysate and samples were vortexed for an additional 10 minutes at 4 oC. Samples were 

centrifuged at 16,000 x g for 10 minutes at 4 oC, creating three layers: the top layer 

containing polar metabolites, the bottom layer containing non-polar metabolites, and the 

middle layer containing protein. The top layer was transferred to a new tube, dried down 

in a speedvac, and subsequently stored at -80 oC until they were analyzed by LC-MS. The 



protein layer was separated from the non-polar layer and re-suspended in RIPA buffer 

(150 mM NaCl, 50 mM Tris HCl pH 7.5, 0.1% SDS, 1% Triton-X 100 (Sigma), 0.5% 

deoxycholate (Sigma), cOmplete EDTA-free protease inhibitor (Sigma)) to isolate 

protein. Protein in each sample was quantified using the Pierce BCA Protein Assay Kit 

(Life Technologies). Protein concentrations were used for normalization of sample inputs 

prior to LC-MS analysis.  

E. Sample prep for LC-MS: Metabolite pellets were re-suspended in LC-MS grade water 

(ThermoFisher) and vortexed for 10 minutes at 4 oC. Samples were centrifuged at 16,000 

x g for 10 minutes at 4 oC and supernatant was moved into LC-MS vials. 

F. Liquid Chromatography and Mass Spectrometry (polar): A QExactive bench top orbitrap 

mass spectrometer equipped with an Ion Max source and a HESI II probe coupled to a 

Dionex UltiMate 3000 HPLC system (Thermo Fisher Scientific) was used to perform all 

LC-MS experiments. The instrument underwent mass calibration using the standard 

calibration mixture every 7 days. 2 uL of re-suspended polar metabolite samples were 

injected onto a SeQuant ZIC-pHILIC 5μm 150 x 2.1 mm analytical column equipped 

with a 2.1 x 20 mm guard column (MilliporeSigma). The column oven was held at 25°C 

and the autosampler tray was held at 4°C. Buffer A was comprised of 20 mM ammonium 

carbonate, 0.1% ammonium hydroxide. Buffer B was comprised of 100% acetonitrile. 

The chromatographic gradient was run at a flow rate of 0.150 mL/min as follows: 0-20 

min: linear gradient from 80-20% B; 20-20.5 min: linear gradient from 20-80% B; 20.5-

28 min: hold at 80% B. The mass spectrometer was operated in full-scan, polarity-

switching mode, with the spray voltage set to 3.0 kV, the heated capillary at 275°C, and 

the HESI probe at 350°C. The sheath gas flow was 40 units, the auxiliary gas flow was 

15 units, and the sweep gas flow was 1 unit. MS data was collected in a range of m/z = 

70–1000. The resolution set at 70,000, the AGC target at 1x106, and the maximum 

injection time at 20 msec. An additional scan (m/z = 220-700) was included in negative 

mode only to enhance detection of nucleotides.  

G. Ubiquinone and Ubiquinol measurements: Ubiquinone and Ubiquinol were isolated from 

mitochondria purified by differential centrifugation as described above. Extraction and 

mass spectrometry protocols were performed with slight modifications to a previously 

described protocol (64). Briefly, mitochondria isolated from 25 million cells or 

approximately 100 mg mouse tissue were resuspended in 500 L of ethanol and vortexed 

for 10 minutes at 4°C. Then, 1 mL of hexane was added and the samples were vortexed 

for an additional 10 minutes at 4°C. Samples were centrifuged at 16,000 x g for 10 

minutes at 4 oC, creating two layers – the top hexane layer and bottom ethanol layer. The 

top (hexane) fraction was moved into a new tube and dried down. Immediately prior to 

LC-MS, samples were resuspended in 50 L of 80:20 ethanol:hexane and loaded into a 4 

oC autosampler. 5 uL of samples were injected onto a Luna 3 µm PFP(2) 100 Å, LC 

Column 100 x 2 mm. The column oven was held at 25°C and the autosampler tray was 

held at 4°C. Buffer A contained water with 0.1% formic acid and Buffer B contained 

acetonitrile with 0.1% formic acid. The gradient was as follows: 0 to 3 min, hold at 30% 

