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Abstract

Altered metabolic activity contributes to the pathogenesis of a number of diseases, including 

diabetes, heart failure, cancer, fibrosis and neurodegeneration. These diseases, and organismal 

metabolism more generally, are only partially recapitulated by cell culture models. Accordingly, it 

is important to measure metabolism in vivo. Over the past century, researchers studying glucose 

homeostasis have developed strategies for the measurement of tissue-specific and whole-body 

metabolic activity (pathway fluxes). The power of these strategies has been augmented by recent 

advances in metabolomics technologies. Here, we review techniques for measuring metabolic 

fluxes in intact mammals and discuss how to analyse and interpret the results. In tandem, we 

describe important findings from these techniques, and suggest promising avenues for their future 

application. Given the broad importance of metabolism to health and disease, more widespread 

application of these methods holds the potential to accelerate biomedical progress.

The mammalian body breaks down nutrients from food and converts them into energy 

and biomolecules using metabolic enzymes (Fig. 1). One of the greatest achievements 

of biochemistry has been the identification of nearly all mammalian metabolic pathways. 

However, knowledge of how these pathways are used and regulated in vivo, including the 

quantitative determinants of pathway fluxes, remains incomplete.

Beginning in the early 1900s, investigators developed approaches to measure metabolic 

fluxes in mammals, and their studies have helped connect metabolism to physiology. 

However, despite the long history of the field, measurements have remained limited to 

certain aspects of metabolism and disease. Motivated by diabetes, glucose has been a focal 

point in many studies.

Recently, there has been rising interest in more broadly and quantitatively probing metabolic 

flux in vivo. This interest has been catalysed by analytical advances in metabolite 

measurement, especially mass spectrometry1,2. It builds on a wave of research identifying 

metabolism as a biological outcome driver in many tissues and disease contexts.
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This Perspective presents the most widely used approaches for in vivo metabolic flux 

measurement. We explain the underlying concepts and experimental design challenges and 

highlight key discoveries made using these methods (Table 1). Specifically, we describe 

three experimental approaches: (1) arteriovenous gradients (comparing venous with arterial 

metabolite levels to measure net metabolite production and consumption across a tissue); (2) 

circulatory fluxes (determining the circulating enrichment of an infused metabolite tracer to 

reveal its gross whole-body production and consumption fluxes); and (3) tissue metabolite 

sources (quantifying downstream metabolite labelling from infused tracers to determine the 

metabolite’s sources). More extensive discussion is available in Wolfe’s excellent Tracers 
in Metabolic Research: Radioisotope and Stable Isotope/Mass Spectometry Methods3 and 

several helpful reviews4,5. We close with our ideas for how these approaches can be 

extended in the future to push towards flux measurements for the full scope of metabolic 

reactions at single-cell resolution.

Measuring net tissue fluxes using arteriovenous sampling

Introduction.

Quantifying organ metabolite production and consumption is fundamental to understanding 

metabolism. For example, the liver and kidney produce glucose, which is then used as fuel 

by other tissues such as skeletal muscle. How are such fluxes altered in different disease 

states? More generally, can we systematically measure which organs produce or consume 

different metabolites? In cultured cells, comparing spent media with fresh media identifies 

metabolites produced or consumed by the cells6,7. In the same way, comparing the venous 

blood exiting an organ with the arterial blood feeding it identifies metabolites that are net 

produced or consumed (Fig. 2). If a metabolite is being produced by an organ, it will be 

present at a higher concentration in the draining vein than in arterial blood, whereas if a 

metabolite is being consumed, the opposite will be true.

Historical results.

Arteriovenous sampling has yielded two major types of information: how tissues exchange 

metabolites and how different physiological states (such as starvation, exercise or injury) 

alter nutrient use by specific tissues. One major nutrient exchange, identified from 

arteriovenous measurements of 20 amino acids, is the Cahill (glucose–alanine) cycle, 

in which muscle releases alanine and liver consumes it to make glucose8. Siuzdak and 

colleagues used modern metabolomic approaches to extend the arteriovenous measurement 

technique to hundreds of metabolites and found that the human arm releases the 

tricarboxylic acid (TCA) cycle metabolites succinate and malate9. Our group recently 

applied a similar metabolomic approach to a wider set of tissue-draining veins in pigs10. The 

study identified organ-specific production or consumption of over 250 different circulating 

metabolites, including multiple new inter-organ metabolic cycles. For example, most body 

sites, including the head and leg, produce citrate, which is in turn consumed by the kidney.

Other studies have focused on how physiological state alters tissue nutrient use. Using 

jugular vein blood draws, Cahill identified that the brain decreases its use of glucose and 

instead consumes ketones in starving human volunteers11. Studies in patients with leg burns 
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showed that the affected limb increases its conversion of glucose to lactate, while the liver 

increases glucose production to balance out this fermentation12,13. During exercise, muscle 

increases its alanine and glutamine release, and these amino acids are then used by the liver 

to regenerate glucose14. More recently, measurement of arteriovenous differences across 

the human heart revealed that failing hearts consume ketones15. Collectively, arteriovenous 

studies suggest that major stresses (for example, severe burns or starvation), as well as 

minor metabolic changes (for example, meal consumption, mild exercise or taking common 

medications), can alter tissue substrate usage (for example, broadening nutrient use by 

inducing glucose or ketone usage)14,16–20.

Technical approach.

To measure net metabolite production or consumption using arteriovenous sampling, the 

investigator draws blood from one or more veins of interest and from any artery (as arterial 

blood is uniform). The net flux (J) of a given nutrient across the capillary bed drained by the 

sampled vein is given by:

J = Q × A − V (1)

where Q is the blood flow rate through an organ, and A and V are the arterial and venous 

concentrations, respectively, of the nutrient of interest. Using this equation, a positive flux J 
(which has units of metabolite amount per time) indicates that the organ is net consuming 

the metabolite, while a negative flux indicates net metabolite production (Fig. 2a). The blood 

flow to each organ can be measured directly (for example, by injecting beads into the artery 

and measuring the fraction that deposits in each tissue21,22, or by contrast ultrasound23,24) or 

values can be taken from the literature25. Note that blood flow, especially to organs like the 

heart and muscle, can change dramatically depending on physiological status (for example, 

exercise) or disease22,26–28.

Experimental considerations and pitfalls.

Measuring arteriovenous differences requires precise measurement of metabolite levels: 

for example, even a small decrease in glucose concentration in a vein compared with 

an artery implies biologically meaningful glucose metabolism since the total circulating 

glucose concentration is high. To achieve adequate confidence in such small changes, both 

high-quality analytical methods and many experimental replicates may be required.

