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The Plan
1. Quick introduction to Isotope tracing and Flux analysis

2. Drugging metabolism – targeting key pathways
a. Glucose metabolism
b. Glutamine metabolism
c. Fatty acid metabolism
d. Nucleotide metabolism

3. Detecting metabolism
a. Methods - Optical, electrochemical, PET and MRI
b. What is the difference between uptake, the pool and the flux?

4. Engineering metabolism
a. Can we manipulate the metabolism of a cell to do what we want? 
b. What can we learn from model organisms? 

5. Paper Discussion
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Oncogenic signaling is intimately connected to metabolism



Isotope Tracing?

Perturbations in metabolite pools are related to key oncogenic drivers

How can we truly annotate these changes?



Isotope tracing is not a new idea…
• Radioactive isotopes were first used in biological systems in the 

1920s by George de Hevesy, who won the Nobel Prize in Chemistry 
in 1943 - Traced using 212Pb into Vicia faba (horse-bean)1

• Later the first stable isotopes were used for tracing, including 2H 
tracing by Schoenheimer2

• This lead to isolated organs, particularly the heart, and to translate 
isotopic labeling data into relative or absolute metabolic fluxes3

• Used in humans since 1934, when Hevesy and Hofer used 
deuterium oxide to estimate the size of the whole-body water pool 
and rate of water elimination4

1Hevesy Biochem J 1923
2Schoenheimer et al. Science 1935, J Biochem 1936
3Chance et al. 1983, Malloy et al. 1987, Russel et al 1997
4Hevesy and Hofer Nature 1934



Isotope Tracing – how do we do it?

Jang Cell 2018



Pool size versus Flux





Stable isotopes can probe many metabolic pathways in many 
organs and physiological states

• A systematic analysis of nutrient turnover in mice, (steady-state infusion of over 30 nutrients), revealed a 
high contribution of lactate to the TCA cycle, exceeding glucose’s contribution in most tissues (Hui et al., 
2017)

– Confirmed in pigs through assessment of organ-specific metabolite consumption and production 
(Jang et al., 2019). 

• Unexpected aspects of metabolic regulation in mice revealed by isotope tracing -

– Glycogen contributes to glycolytic flux in many organs in the fed state (TeSlaa et al., 2021), 
contrasting with the common perception that glycogenolysis is restricted to a few tissues during 
fasting

– Hepatic fat production (in mice) for hepatic lipogenesis arises from acetate derived from dietary 
fructose through the activity of intestinal flora, and NADPH for this process arises from folate 
metabolism rather than the pentose phosphate pathway (Zhang et al., 2021; Zhao et al., 2020)

• In rats, the importance of PEP cycling in pancreatic beta cells and liver to maintain glucose homeostasis 
and reduce hepatic fat content (Abulizi et al., 2020). 



How would you use it to parse metabolism in vivo
Orthotopic patient-derived glioma xenografts, steady-state infusions of [U-13C]glucose revealed glycolysis, 
glucose oxidation in the TCA cycle, glutamine synthesis and other pathways in the tumors, and identified 
conserved metabolic features among xenografts from different patients (Marin-Valencia et al., 2012). 



Isotope tracing with infusions are safe
• Infusions with 13C-glucose are safe and used to probe metabolism in 

solid tumors of several kinds, including from pediatric patients as young 
as 4 months (Johnston et al., 2021). 

• Adult gliomas and brain metastases, 13C NMR analysis of tumor 
metabolites revealed that glucose is not only oxidized in the TCA cycle, 
but also provides a carbon source for anaplerosis (Maher et al., 2012) 

• A surprising finding of that study was the low fraction of acetyl-CoA 
produced from glucose

– This prompted exploration for other respiratory substrates and 
revealed that acetate can also be taken up by these tumors, 
converted to acetyl-CoA and used to feed the TCA cycle (Mashimo 
et al., 2014)

– In triple negative breast cancer, glucose supplies glycolysis, the 
pentose phosphate pathway, the TCA cycle and nonessential 
amino acid synthesis (Ghergurovich et al., 2021) 

• Suppression of TCA cycle metabolism in clear cell renal cell carcinomas 
relative to nonmalignant kidney (Courtney et al., 2018)

• Probe T cell subsets after physiological stimulation in vivo (Ma et al., 
2019). 

• It is also possible to assess metabolism in utero by infusing 13C-glucose, 
13C-glutamine and other tracers into pregnant mice at the desired 
gestational age (Solmonson et al., 2022).



Drugging Metabolism – key pathways
• Glucose metabolism
• Glutamine metabolism
• Fatty acid metabolism
• Nucleotide metabolism 



Current Cancer Metabolism Targets

Stine et al. Nat Rev Drug Disc 2022



Drugging Metabolism - Glucose

Hexokinase – 2DG

Woodward and Cramer. J Franklin Institute 1952
2-Desoxyl-D-glucose as an inhibitor of anaerobic glycolysis in 
tumor tissue

Anaerobic glucose metabolism of slices of Walker 256 rat 
carcinoma was found to be inhibited approximately 60% by an 
equimolar quantity of 2-deoxy-D-glucose.