A, 3 to 3.25 min, gradient to 2% Buffer A, 3.25 to 5 min, hold at 2% Buffer A, 5 to 6 

min, gradient to 1% Buffer A, 6 to 8.75 min, hold at 1% Buffer A, 8.75 to 9 min, 

gradient to 30% Buffer A and 9 to 10 min, hold 30% Buffer A. The chromatographic 



gradient was run at a flow rate of 0.50 mL/min. The mass spectrometer was operated in 

full scan, positive-ion mode, with the spray voltage set to 3.0 kV, the heated capillary at 

275°C, and the HESI probe at 350°C. The sheath gas flow was 40 units, the auxiliary gas 

flow was 15 units, and the sweep gas flow was 1 unit. MS data was collected in a range 

of m/z = 500 –1000. The resolution set at 140,000, the AGC target at 3x106, and the 

maximum injection time at 250 msec.  

H. Data analysis:  Metabolites were quantified by integrating peaks using the software 

TraceFinder 4.1 (ThermoFisher). Metabolites were identified using a 5 ppm mass 

tolerance, and the expected retention time as determined by an in-house library of 

chemical standards. 13C and 15N-isotopologues of metabolites were expected to have the 

same retention time as the 12C and 14N metabolites and were held to the same stringency 

for mass tolerance (5 ppm). All stable isotope tracing data underwent natural abundance 

correction using IsoCorrectoR (Bioconductor) (65).  

 

Figure Illustrations: Figures 1A, 1F, 2A, 2D, 3A, 3H, 4A, 4F, S1A, and S11 were all created 

using Biorender.com.   

Reproducibility: All experiments have been carried out at least two independent times. The 

indicated “n” in figure legends represents biological replicates. 

Statistics  

Statistical tests are defined in the figure legends. Unless otherwise indicated, a two-tailed 

student’s t-test or a two-way ANOVA was used to compare the means among experimental 

groups. All statistical tests had an alpha of 0.05 as the significance threshold. * = P<0.05.   

 

  



 

 
Fig. S1. Cells deficient in O2 reduction maintain electron input into the ETC. 
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A. Schematic depicting the incorporation of 13C4-aspartate into 13C3-UTP. B. Immunoblots from 

blue native gels of mitochondria purified from WT, SDHB KO, UQCRC2 KO, and COX4 KO 

143B cells. Immunoblot analyses of indicated proteins using an antibody cocktail that detects 

components of CI, CII, CIII, CIV, and CV, and individual components of CI (NDUFV1), CII 

(SDHA), CIII (UQCRC2), and CIV (COX4). Band identities were defined and numbered 1-7. C. 

MT-DNA copy number in WT, UQCRC2 KO, and COX4 KO 143B cells treated with 500 nM 

antimycin for 2 hours (mean +/- SEM, N=3 per condition) * indicates P < 0.05. P values were 

calculated using a two way ANOVA. D. DHODH activity assay performed on lysates from WT, 

UQCRC2 KO, and COX4 KO 143B cells. Rate of orotate produced overtime is reported (mean 

+/- SEM, N=6 per condition) * indicates P < 0.05. P values were calculated using a two way 

ANOVA. E. O2 consumption rate (OCR) measured on the Resipher of WT, UQCRC2 KO, and 

COX4 KO 143B cells. Inhibitors were added at the defined timepoint and OCR was 

continuously monitored for an additional 3.5 hours. F. O2 consumption rate (OCR) measured on 

the Seahorse of WT, UQCRC2 KO, and COX4 KO 143B cells treated with either DMSO, 500 

nM antimycin, 500 nM piericidin, or 2 M brequinar for 1 hour (mean +/- SEM, N=3 per 

condition). * indicates P < 0.05. P values were calculated using a two way ANOVA.  G. 