Arteriovenous samples can be collected from the full range of mammals, including mice 

and humans. Human participants are generally cooperative, facilitating studies of behaviours 

such as exercise. Moreover, they have relatively large veins. In awake humans, several 

important veins can be accessed by catheters (for example, the brachial vein (draining the 

arm), femoral vein (draining the leg) and jugular vein (draining the head)). Other important 

veins can only be sampled in anaesthetized patients undergoing surgeries or catheterization 

for therapeutic purposes (for example, the coronary sinus (draining the heart), renal vein 

(draining the kidney), portal vein (draining the intestine, pancreas and spleen) and hepatic 

vein (draining the liver)).
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In smaller animals, vein accessibility is limited by the skill of the investigator, since the 

smaller the animal, the smaller its veins. Both stress and anaesthesia can alter metabolism, 

so animal handling and the choice and dose of anaesthetic should be considered in the 

experimental design. For example, anaesthesia reduces blood flow to muscles, reduces brain 

glucose use and can induce global hyperglycaemia, whereas stress causes hyperglycaemia 

and increases TCA flux and thus whole-body oxygen consumption19,29–31.

Data interpretation.

Arteriovenous blood measurement identifies net metabolic fluxes rather than gross fluxes: if 

a body region both uses and produces a given metabolite in equal amounts, such metabolic 

activity is not detected with this approach. This is an important point given that many 

veins drain a mixture of tissues. For example, the femoral vein drains leg muscle, fat, 

bone and skin, so measured arteriovenous differences reflect the integrated activity of these 

diverse tissue types. Moreover, even single tissues contain diverse cell types. For example, 

kidney cortex produces glucose by gluconeogenesis while kidney medulla may use glucose. 

As these processes offset, both could be active even if the net glucose flux measured by 

sampling the renal vein is low. For this reason, isotope tracer measurements that measure 

gross flux are a useful complement to arteriovenous net flux measurements.

Measuring circulatory turnover flux using tracer infusion

Introduction.

Isotope-labelled tracers, which allow a nutrient’s atoms to be followed as they undergo 

enzymatic transformations, are key tools for metabolism research. Tracer infusion was first 

used in the 1930s at Columbia University after Harold Urey, a professor there, discovered 

the deuterium isotope of hydrogen32. (As an aside, for those who feel the world is 

currently changing quickly, it was less than 20 years between the discovery of deuterium 

and its weaponization in fusion bombs.) Tracers are metabolite molecules composed of 

atoms with excess neutrons and can be either stable or radioactive. For example, 99% 

of naturally occurring carbon atoms are 12C, with six neutrons to accompany their six 

protons. Carbon atoms with one additional neutron (13C) are stable but approximately 1 

dalton heavier and thus readily distinguished by mass spectrometry; 13C’s magnetic spin 

also allows it to be detected by nuclear magnetic resonance (see Box 1 for a comparison 

of the different measurement approaches). Carbon with two additional neutrons (14C) is 

radioactive; radioactive tracers boost the signal-to-noise ratio but come with safety concerns 

and other technical considerations. To probe metabolic activity, investigators intravenously 

infuse such heavy-isotope tracers, typically using a venous catheter3. We will describe two 

major applications of tracer infusion: measuring whole-body production and consumption 

of the infused nutrient (this section) or measuring the contribution of the infused nutrient 

to downstream tissue metabolites (see the section ‘Measuring sources of tissue metabolites 

using tracer infusion’).

The steady-state labelling of an infused tracer metabolite in the blood reveals its rate of 

appearance (Ra; the rate at which the metabolite is released from diet or tissues into the 

bloodstream) and rate of disappearance (Rd; the rate at which it is consumed from the 
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bloodstream by tissues) (see Table 2 for definitions of all of the key terms used in this 

Perspective). In the absence of exogenous metabolite infusion, rates of appearance and 

disappearance of each metabolite are identical at metabolic steady state (that is, when 

metabolite pool sizes are not changing). This steady-state flux of metabolite between tissues 

and the bloodstream, as measured using minimally perturbative tracer infusion, defines the 

metabolite’s circulatory turnover flux (Fcirc) (Fig. 3)3,33.

Historical results.

The faster a metabolite is taken up and released by tissues, the higher its Fcirc. Therefore, 

metabolites with high carbon Fcirc are the major players in carbon transport in the circulation 

and thus energy metabolism. Recently, our group measured the Fcirc of 31 different carbon-

labelled metabolites to identify which had the highest flux33. These metabolites were 

selected based on their abundance in the blood, since the Fcirc for a metabolite cannot 

exceed the amount pumped by the heart (calculated by the product of cardiac output and the 

metabolite’s blood concentration). Due to this limitation, low-abundance metabolites cannot 

be major carbon carriers.

Glucose is the main dietary carbohydrate source for mammals. It is the most abundant 

nutrient in the blood (5 mM or 30 mM of carbon atoms as glucose contains six carbons). 

Consistent with its central metabolic role, glucose exhibits a high turnover flux. Blood 

glucose concentration is tightly regulated by insulin and dysregulated in diabetes, and its 

turnover has been studied extensively. Early studies showed that depancreatized dogs have 

increased glucose turnover, probably due to the lack of insulin causing uncontrolled high 

glucose in their bloodstream3,34,35. To study the effects of insulin without the confounding 

factor of altered glucose levels, investigators developed the hyperinsulinaemic–euglycaemic 

clamp technique (Box 2)4,19,36,37. This differs from typical Fcirc measurement protocols in 

intentionally infusing perturbative quantities of both insulin and glucose, with the insulin 

infusion rate fixed and the glucose infusion rate varied to ‘clamp’ (that is, maintain) glucose 

at its normal level. Clamp studies have shown that insulin increases the disposal of glucose, 

while decreasing its release from tissues via glycogenolysis and gluconeogenesis.