Aft et al. BJC 2002



Drugging Metabolism - Glucose
MCT1 inhibitor AZD3965

Curtis et al. Oncotarget 2017
Pre-clinical pharmacology of AZD3965, a selective inhibitor of 
MCT1: DLBCL, NHL and Burkitt’s lymphoma anti-tumor activity

AZD3965 bound to human MCT1 with high affinity and potency 
(pKi 8.8)



Drugging Metabolism – Glutamine

CB-839 – GLSi

Gross et al. Mol Cancer Res 2014
Antitumor Activity of the Glutaminase Inhibitor CB-839 in 
Triple-Negative Breast Cancer

CB-839 behaved as a primarily noncompetitive inhibitor 
impacting Vmax but with minimal effect on Km



Drugging Metabolism – Glutamine

Sulfasalazine – xCTi

Gout et al. Leukemia 2001
Sulfasalazine, a potent suppressor of lymphoma growth by 
inhibition of the xc − cystine transporter: a new action for an 
old drug

 



Drugging Metabolism – Fatty Acids

Bempedoic acid – ACLYi

Cramer et al. JLR 2004

Effects of a novel dual lipid synthesis inhibitor and its 
potential utility in treating dyslipidemia and metabolic 
syndrome

In Pinkosky - When the assay was performed with 
CoASH concentration comparable to the reported 
apparent Km for ACL, the potency increased 
approximately 4.5-fold (IC50 = 4.01 μM). These data 
support that ETC-1002-CoA directly inhibits ACL at 
concentrations consistent with in vitro inhibition of lipid 
synthesis and that it is competitive for CoASH.

Pinkosky et al. JLR 2013



Drugging Metabolism - Nucleotides

NCT-503 – PHGDHi

Pacold et al. Nat Chem Bio 2016
A PHGDH inhibitor reveals coordination of serine synthesis 
and 1-carbon unit fate

Competition studies of NCT-503 against 3-phosphoglycerate 
(3-PG) and the co-substrate NAD+ revealed a non-
competitive mode of inhibition with respect to both 3-PG and 
NAD+



Drugging Metabolism - Nucleotides

Hydroxyurea –  RNRi

Steams et al. Med. Pharmacol. Chem  1963
Hydroyxurea: a new type of potential anti-
tumor agent. 

Shown to inhibit leukemia cell proliferation 
later shown to inhibit RNR (Slater JBC 1973)



Lets take a break



Detecting Metabolism - Methods
1. Optical
2. Electrochemical
3. PET
4. MRI 



Spatial Resolution and targeting



Sadeghi et al. J Nucl Med 2010

Spatial Resolution and targeting



Optical Detection
1. Genetically encoded sensors
2. Probe-less strategies 
3. Chemical strategies



Optical sensors – Genetically encoded

• Encode a sensor that detects some 
concentration of a metabolite and 
then read out fluorescence spatially

• Example of NADH binding creating a 
bridge and in turn optical detection
(Tao et al. Nat Methods 2017)



Optical sensors – Probe-less strategies
• Detecting autofluorescence, classic 

experiments from Chance et al. JBC 1979
• This has been extended to in cell 

measurements of NADH and FAD using 
fluorescence lifetime imaging (Walsh et al. 
Cancer Res 2013)



Optical sensors – Chemical strategies
• Incubation with a dye (2-NBDG) - 

Yoshioka et al. Biochimica et Biophysica 
Acta 1996

• Be careful, 2-NBDG isn’t glucose!
(Sinclair et al. Immunometabolism 2020)

Live Cells

Dead Cells

1:1 Cells



Electrochemical Detection
• Typically there is a sensor that interacts 

with the metabolite
– The sensor helps cells detect 

fluctuations in metabolite levels. 
• This sensor transmits through a 

transducer
– Depending on the input (metabolite 

concentration, nutritional or energy 
status, etc.), the transducer orders 
effector proteins to execute the 
corresponding signal output. 

• Ultimately modifying an effector which 
provides the readout

Koklu et al. Chem Rev 2022



Electrochemical Detection
• Enzymes are classical recognition mechanisms and can be broken into 6 

classes



Table 2. Comparison of Recognition Units for Metabolite Sensors

Enzymes
Temperature-sensitive

Antibodies
Easily denatured

Riboswitches
Highly sensitive to the environmental conditions

MIPs
Chemically stable Physically Stable

Excellent reusability
Shelf life of several years at room

temperature

Aptamers
Withstand repeated rounds of

denaturation−renaturation
Stable at room temperature
Long shelf life (several years)
Can be lyophilized

Stability

pH-sensitive
Limited shelf life
Can be lyophilized
Must be refrigerated once in the

solution for storage
Produced from micro-organism

Temperature-sensitive
Limited shelf life
Must be refrigerated for storage

and transport

Synthesis Produced in vivo (+6 months) In vitro (2−8 weeks) Produced from both prokaryotic and complex
organism in a high throughput manner

Quick synthesis

Two-step process: polymerization
followed by template removal

Low costOften needs purification
Variability in batch-to-batch

activity (“activity range”)
Modifiable without affinity loss
Mutation
High sensitivity