Proliferation of WT 143B cells treated with either DMSO, 500 nM antimycin, or 2 M brequinar 

for 6 days in the presence or absence of medium supplemented with 10 mM aspartate (mean +/- 

SEM, N=3 per condition). * indicates P < 0.05. P values were calculated using a two way 

ANOVA. H. Proliferation of WT, UQCRC2 KO, or COX4 KO 143B cells treated with either 

DMSO or 2 M brequinar for 6 days in medium supplemented with 10 mM Aspartate (mean +/- 

SEM, N=3 per condition). * indicates P < 0.05. P values were calculated using a parametric t test 

I. Doubling times of WT, UQCRC2 KO, and COX4 KO 143B cells treated with DMSO or 500 

nM piericidin for 5 days. (mean +/- SEM, N=3 per condition). * indicates P < 0.05. P values 

were calculated using a parametric t test 



  

 
Fig. S2. Fumarate reduction increases and succinate oxidation decreases upon antimycin 

treatment or hypoxia exposure. 
A. The relative ion counts of UTP M+3 from a stable isotope tracing experiment using 10 mM 
13C4-aspartate in WT 143B cells treated with either DMSO or 500 nM antimycin or 500 nM 

piericidin for 8 hours (mean +/- SEM, N=3 per condition). B. The ratio of % Succinate M+4 to 

% Fumarate M+4, representing the fumarate reduction reaction from a stable isotope tracing 

experiment using 3 mM 13C4-aspartate. WT 143B cells treated with 500 nM antimycin 

throughout the depicted time course (mean +/- SEM, N=3 per timepoint). C. The ratio of % 

Succinate M+4 to % Fumarate M+4, representing the fumarate reduction reaction from a stable 

isotope tracing experiment using 3 mM 13C4-aspartate in WT 143B cells treated with either 

DMSO or 500 nM antimycin for 8 hours (mean +/- SEM, N=3 per condition). D. The ion counts 

of Succinate M+4 and Fumarate M+4 from a stable isotope tracing experiment using 3 mM 13C4-

aspartate in WT 143B cells treated with either DMSO or 500 nM antimycin for 8 hours (mean 

+/- SEM, N=3 per condition). E. Percent labeled fumarate M+3, fumarate M+4, succinate M+3, 

and succinate M+4 from a stable isotope tracing experiment using 2 mM 13C5
15N2-glutamine. 

WT 143B cells were treated with either DMSO or antimycin for the indicated times (mean +/- 

SEM, N=3 per timepoint). F. The ratio of isotopologues representing the fumarate reduction and 

succinate oxidation reactions from a stable isotope tracing experiment using 2 mM 13C5
15N2-

glutamine. The ratio for fumarate reduction was calculated by the % succinate M+3 : % fumarate 
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M+3. The ratio for succinate oxidation was calculated by the % fumarate M+4 : % succinate 

M+4. WT 143B cells were treated with 500 nM antimycin throughout the depicted time course 

(mean +/- SEM, N=3 per timepoint). G. The ratio of isotopologues representing the fumarate 

reduction and succinate oxidation reactions from a stable isotope tracing experiment using 2 mM 
13C5

15N2-glutamine. The ratio for fumarate reduction was calculated by the % succinate M+3 : % 

fumarate M+3. The ratio for succinate oxidation was calculated by the % fumarate M+4 : % 

succinate M+4. Tracing was performed for 8 hours in WT 143B cells that were pre-adapted to 

either 21% or 1% O2 for 48 hours (mean +/- SEM, N=3 per condition). ). For all experiments * 

indicates P < 0.05. P values were calculated using an unpaired parametric t test.   

  



 

 

  

 

Fig. S3. Upon inhibition of O2 reduction, fumarate accepts electrons from net-reversal of 

the SDH complex. 

A.  Immunoblot analyses for indicated proteins in WT, UQCRC2 KO, and UQCRC2 KO 143B 

cells expressing the UQCRC2 cDNA. B. The ratio of isotopologues representing the fumarate 
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reduction and succinate oxidation reactions from a stable isotope tracing experiment using 2 mM 
13C5

15N2-glutamine. The ratio for fumarate reduction was calculated by the % succinate M+3 : % 

fumarate M+3. The ratio for succinate oxidation was calculated by the % fumarate M+4 : % 

succinate M+4. Tracing was performed for 8 hours in WT, UQCRC2 KO, and UQCRC2 KO 

with cDNA add back 143B cells treated with either DMSO or 500 nM antimycin (mean +/- 

SEM, N=3 per condition).  C. O2 consumption rate of WT, UQCRC2 KO, and UQCRC2 cDNA-

addback 143B cells treated with DMSO or 500 nM antimycin for 1 hour (mean +/- SEM, N=3 

per condition). * indicates P < 0.05. P values were calculated using a two way ANOVA.  D. 