Lactate is also one of the most abundant circulating metabolites, but its blood concentration 

is markedly lower than that of glucose (1 mM or 3 mM carbon atoms). Nevertheless, 

lactate displays high circulatory flux33,38–40. Indeed, even after correcting for the twofold 

greater number of carbon atoms in glucose, the carbon turnover flux of lactate is yet higher 

than that of glucose in fasting rodents33,41. In fasting humans, on a per-carbon basis, the 

turnover of glucose is slightly greater than that of lactate, and heavy exercise increases 

the per-carbon turnover of lactate so that it is yet greater than that of glucose41–43. The 

biological meaning of this high lactate flux has been debated extensively. A fundamental 

conclusion is that the carbohydrate oxidation pathway, from glucose to CO2, passes through 

circulating lactate: cells convert glucose into circulating lactate, which is then used as a 

TCA cycle fuel33. However, the lactate turnover value is too high to solely represent lactate 

oxidation in the TCA cycle, as in some contexts it exceeds the total rate of whole-body 

carbohydrate burning44. Therefore, the high lactate flux also encompasses metabolism of 

circulating lactate by pyruvate cycling and gluconeogenesis. Lactate turnover flux does not 
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necessarily represent net transfer of lactate between tissues; rather, it represents gross tissue 

uptake and production. Some of the flux reflects cells that simultaneously produce and 

consume circulating lactate. In addition, lactate may be exchanged between tissues within 

the same vascular bed; for example, between fat, fast twitch muscle and slow twitch muscle 

within the leg41.

Three fatty acids are abundant in the circulation: palmitate, oleate and linoleate. These are 

next in line behind glucose and lactate in terms of carbon atom flux. Non-esterified fatty 

acids in the blood chiefly come from adipose tissue lipolysis45. Around two-thirds of fatty 

acid flux is consumed by re-esterification into triglyceride, while the remaining one-third is 

burned by tissues46. Fatty acids have higher flux in the fasted state and lower flux in the fed 

state. This inverse pattern to glucose flux reflects insulin’s dual role as a master promoter of 

tissue uptake of glucose and a suppressor of lipolysis47,48.

The other essential category of circulating nutrients are amino acids, which carry both 

carbon and nitrogen and serve as the building blocks of proteins. The carbon Fcirc of most 

amino acids correlates to their abundance in protein, because they are chiefly produced 

by protein degradation49,50. Glutamine, alanine, glycine and serine display higher Fcirc 

values, reflecting their extensive production from de novo synthesis in addition to protein 

degradation, as well as their consumption in nucleotide synthesis, gluconeogenesis and 

nitrogen shuttling in addition to protein synthesis33. Whole-body fluxes of essential amino 

acids are increased in the fed state compared with the fasted state and are also increased by 

sepsis or severe burns50–52.

Collectively, Fcirc measurements suggest that much of the circulating metabolic flux is 

futile, supporting cycles of glycolysis and gluconeogenesis, triglyceride hydrolysis and fat 

re-esterification, and protein degradation and synthesis. A benefit of these apparently futile 

fluxes is maintaining a robust supply of circulating nutrients53.

Technical approach.

To measure circulatory fluxes, investigators infuse a heavy-isotope-labelled nutrient and 

measure its resulting pseudo-steady-state circulatory labelling by either mass spectrometry 

or radioactivity measurement (Box 1). Fcirc, Ra and Rd are then determined by the following 

equations:

Ra = Rtracer
Ltracer

− Rtracer (2)

Rd = Rtracer
Ltracer

(3)

For minimally perturbative infusions (Ltracer ≪ 1), Fcirc = Ra where Rtracer is the rate of 

tracer infusion and Ltracer is the fraction of the infused metabolite in the blood retaining 

labelling. Assuming that Ltracer is small, Fcirc, Ra and Rd are all about the same (Fig. 3b,c).
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What is the logic underlying equations (5) and (3)? Consider the example of glucose 

infusion in a fasting mammal. Blood glucose comes from two sources: unlabelled glucose 

produced by the tissues; and labelled glucose from the infusion (Fig. 3a). For a fixed 

infusion rate, if endogenous glucose production is fast, the infused labelled glucose will be 

extensively diluted and, as a result, labelling in the bloodstream will be low. In contrast, 

if endogenous production is slower, dilution will be less and labelling will be greater. In 

essence, the infusion serves as a flux measuring stick: since the rate of labelled infusion is 

known, using the ratio of labelled to unlabelled metabolite in the blood, the investigator can 

calculate the rate of unlabelled-metabolite production by the tissues (Ra and Fcirc).

Experimental considerations and pitfalls.

To determine Fcirc, circulating enrichment Ltracer should be measured at the metabolic and 

isotopic pseudo-steady state and ideally in arterial blood. To avoid the tracer infusion itself 

changing metabolite levels or fluxes, the infusion rate should be set low enough to limit 

perturbation of metabolism (Fig. 3b,c). Low circulating enrichments (<25%) are associated 

with minimal metabolic perturbation and high enrichments (>50%) are associated with 

marked perturbation. Yet, the tracer infusion rate has to be high enough to enable robust 

detection of blood labelling (and, if desired, downstream tissue metabolite labelling; see 

the section ‘Measuring sources of tissue metabolites using tracer infusion’). For 13C and 
15N stable isotope tracers, we have found that a circulating enrichment of 5–25% typically 

balances these demands.

How long should tracer be infused before tracer enrichment is measured? As mentioned 

above, equations (5) and (3) assume an isotopic steady state, meaning that tracer enrichment 

in the circulation is not changing. The duration of tracer infusion required to reach the 

isotopic steady state depends on Fcirc (greater flux results in a faster approach to the steady 

state), as well as the metabolite’s overall abundance in the body (greater abundance results 

in a slower approach to the steady state)3,33. To determine Fcirc, an effective approach is 

to sample the blood serially until blood tracer enrichment plateaus. Strictly speaking, initial 

plateau labelling typically reflects the isotopic pseudo-steady state rather than a true steady 

state. Over longer infusions (for example, >4 h), labelling will rise further as endogenous 

precursors (such as protein for amino acids or glycogen for glucose) become labelled, giving 

rise to apparent decreases in Fcirc
51,54. Normally, however, experimenters are interested 

in the total nutrient production rate, including rates of production from long-term storage 

depots, which is captured by the initial plateau attained within a few hours of infusion.

Arterial blood sampling is the best approach to measuring Fcirc, as the infused tracer and 

endogenous metabolites converge and mix thoroughly in the heart and then pass into the 

arteries. When an organ produces the metabolite of interest, the produced metabolite will 

dilute labelling in the draining vein, leading to overestimation of Fcirc
33,38,55. In practice, 

substantial label dilution between the arterial and venous circulation occurs only for a 

few metabolites that have fast turnover relative to their circulating concentration, including 

lactate, acetate and alanine, and for these metabolites arterial sampling is preferred33,38,55,56.