Batch-to-batch variations
Laborious and expensive

No batch-to-batch variation

Modifiability Modifications often lead
to reduced activity

Dependent on the number
of epitopes on the
antigen

pH sensitivity
Disrupted by high
salt

concentrations
Different antibodies might

bind the same antigen
Monoclonal vs
Polyclonal Expensive

Readily and easily be
modified without affinity
loss

High and increased in
multivalent aptamers

Readily tuned by mutating the sequences
Highly versatile
High sensitivity

Tunability

Affinity/
Sensitivity

Highly dependent on the template/
monomer interactions

pH sensitivity Environmental (genetics) sensitivity

Specificity The same enzyme can catalyze
different substrates

Single point mutations identifiable High specificity Versatile, scalable alternative to natural
recognition unit

Cost Expensive Cheap to synthesize Cheap Cheap

Electrochemical Detection



James and Gambhir Physiological Rev 2012

Positron Emission Tomography (PET)



Jadvar and Parker Clinical PET and PET/CT 2005

Radioisotopes for PET



1975 - 11C-glucose was prepared by 
photosynthesis using Swiss chard 

leaves. Mashed up, extracted and a 
“green solution” injected into humans

2012 - 11C-glucose is prepared by 
a “black box” automated versatile 
synthesizer producing drugs ready 

for human use 

Radiosynthesis of 11C compounds (T½ = 20.4 min) 



Glucose Uptake 18F-FDG

Di Gialleonardo et al Seminars in Nuc Med 2016

36



Glucose Uptake 18F-FDG v. 18F-FGln

Venneti et al Science Trans Med 2015
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Fatty Acid Uptake - 11C-acetate

Comerford et al Cell 2014

• TAg = develop specific liver cancer, doxycycline 
(dox)-regulated transgene encoding the SV40 
early region (ApoE-rtTAM2:TRE2-TAg) 

• C-Myc overexpression and PTEN loss

38



Hypoxia – 18FMISO

Rasey et al Radiat Res 1987

39



A thought experiment
• Could you combine positional labeling with radioactivity to resolve 

pathway flux?



Magnetic Resonance Imaging (MRI)

James and Gambhir Physiological Rev 2012
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NMR/MRI active isotopes



We can now get really high- 
resolution images of structures in 
the body

Boulant et al. Nat Methods 2024

11.7T MRI

not really something you want someone to 
biopsy…

With high resolution, maybe there is a chance 
to infer interesting biology

e.g. reduced contrast enhancement = hypoxia

But it is still an inference, not a direct 
measurement



MR Spectroscopic Imaging (MRSI)
• What about detecting metabolites as opposed to structure?

– MRI - mainly water 55 M, MRSI – metabolites ~5mM
 à Signal ~ 10,000x smaller!
– End up w/ lower spatial resolution, longer scans but adds a new 

dimension

Cho Cre
NAA

3.0PPM 2.02.5Healthy Brain
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Steady state pool sizes 1H MRSI

Choi et al Nature Med 2012

45



Ultra-fast J-resolved MRSI pushes the resolution to reveal small foci of 
metabolic changes

Zhao et al Nat Biomed Eng 2025

Brain tumors MS lesions



Bioenergetics – 31P MR Spectroscopy

Pre-exercise Post-exercise

Fiedler et al 2015 
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13C-acetate MR Spectroscopy to measure real time flux in the liver

Befroy et al Nat Med 2014
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• HP MRI provides a mechanism to overcome the sensitivity problem of MR by aligning spins 
outside of the magnet
• Follow the conversion of HP pyruvate through many pathways in seconds! 

• Reduction to HP Lactate
• Transamination to HP Alanine
• Decarboxylation to HP carbon dioxide and later bicarbonate (pH) 
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Hyperpolarized 13C Magnetic Resonance 

Keshari and Wilson Chem Soc Rev 2014



HP MRI in humans facilitates imaging isotope tracing 

Miloushev et al. Cancer Res 2018
Granlund et al. Cell Metabolism 2020
Deh et al. MRM 2024
Zhang et al. JMRI 2024



Back to the Pool v. Flux
• Each detection method can provide weighting to the steady state pool, 

the flux or both
• Sometimes the answer can be inferred from the steady state pool
• Most often flux is more sensitive to changes than the pool size

vs



Engineering Metabolism

Can we manipulate the metabolism of a cell to do what we 
want?

What can we learn from model organisms? 



Success stories of Metabolic Engineering

Nielsen and Keasling Cell 2016



Design principles of metabolic engineering



Re-routing metabolism





What if we took all that modeling and tried to make a human 
model?

Robinson Sci Signaling 2020



www.metabolicatlas.org





Imagine taking it one step further to personalized medicine

Masid and Hatzimanikatis Curr Op Systems Bio 2021



Lets take a break and then paper discussion
Wang, M. et al. A wearable electrochemical biosensor for the monitoring of metabolites 
and nutrients. Nat Biomed Eng 6, 1225-1235, doi:10.1038/s41551-022-00916-z (2022).