Immunoblot analyses for indicated proteins in WT, COX4 KO, and COX4 KO 143B cells 

expressing the COX4 cDNA. E. O2 consumption rates of WT, COX4 KO, and COX4 cDNA 

addback 143B cells treated with DMSO or 500 nM antimycin for 1 hour (mean +/- SEM, N=3 

per condition). * indicates P < 0.05. P values were calculated using a two way ANOVA. F. The 

ratio of isotopologues representing the fumarate reduction and succinate oxidation reactions from 

a stable isotope tracing experiment using 2 mM 13C5
15N2-glutamine. The ratio for fumarate 

reduction was calculated by the % succinate M+3 : % fumarate M+3. The ratio for succinate 

oxidation was calculated by the % fumarate M+4 : % succinate M+4. Tracing was performed for 

8 hours in WT,  SDHA KO, and SDHA KO with cDNA add back 143B cells treated with either 

DMSO or 100 nM antimycin (mean +/- SEM, N=3 per condition). G. Immunoblot analyses for 

indicated proteins of WT, SDHA KO, and SDHA KO 143B cells expressing the SDHA cDNA. 

H. The ratio of isotopologues representing fumarate reduction and relative ion counts of 

succinate M+4 from a stable isotope tracing experiment using 5 mM 13C4-aspartate. The ratio for 

fumarate reduction was calculated by the % succinate M+4 : % fumarate M+4. Tracing was 

performed for 8 hours in WT 143B cells treated with either DMSO, 500 nM antimycin, or 20 

mM malonic acid  (mean +/- SEM, N=3 per condition). I. The ratio of isotopologues 

representing fumarate reduction and the relative ion counts of succinate M+4 from a stable 

isotope tracing experiment using 5 mM 13C4-aspartate. The ratio for fumarate reduction was 

calculated by the % succinate M+4 : % fumarate M+4. Tracing was performed for 8 hours in WT 

and SDHB KO 143B cells treated with either DMSO, 500 nM antimycin, or 20 mM malonic acid  

(mean +/- SEM, N=3 per condition). J. The ratio of isotopologues representing fumarate 

reduction from a stable isotope tracing experiment using 5 mM 13C4-aspartate. The ratio for 

fumarate reduction was calculated by the % succinate M+4 : % fumarate M+4. Tracing was 

performed for 8 hours in WT 143B cells treated with either DMSO, 500 nM antimycin, or 10 

mM dimethyl succinate  (mean +/- SEM, N=3 per condition). * indicates P < 0.05. P values were 

calculated using a two way ANOVA.  K. The ratio of isotopologues representing fumarate 

reduction from a stable isotope tracing experiment using 2 mM 13C5
15N2-glutamine. The ratio for 

fumarate reduction was calculated by the % succinate M+3 : % fumarate M+3. Tracing was 

performed for 8 hours in WT 143B cells treated with either DMSO, 500 nM antimycin, or 25 M 

MitoTEMPO  (mean +/- SEM, N=3 per condition). For all experiments * indicates P < 0.05. P 

values were calculated using an unpaired parametric t test unless otherwise stated.  

 

  



 

 

Fig. S4. Upon inhibition of O2 reduction, fumarate accepts electrons from net-reversal of 

the SDH complex in a panel of cell lines 

A. O2 consumption rate of the listed cell lines treated with DMSO or 500 nM antimycin for 1 

hour (mean +/- SEM, N=3 per condition). B. The ratio of isotopologues representing fumarate 

reduction and the relative ion counts of succinate M+4 from a stable isotope tracing experiment 

using 10 mM 13C4-aspartate. The ratio for fumarate reduction was calculated by the % succinate 

M+4 : % fumarate M+4. Tracing was performed for 8 hours in cells treated with either DMSO or 

500 nM antimycin (mean +/- SEM, N=3 per condition). C. Immunoblot analyses for indicated 