The precision and accuracy of Fcirc measurements depend both on animal handling or 

patient stress and tracer measurement in the resulting blood samples. Especially for glucose 
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and lactate, stress can augment metabolic fluxes, leading to elevated Fcirc. Because blood 

sampling causes stress (in rodents29 and also many patients), blood collection with minimal 

handling and discomfort (that is, through an arterial catheter) is ideal. In our experience 

with mice, a familiar experimenter who calmly enters the room and waits silently for the 

mice to be relaxed before drawing from a pre-implanted catheter tends to measure glucose 

and lactate Fcirc values up to twofold below those of a laboratory member who touches 

the mice to collect blood. On the analytical chemistry side, Fcirc values depend solely on 

isotope ratios, not absolute signals, and this makes mass spectrometry measurements robust 

and precise, with Fcirc changes of around 1.5-fold typically reproducible and biologically 

meaningful.

A final note on Fcirc experimental design: the above discussion assumes infusion through 

a catheter. Catheterized animals can be purchased from major animal vendors, or animal 

catheters can be surgically placed in house. Alternative strategies, such as intravenous 

or intraperitoneal injection, while tempting, generate non-steady-state data confounded by 

tracer distribution, and thus do not reliably determine Fcirc
3. Catheter placement is worth the 

effort!

Data interpretation.

Tracers can be labelled by radioactive or stable isotopes, in one or multiple atom positions. 

The advent of modern mass spectrometry has led to expanded use of stable isotopes. Beyond 

avoiding concerns with radioactivity, mass spectrometry measurement of stable isotope 

labelling enables detection of the quantitative extent of labelling in specific metabolites—a 

major advantage compared with measuring overall radioactivity (Box 1). This comes with 

the downside of less sensitive tracer detection and thus a requirement for a higher tracer 

infusion rate.

Interpretation depends on the specific labelled atoms in the tracer, with carbon labelling 

most common. Special care must be taken when labelling hydrogen because: (1) heavy 

forms of hydrogen (deuterium or tritium) can slow down metabolic reactions due the kinetic 

isotope effect, which is minimal for other elements57; and (2) deuterium or tritium can be 

lost through exchange with water spontaneously or in an enzyme-catalysed manner58.

Importantly, tracers labelled in different atom positions probe different metabolic reactions. 

For example, reversible flux through the lactate dehydrogenase reaction does not alter the 

labelling of 13C-lactate but will remove 2H from lactate’s central position. Accordingly, 

[2-2H] lactate shows a higher Fcirc than [U-13C]lactate39,40. Thus, although it is convenient 

to discuss Fcirc as a property of a metabolite (implicitly referring to the uniformly 13C-

labelled form), Fcirc is more precisely a property of a particular metabolite atom or atoms.

Relatedly, circulatory flux can be defined either in terms of any reactions that modify 

the exact infused labelled form (Fcirc
avg, calculated based on Lintact; that is, the fraction of 

circulating tracer in the infused form) or in terms of the infused tracer’s average circulatory 

labelling (Fcirc
avg, calculated based on Lavg; that is, the average labelling of the circulating 

tracer) (Fig. 3e)33. For tracers containing a single labelled atom, these are identical, but for 
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[U-13C] tracers, they differ. For example, infusion of [U-13C]glucose (with all six carbons 

labelled) can generate circulating M + 3 glucose by being broken down into lactate, which 

then recombines with an unlabelled triose during gluconeogenesis. Radioactive experiments 

measure Fcirc
avg, which can be calculated in stable isotope tracer experiments, for a tracer with 

n atoms labelled:

Lavg = 1
n ×

i = 1

n
i × proportion of nutrient with M + i labelling (4)

Fcirc
avg = Rtracer

Lavg
− Rtracer (5)

Here, M + i labelling conveys the number of labelled atoms in a molecule of the nutrient; for 

example, M + 2 is a nutrient with two labeled atoms. Fcirc
avg discounts flux that recycles atoms 

from the infused tracer back into the traced nutrient; thus, it is less than or equal to Fcirc
intact

(Fig. 3e).

Fcirc measures gross metabolite flux: when a tissue takes in the tracer and excretes the 

same metabolite in unlabelled or partially labelled form, this generates circulatory turnover 

flux (Fig. 3). Tracer entry into tissues followed by subsequent release without chemical 

modification does not generate circulatory turnover flux. Therefore, Fcirc does not measure 

mere transport of a metabolite into and out of tissues, but instead gross biochemical 

production and consumption of the metabolite by the whole body (Fig. 3d). For some 

metabolites, gross flux far exceeds net flux. For example, lactate is both produced and 

consumed by many organs, so lactate Fcirc is greater than the summed net lactate production 

across organs10,38.

Measuring sources of tissue metabolites using tracer infusion

Introduction.

Metabolism consists of enzymatic transformations: nutrients we eat pass from the intestine 

into the bloodstream and are then ultimately burned (transformed into CO2) or used to 

construct biomolecules (for example, protein, fat or glycogen). Along the way, nutrients may 

be transformed into a number of intermediate metabolites.

We can determine the inputs to tissue metabolism by infusing isotope-labelled forms 

of putative source nutrients and monitoring downstream tissue metabolite labelling. It is 

important to note that such measurements, when conducted at pseudo-steady state, do not 

reveal metabolic fluxes; rather, they measure the fraction of the labelled metabolite derived 

from the infused circulating nutrient. In contrast, pre-steady-state measurements can reveal 

fluxes (Box 3). The very first studies with labelled tracers were conducted to track metabolic 

transformations. For example, investigators fed mice deuterium-labelled stearate (C18:0 

fatty acid) and found that the body transformed it to palmitate (C16:0)59. Recently, the study 
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of contributions of circulating metabolites to tissue products has been rapidly expanding, 

due in large part to advances in the measurement of stable-isotope-labelled products by mass 

spectrometry60–62.

Historical results.

A number of important studies have examined the contribution of circulating nutrients 

to tissue metabolites3,5. We will focus on two selected examples: inputs to tissue TCA 

cycle metabolism and inputs to liver triglycerides. Since most ATP is made by the TCA 

cycle, knowledge of which nutrients are the main TCA fuels is fundamental. Studies 

infusing nutrient tracers (including glucose, lactate, amino acids and fatty acids) revealed 

that, in a fasted individual, most tissues fill their TCA cycle with carbon from circulating 

fatty acids and lactate33,53. The brain is an exception to this pattern, relying chiefly on 

circulating glucose. Among the non-brain tissues, there are striking differences in amino 

acid consumption. For example, glutamine contributes 40% of TCA cycle carbon in the 

pancreas but almost none in the heart33,53.