SDHB

NDUFV8

SW1353 U87 DLD1 HCT116

WT KO

0.0

0.1

0.2

0.3

0.4

U87

0.0

0.1

0.2

0.3

0.4

0.5

DLD1

0.0

0.5

1.0

1.5

HCT116

0.0

0.2

0.4

0.6

SW1353

WT KO WT KO WT KO

SDHB KO SDHB KO SDHB KO SDHB KO

Antimycin - + - + - + - + - + - + - + - +

0.0

0.5

1.0

1.5

C2C12

0.0

0.5

1.0

1.5

MINK Lung

0.0

0.2

0.4

0.6

0.8

Fibroblasts

- + - + - +

0

2

4

6

8

0

5

10

15

0

5

10

15

20

0

2

4

6

8

SDHB KO SDHB KO SDHB KO SDHB KO

Antimycin - + - + - + - + - + - + - + - +

0

2

4

6

8

0

10

20

30

0

5

10

15

C2C12 MINK Lung Fibroblasts

- + - + - +

*

ns

*

*

*

nsns

*

* *
*

ns ns ns

* * * *

ns
ns

ns
*

S
u

c
c
in

a
te

 M
+

4
/ 

F
u

m
a

ra
te

 M
+

4

S
u

c
c
in

a
te

 M
+

4
/ 

F
u

m
a

ra
te

 M
+

4

R
e

la
ti
v
e

 

S
u

c
c
in

a
te

 M
+

4

Antimycin

Antimycin

U87 DLD1 HCT116SW1353

R
e

la
ti
v
e

 

S
u

c
c
in

a
te

 M
+

4

B

C

D

0

50

100

0

50

100

150

200

0

20

40

60

0

10

20

30

40

50

0

50

100

0

20

40

60

0

50

100

C2C12 MINK Lung Fibroblasts

U87 DLD1 HCT116SW1353

* * *

*
*

* *

O
C

R
 

(p
m

o
l/
m

in
)/

 3
0
,0

0
0
 c

e
lls

A

- + - + - +Antimycin

O
C

R
 

(p
m

o
l/
m

in
)/

 3
0
,0

0
0
 c

e
lls

- +

- + - + - +Antimycin



proteins in WT and SDHB KO cells in a panel of cell lines with population knockout of SDHB. 

D. The ratio of isotopologues representing fumarate reduction and the relative ion counts of 

succinate M+4 from a stable isotope tracing experiment using 10 mM 13C4-aspartate. The ratio 

for fumarate reduction was calculated by the % succinate M+4 : % fumarate M+4. Tracing was 

performed in WT and SDHB KO cells treated for 8 hours with either DMSO or 500 nM 

antimycin (mean +/- SEM, N=3 per condition). For all experiments * indicates P < 0.05. P values 

were calculated using an unpaired parametric t test. 

  



 
 

Fig. S5. Expression of alternative oxidase restores the ubiquinol:ubiquinone ratio in 143B 

cells deficient in fumarate and O2 reduction in the ETC 
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A. Immunofluorescence assay showing co-localization of FLAG-tagged AOX with the 

mitochondrial marker COX4 B. NADH and NAD+ measured by mass spectrometry in 143B 

cells expressing AOX and treated with DMSO or 500 nM antimycin for 8 hours (mean +/- SEM, 

N=3 per condition). * indicates P < 0.05. P values were calculated using a two way ANOVA C. 

Immunoblot analysis of AOX expression in WT and SDHB KO cells treated with DMSO or 500 

nM antimycin for 2 hours. D. Relative ion counts for ubiquinol and ubiquinone in mitochondria 

isolated from WT and SDHB KO 143B cells expressing AOX-FLAG and treated with DMSO or 

antimycin for 4 hours (mean +/- SEM, N=4 per condition). * indicates P < 0.05. P values were 

calculated using a two way ANOVA  E-F. Immunoblot analyses for indicated proteins in WT 

and UQCRC2 KO 143B cells (E) or COX4 KO 143B cells (F) with or without AOX expression 

and treated with DMSO or 500 nM antimycin for 2 hours. G. Ratio of ubiquinol ion counts to 

ubiquinone ion counts from mitochondrial isolated from UQCRC2 KO and COX4 KO cells with 

or without expression of AOX and treated with DMSO or 500 nM antimycin for 4 hours (mean 

+/- SEM, N=4 per condition). * indicates P < 0.05. P values were calculated using a two way 