Starting from Otto Warburg’s work on aerobic glycolysis, there has been avid interest 

in understanding how tumour metabolism differs from that of normal tissues. In vitro, 

glutamine is the dominant TCA fuel in cancer cells63. However, in vivo, tumours use similar 

nutrients to fuel their TCA cycle as their tissues of origin do33,64–66. Moreover, despite their 

glycolytic nature, some tumours also use circulating lactate as a TCA input33,65,67.

Like cancer, liver triglyceride excess is a major health problem in developed countries. 

Non-alcoholic fatty liver disease, which may afflict up to half of American adults68, occurs 

when triglyceride accumulates in the liver, and can progress to fibrosis and loss of liver 

function. The fatty acids in liver triglycerides can come from three sources: dietary fat, 

adipose lipolysis or de novo lipogenesis. To determine which source contributes the most to 

liver fat, human volunteers received infusions of [1,2,3,4-13C]palmitate and [1-13C] acetate 

for 4 d, then consumed deuterated triglycerides in a meal45. Their livers were then biopsied. 

In this strategy, deuterated liver fat comes from the meal, M + 1 13C-labelled liver fat comes 

from de novo lipogenesis and M + 4 13C-labelled liver fat comes from adipose lipolysis. 

This study revealed that roughly two-thirds of fatty acids in liver triglycerides come from 

adipose tissue lipolysis45,69. The contribution of de novo lipogenesis to liver fat, however, 

more than doubles (to about 20%) in individuals with fatty liver disease45,70.

Technical approach.

To measure how much of a tissue metabolite y derives from a circulating nutrient x, an 

investigator infuses x until y has reached the labelling pseudo-steady state (Fig. 4). This 

typically occurs within minutes to a few hours if the tissue metabolite of interest is a 

central carbon metabolite (for example, in glycolysis or the TCA cycle)3,33, but may take 

much longer for storage biomolecules such as triglycerides45. Tissues are then harvested 

and metabolites extracted. To prevent continued metabolic activity after tissue harvesting, 

which can alter metabolite levels and labelling, we cool tissues immediately with a liquid 

nitrogen-cooled metal clamp. Samples are then kept at −70°C or lower during storage and 
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grinding with a liquid nitrogen-cooled cryomill, until they are extracted with organic solvent 

with formic acid to denature enzymes71.

The circulating tracer nutrient typically consists of a mix of unlabelled, fully labelled and 

partially labelled forms due to scrambling by tissue metabolism. The fractional carbon 

contribution of nutrient x to metabolite y (Ly←x) can be calculated based on their average 

carbon atom labellings using equation (5):

Ly x = Lavg, y
Lavg, x

(6)

For example, if we infuse [U-13C]glutamine and find that 10% of carbons in circulating 

glutamine are labelled while 2% of carbons in small intestinal malate are labelled, we divide 

0.02 by 0.1 to find that 20% of small intestinal malate is derived from circulating glutamine 

(Fig. 5a). The remaining 80% is derived from other nutrients, such as circulating lactate 

and free fatty acids. By performing infusion experiments with different 13C tracers, and 

using the calculations described below to dissect the contributions of blood metabolites that 

interchange with each other (see the section ‘Data interpretation’ under ‘Measuring sources 

of tissue metabolites using tracer infusion’), one can also calculate the direct carbon sources 

of tissue metabolites33,53.

Experimental considerations and pitfalls.

Measuring the nutrient sources of a tissue metabolite requires many of the same 

considerations as measuring circulatory fluxes. For quantifying metabolite sources, 

enrichment of the infused nutrient and of the downstream tissue metabolite of interest 

should be measured at the metabolic and isotopic pseudo-steady state. Infused nutrient 

enrichment should ideally be measured in arterial blood, just as when measuring Fcirc, and 

infusion rates should be chosen to allow detection of labelling of the downstream metabolite 

without excessively perturbing circulating nutrient levels. Preferably, this can be achieved by 

circulating enrichments in the range of 5–25%, although higher enrichments are sometimes 

required. If the Fcirc (Ra) of a given tracer is known, equation (5) can be rearranged and used 

to select the infusion rate Rtracer to yield the desired circulating enrichment Ltracer.

Rtracer = Fcirc × Ltracer
1 − Ltracer

(7)

In some cases, downstream metabolites can take more than a few hours to reach steady-

state labelling3. One cause is slow labelling of the circulating tracer itself, which can be 

accelerated by a priming dose of a tracer at the beginning of the infusion. The labelling 

steady state for the tracer in theory can be reached almost instantaneously if the priming 

dose is just right. This optimal priming dose can be calculated as the product of the 

whole-body pool of the tracer metabolite and the desired label enrichment.

Note that tissue metabolites may derive not just from circulating nutrients but also from 

internal nutrient reservoirs such as glycogen (which feeds into glycolysis), protein (whose 

degradation yields amino acids) or fat (with lipolysis producing glycerol and free fatty 
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acids). These depots can in some cases be labelled by long-term infusions and their 

contributions can be quantified by pulse-chase infusion experiments72.

Similarly to measuring Fcirc from circulating metabolite labelling, assuming high-quality 

sample handling and LC–MS protocols, measurements of tissue metabolite labelling tend to 

be reproducible, with variation primarily from biological and not technical factors.

Data interpretation.

One challenge in interpreting which blood nutrient gives rise to a particular tissue metabolite 

is the secondary tracer problem73 (Fig. 5b). For example, infusion of uniformly labelled 
13C-glucose results in over 60% of carbons in lactate being labelled, so in this context lactate 

becomes a secondary tracer. When tissue metabolites are labelled from glucose infusion, 

we would like to know whether the tissue generated them directly from circulating glucose 

or via circulating lactate (that is, what is the direct contribution of circulating glucose to 

a tissue metabolite). These possibilities can be mathematically dissected given data from 

infusing, one at a time, all interconverting nutrients of interest33,53 (Fig. 5c).

For example, let us calculate the direct contributions of glucose and lactate to tissue malate. 

Two experiments are required: (1) infuse 13C-lactate and measure the labelling of lactate 

and glucose in the blood, as well as of malate in the tissue of interest; and (2) infuse 13C-

glucose and perform the same three measurements. Using these data, the direct contributions 

of glucose and lactate to malate can be calculated by solving the below system of two 

equations with two unknowns:

Lmal←gluc = Lgluc←gluc × fmal←gluc + Llact←gluc × fmal←lact (8)

Lmal←lact = Llact←lact × fmal←lact + Lgluc←lact × fmal←gluc (9)

The six L values are calculated from the experimental data using equation (7). For example,

Lmal←gluc = Lavg,malate
Lavg,glucose

(10)

where the two f values are the unknowns, representing the fraction of tissue malate derived 

directly from circulating glucose (fmal←gluc) and the fraction of tissue malate derived 

directly from circulating lactate (fmal←lact).

This system of two equations can also be written as a matrix, for ease of solving using 

software such as MATLAB, Octave, R or Python. This matrix is scalable and generalizable 

to account for any number of circulating metabolites: with n circulating nutrients, there will 

be n equations with n unknowns. While this method is useful for accounting for indirect 

labelling via known secondary tracers, it is blind to unmeasured secondary tracers. Any 

direct contributions of such tracers will be assigned to their upstream inputs.

Using this approach to deconvolute the direct sources of tissue TCA intermediates, we 

found that, in fasted mice, glucose mainly contributes to the TCA cycle indirectly through 
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circulating lactate (except in the brain, which directly uses glucose)33. This observation 

aligns with the high lactate Fcirc and squarely places circulating lactate as a key intermediate 

in carbohydrate catabolism. An open question is whether the same cells both produce and 

consume circulating lactate (perhaps using this exchange for redox buffering74), which 

would contribute to the high lactate Fcirc without any net carbon transfer between tissues. 

Otherwise, could there be new lactate shuttles carrying net carbon between cells to be 

discovered?

Conclusions and perspectives

We have described approaches to measure and interpret in vivo metabolic fluxes, as well as 

how flux measurements reveal biology and disease mechanisms. However, current methods 

reveal only the tip of the iceberg. They assume that tissues are homogeneous, while in reality 

they are composed of different cell types. The ability to measure metabolic fluxes at cellular 

resolution will probably reveal a new world of metabolic biology. For example, in vitro 

studies suggest that dividing cells tend to display Warburg metabolism, and accordingly that 

perhaps the small population of stem cells that renew tissues such as the intestine and skin 

might display high glycolytic flux not seen in the tissue as a whole75–77. Approaches such as 

imaging mass spectrometry78 or sorting cell populations after in vivo tracing60,61 are making 

progress in this direction.

The methods described here also fail to differentiate among subcellular compartments, 

despite the known compartmentation of metabolic processes into organelles such as 

mitochondria and lysosomes. A combination of experimental and informatic approaches 

may help to identify compartment-specific fluxes79–81.

Moreover, many fluxes still cannot be reliably quantified, even at the whole-tissue level. 

For example, glycolytic fluxes in tissues are too fast to measure using pre-steady-state 

approaches (Box 3). Systems-level modelling may help, especially as steady-state fluxes 

must balance82. This mass balance constraint has been applied effectively at the genome 

scale in microorganisms and in cultured mammalian cells83–85, but has not yet been 

extensively used in vivo86. Integrating arteriovenous metabolite measurements, circulatory 

turnover measurements and tissue labelling data holds great promise in this regard.

A further challenge for the field is developing a quantitative understanding of how metabolic 

fluxes are regulated. The role of insulin in controlling metabolic fluxes has been examined 

carefully, both at the organismal level (Box 2) and in terms of biochemical mechanisms. 

Fluxes also change in response to other hormones (for example, glucocorticoids, thyroid 

hormone and adrenaline) and physiological stimuli (for example, infection, injury, exercise 

and cancer), but the flux regulation in these contexts is less well understood. Applying 

CRISPR and other genetic engineering approaches to manipulate regulators (kinases and 

transcription factors) or enzymes themselves will help to reveal how metabolite availability 

and/or enzyme levels are controlled to lead to altered fluxes87.

This is an exciting time for in vivo metabolism, since combining tracer approaches 

developed over the past century with modern metabolomic technologies yields 
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measurements of greater specificity and breadth. Applying these approaches will ultimately 

provide whole-body metabolic flux maps and identify the metabolic alterations driving 

human disease, and thereby pave the way to new diagnostic and therapeutic strategies.
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Box 1 |

Measuring metabolites and their enrichment from isotope-labelled tracers

A variety of analytical methods can be used to measure blood and tissue metabolites and 

their labelling71,88.

Mass spectrometry detection of labelling.

Mass spectrometry directly detects gas-phase metabolite ions, usually after 

chromatographic separation, as described below. Metabolites with heavy-isotope-labelled 

atoms appear at higher mass-to-charge ratios (m/z), with each extra neutron in a molecule 

increasing its mass by approximately 1 dalton. The exact mass difference depends on the 

nuclear binding energy (based on E = mc2, where E is energy, m is mass and c is the 

speed of light), with subtle mass differences between different isotopes (for example, 15N 

– 14N versus 13C – 12C) sometimes feasible to distinguish using high-resolution mass 

spectrometry instruments such as the Orbitrap. By detecting signals at the mass of the 

unlabelled metabolite and every potential labelled form, mass spectrometry can reveal the 

fraction of the metabolite with different numbers of labelled atoms (commonly notated M 

+ 0, M + 1, M + 2 and so on), but does not reveal the labelled atoms’ positions within the 

molecule. Raw isotopic distributions should be corrected for natural isotope abundance, 

with subsequent calculations based on the corrected labelling pattern. Software packages 

to perform natural isotope correction are freely available89.

Liquid chromatography–mass spectrometry (LC–MS).

LC–MS is our main method for measuring stable isotope labelling of metabolites. 

Blood or tissue samples extracted with organic solvent are injected onto a column that 

is either hydrophobic (reversed phase) or hydrophilic (hydrophilic interaction liquid 

chromatography (HILIC)). Metabolites are eluted by a solvent gradient and then ionized, 

commonly using electrospray ionization—a soft ionization technique that mostly leaves 

metabolite structures intact. The resulting ions’ m/z values are then measured, often by 

time-of-flight or Orbitrap mass spectrometry, which both broadly quantitate incoming 

ions with high mass resolution (that is, they have the ability to distinguish between 

different ions based on tiny mass differences). By separating and identifying compounds 

by both column retention time and m/z, LC–MS enables unambiguous identification 

of hundreds of metabolites. Additional information can be achieved by tandem mass 

spectrometry, which fragments a targeted m/z and measures the resulting fragment 

ions9,33,60,90.

Gas chromatography–mass spectrometry.

Metabolites are typically first derivatized to increase volatility, then vapourized and 

separated based on partitioning between heated gas and the gas chromatography column. 