ANOVA  H-I. Relative ion counts for ubiquinol and ubiquinone in mitochondria isolated from 

UQCRC2 KO (H) or COX4 KO (I) 143B cells expressing AOX-FLAG and treated with DMSO 

or antimycin for 4 hours (mean +/- SEM, N=4 per condition). * indicates P < 0.05. P values were 

calculated using a two way ANOVA   

 

  



 

Fig. S6. Fumarate reduction is required to maintain nucleotide biosynthesis and the 

mitochondrial membrane potential in cells deficient in O2 reduction 
A. The ratio of isotopologues representing succinate oxidation from a stable isotope tracing 

experiment using 2 mM 13C5
15N2-glutamine. The ratio for succinate oxidation was calculated by 
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the % fumarate M+4 : % succinate M+4. Tracing was performed for 8 hours in WT, UQCRC2 

KO, and COX4 KO 143B cells expressing or not expressing AOX and treated with DMSO or 

500 nM antimycin (mean +/- SEM, N=3 per condition). * indicates P < 0.05. P values were 

calculated using a two way ANOVA B. The relative ion counts of succinate M+4 from a stable 

isotope tracing experiment using 10 mM 13C4-aspartate. Tracing was performed for 8 hours in 

cells treated with either DMSO or 500 nM antimycin (mean +/- SEM, N=3 per condition). * 

indicates P < 0.05. P values were calculated using a two way ANOVA  C. SDH activity in 

purified mitochondria from WT and AOX-expressing 143B cells. DMSO or 1 M antimycin 

were added where indicated (mean +/- SEM, N=3 per condition). Data points were fitted using 

linear regression.  D. DHODH activity as measured by stable isotope tracing with 10 mM 13C4- 

aspartate, which generates 13C3-UTP if DHODH is active. Tracing was for 8 hours in WT, SDHB 

KO, and KO 143B cells expressing a codon optimized class 1 DHODH cDNA from 

Trypanosoma cruzi and treated with DMSO or 500 nM antimycin (mean +/- SEM, N=3 per 

condition). E-G.  The ratio of NAD+ and NADH ion counts (E) and relative ion counts of NAD+ 

(F) and NADH (G) in WT and SDHB KO 143B cells treated with either DMSO or 500 nM 

antimycin for 8 hours (mean +/- SEM, N=3 per condition). * indicates P < 0.05. P values were 

calculated using a two way ANOVA H. Mitochondrial membrane potential in 143B cells treated 

with DMSO or 250 nM CCCP for 1 hour (mean +/- SEM, N=3 per condition). I.  Percent and 

relative labeled fumarate M+4 and succinate M+4 from a stable isotope tracing experiment using 

3 mM 13C4-aspartate. WT 143B cells were treated with DMSO or antimycin at the indicated 

times (mean +/- SEM, N=3 per timepoint). J. Mitochondrial membrane potential in WT, SDHA 

KO, and SDHA KO cells expressing the SDHA cDNA and treated with DMSO or 500 nM 

antimycin for 2 hours (mean +/- SEM, N=3 per condition). K. Mitochondrial membrane 

potential in 143B cells treated with DMSO, 500 nM antimycin, 10 mM Malonic acid, or the 

combination for 1 hour (mean +/- SEM, N=3 per condition). * indicates P < 0.05. P values were 

calculated using a two way ANOVA L-M. MT-DNA copy number in WT, or SDHA (L) or 

SDHB (M) KO 143B cells treated with 500 nM antimycin for 2 hours (mean +/- SEM, N=3 per 

condition). N. Proliferation of WT and SDHB KO 143B cells treated with either DMSO or 500 

nM antimycin for 6 days in medium supplemented with 10 mM Aspartate (mean +/- SEM, N=3 

per condition). * indicates P < 0.05. P values were calculated using a two way ANOVA O-P. 

Proliferation of UQCRC2 KO (O) and COX4 KO (P) 143B cells untreated or treated with 20 

mM malonic acid for 6 days in medium supplemented with 10 mM aspartate and 5 mM pyruvate 

(mean +/- SEM, N=3 per condition). For all experiments * indicates P < 0.05. P values were 

calculated using an unpaired parametric t test unless otherwise stated.  