The column is then eluted by ramping the temperature. Compounds exiting the column 

are ionized, typically by electron ionization—a hard ionization technique that tends to 

break up metabolites into fragment ions. The m/z ratios of the resulting ions are then 

measured by mass spectrometry. The strengths of this method are measuring intrinsically 
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volatile analytes such as ethanol and enabling position-specific labelling measurement 

based on metabolite fragment ions45,65,71,91,92.

Isotope ratio mass spectrometry.

This approach measures the ratio of labelled to unlabelled elements (for example, 
13C/12C) very precisely. The measurement requires combustion to a gas species for 

measurement (such as H2, N2 or CO2); thus, metabolite identity is typically lost, limiting 

its utility for tracing downstream metabolic transformations3,93,94.

Radioactive tracer and scintillation counter.

This approach uses radioactive rather than stable isotopes. The commonly used 

radioactive isotopes for metabolite tracing studies, 3H and 14C, have a shelf life of 

years, so storage stability is not a concern. Due to the high specific activity of tritium, 

the detection of 3H radioactive isotopes is much (100- to 1,000-fold) more sensitive 

than the detection of stable isotopes, while 14C detection is comparable to that of stable 

isotopes. This sensitivity enables the use of minuscule amounts of 3H tracer, minimizing 

metabolic perturbations. A scintillation counter measures the total abundance of labelled 

atoms, including fully and partially labelled forms. Like isotope ratio mass spectrometry, 

radioactive approaches lack the intrinsic metabolite specificity of mass spectrometry 

and NMR. For this reason, radioactive tracers are less useful for tracking downstream 

metabolic transformations, although they remain useful for Fcirc measurements and 

studies measuring terminal catabolism into CO2 or H2O48,56,95.

NMR.

NMR detects nuclei with a non-zero magnetic spin, including 13C, 15N and 1H. It 

is non-destructive and can be performed on intact animals in the form of magnetic 

resonance imaging. While intrinsically less sensitive than mass spectrometry, NMR can 

provide positional 13C-labelling information, with the abundant TCA-related amino acid 

glutamate often used as a primary readout in tracing studies88,96–101.

Hyperpolarized NMR.

The sensitivity of NMR can be dramatically increased using hyperpolarized 13C tracer, 

in which nuclear spins are aligned by dynamic nuclear polarization. Hyperpolarization 

decays rapidly at ambient temperatures: t1/2 = ~1 min for [1-13C] pyruvate in blood 

and is even shorter for other metabolites. Accordingly, most studies involve bolus 

injection of hyperpolarized [1-13C]pyruvate and dynamic monitoring of lactate and 

alanine production in vivo by magnetic resonance imaging102–104.

Positron emission tomography.

An alternative approach to measuring metabolic flux directly in vivo involves injecting 

a radioactive tracer that decays primarily through positron emission, with 18F and 11C 

being the main options. While both of these isotopes decay relatively rapidly (109 and 20 

min, respectively), the greater stability of 18F has enabled widespread clinical utilization. 

Fluorodeoxyglucose positron emission tomography imaging tracks glucose uptake and 
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trapping as glucose-6-phosphate within cells. It is among the most sensitive ways to 

detect and monitor tumours105,106.
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Box 2 |

Measuring whole-body glucose metabolism using a glucose clamp

Glucose is the major component of dietary carbohydrates and of the carbohydrate storage 

polymer glycogen. Its level in the blood is tightly regulated: a relatively modest elevation 

in blood glucose after a meal stimulates insulin secretion107. Insulin both increases tissue 

glucose uptake via glucose transporter type 4 (GLUT4) translocation and reduces tissue 

glucose release via suppression of glycogenolysis and gluconeogenesis.

Starting in the 1960s, investigators developed the glucose clamp model, which enables 

measurement of the rates of circulating glucose production and consumption while 

controlling for the confounding effects of time-varying glucose levels4,19,36,37,108. 

The most common type of glucose clamp—the hyperinsulinaemic-euglycaemic clamp

—measures glucose metabolism in response to insulin. Here, we provide a concise 

overview of this approach, which has been reviewed more extensively elsewhere4,19,36.

The hyperinsulinaemic–euglycaemic clamp reveals two pieces of information: how fast 

tissues are disposing glucose in response to insulin and how much residual glucose 

production (gluconeogenesis and/or glycogenolysis) occurs in the presence of insulin. 

A typical glucose clamp experiment consists of a priming bolus followed by a steady 

infusion of labelled glucose (often [3-3H] radioactive glucose), as well as a steady 

infusion of insulin, with an additional, varying-rate infusion of unlabelled glucose to 

maintain target blood glucose. Blood is sampled from an arterial catheter every 5–10 

min. The glucose level is tested quickly with a hand-held glucose monitor and the rate 

of unlabelled glucose infusion is modified if the glucose level is lower or higher than 

the target level. When conducted in mice, heparinized blood from another mouse is also 

infused to replace the blood volume removed for the frequent glucose testing109.

To evaluate glucose metabolism in response to hyperinsulinaemia using a clamp, a key 

piece of data is the rate of unlabelled glucose infusion required during the experiment to 

maintain euglycaemia. As the pool size of glucose in the blood is held steady during the 

clamp:

Rd = Ra + Rtracer + Runlabelled glucose (11)

where Rd = Rtracer/Ltracer, Ra (also in some cases referred to as endogenous Ra, 

endogenous glucose production or hepatic glucose production) is the glucose production 

by tissues via gluconeogenesis or glycogenolysis, and Rtracer and Runlabelled glucose are 

labelled and unlabelled glucose infused by the investigator. Because of the substantial 

unlabelled glucose infusion, Rd >> Ra during a hyperinsulinaemic–euglycaemic clamp. 

Some investigators omit tracer infusion and classify an individual as insulin resistant 

based solely on the glucose infusion rate required to maintain euglycaemia. Tracing can 

separate whether insulin resistance is due to lower Rd (slower glucose disposal by tissues) 

or higher Ra (failure to suppress glucose production).

A common addition to the glucose clamp is a bolus of radioactive 2-deoxyglucose 

towards the end of the clamp, with the goal of probing the rate of glucose uptake and 
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phosphorylation in tissues of interest110. The compound 2-deoxyglucose is an analogue 

of glucose that is taken up by glucose transporters, phosphorylated by hexokinase 

and trapped in tissues in the phosphorylated state (except for tissues with glucose-6-

phosphatase activity). The glucose uptake rate is typically calculated as the tissue 

2-deoxyglucose-phosphate concentration 30 min after 2-deoxyglucose bolus delivery 

divided by the area under the curve of blood 2-deoxyglucose during this time. This 

method assumes that the glucose analogue is metabolized equivalently to glucose.

The clamp technique has been powerfully applied to quantify how insulin and other 

stimuli regulate glucose metabolism. For example, Shulman and colleagues showed that 

infusing high rates of free fatty acids decreased Rd during hyperinsulinaemic clamp in 

humans, while exercise training increased it92,98. Hyperinsulinaemic clamp has also been 

applied in humans to validate the widely used homeostasis model assessment (HOMA) 

calculation that predicts insulin resistance from fasting glucose and insulin levels111, as 

well as to show the efficacy of thiazolidinediones in increasing insulin sensitivity112.

In genetically modified mice, investigators have applied the clamp approach to 

investigate how different proteins in specific tissues influence insulin sensitivity. For 

example, mice lacking the insulin receptor in the liver or those that are heterozygous for 

glucokinase in the liver displayed low Rd in response to hyperinsulinaemic clamp, as well 

as hyperglycaemia in the fed state, similarly to humans with diabetes, suggesting a major 

role for hepatic glycogen storage in glucose disposition113–115.
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Box 3 |

Quantifying tissue production fluxes by measuring pre-steady-state 
labelling of metabolic products

When a tracer is infused, labelling initially increases linearly and is followed by 

saturation (Fig. 4). Measuring pre-steady-state labelling of a metabolite produced from 

a circulating tracer enables calculation of the production flux of that metabolite, in 

contrast with measuring pseudo-steady-state labelling, which does not measure flux 

but only the fractional sources of the metabolite (see the section ‘Measuring sources 

of tissue metabolites using tracer infusion’). Flux calculation from pre-steady-state 

labelling requires that tracer enrichment in the blood approaches the steady state more 

rapidly than target analyte enrichment. Such a flux measurement has been achieved 

for TCA intermediates99,100, nucleotides, fats45,116,117, cholesterol118, glycogen119 and 

protein18,49,120. Labelling data can be fitted either with a line (focusing solely on pre-

steady-state measurements) or with a rising exponential (including data as the labelling 

approaches the steady state)121.
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Fig. 1 |. Mammalian metabolic fluxes.
a, Organismal-level metabolism. Mammals convert oxygen and dietary nutrients into CO2, 

urea and other waste products. In healthy adults, these processes precisely balance at the 

whole-body level. b, Metabolic tasks are divided among tissues. For example, in the Cori 

cycle, the liver uses circulating lactate, made by muscle, to produce circulating glucose. c, 

At the tissue level, metabolic inputs and outputs are also subject to mass balance constraints, 

with net chemical transformations within the tissue measurable by sampling incoming and 

outgoing blood.
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Fig. 2 |. Measuring net tissue fluxes using arteriovenous sampling.
a, The net production or consumption of metabolites by an organ can be measured by 

sampling arterial (A) and venous (V) blood metabolite concentrations. If the metabolite 

concentration in the vein is higher than in the artery, the metabolite is net produced in the 

tissue bed. If the concentration is lower in the vein than the artery, the metabolite is net 

consumed. b, To quantify fluxes from arteriovenous sampling, the blood supply and flow 

rate to each vascular bed must be known. For example, blood supplied to the liver comes 

from both the hepatic artery and portal vein. Several major vascular beds involve multiple 
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organs. For example, the portal vein drains the intestine, colon, spleen and pancreas. The 

femoral vein drains the muscle, bone, skin and fat in the leg.
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Fig. 3 |. Measuring circulatory turnover flux using tracer infusion.
a, The circulatory turnover flux (Fcirc) of a metabolite, also known as its rate of appearance 

(Ra), is the whole-body rate of release of that metabolite from tissues into the circulation. 

To calculate Fcirc, an investigator infuses an isotope-labelled metabolite and measures 

the labelled fraction of that metabolite in the blood. b, Quantitative relationship between 

Fcirc and observed labelling for a fixed labelled-metabolite infusion rate. c, Quantitative 

relationship between observed labelling and perturbation of the endogenous metabolic 

flux. This graph assumes that the body compensates for the labelled-metabolite infusion 
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by increasing Rd. Irrespective of the form of compensation, infusions that produce high 

circulating metabolite labelling are always perturbative, while those that produce low 

labelling are not. The degree of metabolic perturbation is modest for labelling of <25% and 

increases rapidly for labelling of >50%. d, Fcirc is the sum of the gross production fluxes of 

the metabolite in each tissue. e, Mass spectrometry measurements of labelled forms define 

two variants of Fcirc. Fcirc
intact measures all reactions that reduce the number of atoms labelled 

in the infused nutrient, while Fcirc
atom discounts reaction pathways that recycle portions of 

certain tracer atoms.
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Fig. 4 |. Pre-steady-state versus steady-state measurements of tissue metabolite labelling.
Pre-steady-state (slow) labelling of a metabolite from tracer infusion (bottom) can directly 

measure the production flux of the metabolite (for example, in protein synthesis or de 

novo lipogenesis). Steady-state (fast) metabolite labelling (top) does not measure production 

flux but rather the fraction of metabolite contributed by the circulating tracer nutrient (for 

example, in glycolysis). Intermediate labelling (middle) can measure both, depending on the 

time point at which tissues are sampled (for example, in the TCA cycle).
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Fig. 5 |. Measuring sources of tissue metabolites using tracer infusion.
a, Normalized labelling of tissue metabolites is calculated by normalizing the labelled 

fraction of the tissue metabolite to the labelled fraction of the infused tracer in the 

blood. b, Infused metabolite tracers are often converted by tissues into other circulating 

metabolites, generating secondary tracers that indirectly label downstream metabolite pools. 

For example, when [U-13C] glucose is infused, tissues such as muscle will catabolize 

it and release 13C-labelled lactate. c, Both the infused tracer ([U-13C]glucose) and the 

secondary tracer (circulating 13C-lactate) may contribute labelled carbon to downstream 

tissue metabolite pools such as the TCA cycle. The observed labelled fraction of a 

TCA cycle metabolite such as malate equals the sum of the direct contribution from the 

infused tracer and the indirect contribution via the secondary tracer. To solve for the direct 

contribution of the infused tracer, the secondary tracer metabolite is infused in a separate 

experiment. An equation can be written for each infused tracer in which the direct fractional 

contribution of each considered metabolite (two in this example) serves as a variable. This 

forms a system of linear equations in which the direct contribution of each metabolite can be 

calculated.
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