  



 

  
Fig. S7. Fumarate reduction is heterogeneous in vivo 

A. The ratio of isotopologues representing the fumarate reduction from a stable isotope tracing 

experiment using 2 mM 13C5
15N2-glutamine. The ratio for fumarate reduction was calculated by 

the % succinate M+3 : % fumarate M+3. Fumarate reduction was measured by tracing 13C5
15N2-

glutamaine for 8 hours in 143B cells at the indicated O2 concentrations. Cells were conditioned 

to O2 levels for 24 hours prior to experimentation (mean +/- SEM, N=3 per condition). 

Immunoblot analyses of HIF1 expression in cells at each O2 concentration. B.  Absolute 

quantification of the succinate and fumarate levels in tissues from male and female mice 10-12 

weeks old (mean +/- SEM, N=16 per condition). Data are reported as pmoles of the metabolite 

per g of tissue protein.  C. The ratio of the absolute quantification of succinate and fumarate 

levels in tissues from male and female mice 10-12 weeks old (mean +/- SEM, N=16 per 

condition). The ratio was calculated by dividing the pmoles succinate per g of tissue protein by 

the pmoles fumarate per g of tissue protein. D. Ratio of ubiquinol ion counts to ubiquinone ion 

counts from mitochondrial isolated from tissues from wild-type female mice 12 weeks old (mean 

+/- SEM, N=4 per condition). E. Immunoblot analyses of citrate synthase and ATP citrate lyase 

in 30 g of tissue protein from three wild-type female mice 12 weeks old. 
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 Fig. S8. Fumarate reduction and succinate oxidation reactions measured in vivo by 
13C5

15N2-glutamine tracing 
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In vivo 13C5
15N2-glutamine tracing in female mice 10 weeks old via retroorbital and 

intraperitoneal injections. Mice were euthanized 10, 20, and 30 minutes after injections and 

tissues were harvested for metabolite isolation and mass spectrometry. Absolute quantification 

was performed to calculate the concentration of succinate M+3, succinate M+4, fumarate M+3, 

and fumarate M+4 in pmoles per g tissue protein. The reported ratio representing fumarate 

reduction was calculated by the pmoles succinate M+3 per g tissue protein : the pmoles 

fumarate M+3 per g tissue protein. The reported ratio representing succinate oxidation was 

calculated by the pmoles fumarate M+4 per g tissue protein : the pmoles succinate M+4 per g 

tissue protein. Data represent the mean +/- SEM, N=4 mice per timepoint. For all experiments * 

indicates P < 0.05. P values were calculated using a two way ANOVA. 
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Fig. S9. Ex vivo glutamine tracing reveals that the SDH complex undergoes a net-reversal 

upon hypoxia exposure in many mouse tissues  

A. Percent labeled fumarate M+3, fumarate M+4, succinate M+3, and succinate M+4 from a 

stable isotope tracing experiment using 5 mM 13C5
15N2-glutamine on tissues dissected from 

female mice and cultured ex vivo (mean +/- SEM, N=3 per timepoint). B. 13C5
15N2-glutamine 

tracing time course on tissues dissected from female mice and cultured ex vivo. Absolute 

quantification was performed to calculate the concentration of succinate M+3, succinate M+4, 

fumarate M+3, and fumarate M+4 in pmoles per g tissue protein. The reported ratio 

representing fumarate reduction was calculated by the pmoles succinate M+3 per g tissue 

protein : the pmoles fumarate M+3 per g tissue protein. The reported ratio representing 

succinate oxidation was calculated by the pmoles fumarate M+4 per g tissue protein : the 

pmoles succinate M+4 per g tissue protein (mean +/- SEM, N=3 per timepoint). C. Ex vivo 
13C5

15N2-glutamine tracing in the indicated tissues for 24 hours in a normoxia incubator (21% 

O2) or hypoxia incubator (1% O2) (mean +/- SEM, N=4 per condition). Absolute quantification 

was performed to calculate the concentration of succinate M+3, succinate M+4, fumarate M+3, 

and fumarate M+4 in pmoles per g tissue protein. D. Ex vivo 13C5
15N2-glutamine tracing in the 

indicated tissues for 24 hours in a normoxia incubator (21% O2) or hypoxia incubator (1% O2) 

(mean +/- SEM, N=4 per condition). Absolute quantification was performed to calculate the 

concentration of succinate M+3, succinate M+4, fumarate M+3, and fumarate M+4 in pmoles 

per g tissue protein. The reported ratio representing fumarate reduction was calculated by the 

pmoles succinate M+3 per g tissue protein : the pmoles fumarate M+3 per g tissue protein. 

The reported ratio representing succinate oxidation was calculated by the pmoles fumarate M+4 

per g tissue protein : the pmoles succinate M+4 per g tissue protein. Data represent the mean 

+/- SEM, N=4 mice per timepoint. For all experiments * indicates P < 0.05. P values were 

calculated using an unpaired parametric t test. 
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Fig. S10. Ex vivo aspartate tracing reveals that fumarate reduction increases in mouse 

tissues exposed to hypoxia 

A. Percent labeled fumarate M+4 and succinate M+4 from a stable isotope tracing experiment 

using 10 mM 13C4-aspartate on tissues dissected from 14 week old male mice and cultured ex 

vivo (mean +/- SEM, N=2 per timepoint). B. Percent labeled fumarate M+4 and succinate M+4 

from a stable isotope tracing experiment using 10 mM 13C4-aspartate for 16 hours in the 

indicated tissues kept ex vivo in a tissue culture incubator (21% O2). Succinate M+4 generation 

reflects fumarate reduction (mean +/- SEM, N=4 per condition). C. Ex vivo 13C4-aspartate tracing 

in the indicated tissues for 16 hours in a normoxia incubator (21% O2) or hypoxia incubator (1% 

O2) (mean +/- SEM, N=4 per condition). Relative ion counts for succinate M+4 and fumarate 

M+4 are reported. For all experiments * indicates P < 0.05. P values were calculated using an 

unpaired parametric t test. 
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Fig. S11. Fumarate reduction is increased upon exercise challenge in many mouse tissues 

In vivo 13C5
15N2-glutamine tracing in female mice 12 weeks old via intraperitoneal and 

intramuscular injections. Mice were either rested, exercised for 30 minutes, or until exhaustion 

for approximately 1.5 hours and then injected with 13C5
15N2-glutamine. Post injection the rested 

mice were euthanized 15 minutes later with no exercise, and the exercised mice continued to run 

on the treadmill for 15 minutes before being euthanized. Tissues were harvested for metabolite 

isolation and mass spectrometry. Absolute quantification was performed to calculate the 

concentration of succinate M+3, succinate M+4, fumarate M+3, and fumarate M+4 in pmoles 

per g tissue protein. The reported ratio representing fumarate reduction was calculated by the 

pmoles succinate M+3 per g tissue protein : the pmoles fumarate M+3 per g tissue protein. 

The reported ratio representing succinate oxidation was calculated by the pmoles fumarate M+4 

per g tissue protein : the pmoles succinate M+4 per g tissue protein. Data represent the mean 

+/- SEM, N=5 mice per timepoint. * indicates P < 0.05. P values were calculated using a two 

way ANOVA. 

 

 

  



 

  
Fig. S12. Fumarate reduction supports maintenance of the mitochondrial membrane 

potential and nucleotide synthesis in tissues capable of net-reversal of SDH.  

A. O2 consumption rate (OCR) by mitochondria (10 g protein) isolated from indicated tissues 

and treated with DMSO or 2 M antimycin (mean +/- SEM, N=3 per condition). * indicates P < 

0.05. P values were calculated using an unpaired parametric t test B. Fumarate reduction and 

succinate oxidation as measured by 13C5
15N2-glutamaine tracing for 16 hours in indicated tissues 

treated with 2 M antimycin. * indicates P < 0.05. P values were calculated using an unpaired 

parametric t test C. Ex vivo 3 mM 13C4-aspartate stable isotope tracing for 16 hours in indicated 

tissues kept in an incubator at 21% or 1% O2, or treated with 2 M antimycin in 21% O2. Orotate 

M+4 levels reflect DHODH activity (mean +/- SEM, N=4 per condition). * indicates P < 0.05. P 

values were calculated using a two way ANOVA. 
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