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Abstract

Complete understanding of a biological system requires quantitation of metabolic fluxes that 

reflect its dynamic state. Various analytical chemistry tools, enzyme-based probes, and microscopy 

enable flux measurement. However, any method alone falls short of comprehensive flux 

quantitation. Here we show that integrating these techniques results in a systems-level quantitative 

map of absolute metabolic fluxes that constitute an indispensable dimension of characterizing 

phenotypes. Stable isotopes, mass spectrometry, and NMR spectroscopy reveal relative pathway 

fluxes. Biochemical probes reveal the physical rate of environmental changes. FRET- and SRS-

based microscopy reveal targeted metabolite and chemical bond formation. These techniques 

are complementary and can be computationally integrated to reveal actionable information on 

metabolism. Integrative metabolic flux analysis using various quantitative techniques advances 

biotechnology and medicine.

Introduction

Metabolism is a dynamic network of biochemical reactions. Metabolites are the 

intermediates of metabolism, and their concentrations are informative because they are 

involved in biological processes ranging from gene regulation to signaling to biosynthesis. 

Metabolite levels, however, do not convey the full story of the state of biological systems. 

Metabolic fluxes (i.e., rates of biochemical activities) offer more actionable information 

because they reflect metabolism in motion [1].

Measurement of metabolic fluxes remains challenging because fluxes are intangible 

quantities that must be derived from directly measurable quantities such as concentrations. 

To infer fluxes in biological systems, researchers have used time-course or end-point 

measurement of extracellular metabolites in culture media. This approach reveals nutrient 

uptake and product secretion rates, but fails to inform intracellular and in vivo metabolic 

fluxes. To overcome this shortfall, isotope tracers are fed or infused into cells and 

animals. As isotope-labeled substrates traverse metabolism, the tracers leave metabolites 
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with isotope labeling patterns that imply relative metabolic fluxes (e.g., relative pathway 

usage). Although these flux quantification approaches provide deeper insight into biological 

systems than metabolite levels, relative intracellular fluxes only partially depict dynamic 

metabolic states.

Absolute metabolic fluxes offer richer information about biological systems because they 

are physical quantities that connect biology to kinetic and thermodynamic principles. 

Absolute flux quantitation, however, often requires integration of multiple intracellular 

and extracellular measurements (Figure 1). Integrative analysis involves thoughtful design 

of experiments (e.g., choice of isotope tracers and sampling time points), generation of 

complementary data (e.g., transport fluxes and internal flux ratios) using various analytical 

tools, and computational frameworks that connect disparate data mathematically [1–3]. The 

resulting absolute flux quantifications provide a systems-level, coherent, and dynamic view 

of metabolism [4,5].

Metabolic flux quantitation is ever-increasing in demand as biological research questions 

become increasingly complex. To meet this demand, development of more sophisticated 

and accessible techniques amenable to integrative flux analysis remains an active area 

of research. Recent advances in understanding human disease and augmenting metabolic 

engineering are attributable to our ability to quantitate metabolic fluxes. Here we highlight 

various analytical tools and techniques for the quantitation of absolute metabolic fluxes and 

their applications in biotechnology and medicine.

Integrative framework for quantitation of absolute metabolic fluxes

Absolute metabolic fluxes describe phenotypes with a glimpse of underlying mechanisms. 

Various metabolite and flux measurements from different analytical techniques can be 

mathematically combined into a coherent set of absolute fluxes using computational 

tools (Figure 2). For example, nutrient uptake and respiration rates using enzyme-based 

biosensors and extracellular flux analyzers provide transport fluxes in physical units. Isotope 

labeling data from mass spectrometry reveal the relative intracellular flux distributions, 

which can take on physical units by scaling to the measured transport fluxes. These data 

work in concert to piece together a more holistic quantitation of metabolism in action.

Integrative flux quantitation requires mathematical models of metabolic networks and 

computational tools. Flux balance analysis (FBA) explores the feasible flux space defined 

by imposing mass balance and steady state constraints on metabolite levels and finds the 

set of fluxes that optimizes an imposed cellular objective, such as maximizing biomass 

production. Measurement of transport fluxes, thermodynamics, and gene expression data 

are commonly used to constrain the feasible flux space [6]. Metabolic flux analysis (MFA) 

finds the set of fluxes that best recapitulate the observed growth rate, transport fluxes, 

and isotope labeling patterns across metabolites resulting from stable isotope tracers [5]. 

Isotopically non-stationary (INST) MFA combines absolute metabolite concentrations with 

kinetic isotope labeling information for absolute fluxes [7]. Kinetic flux profiling (KFP) 

is an example of INST MFA that converts the time development of metabolite isotope 

labeling and absolute concentration into flux in a linear pathway [8]. These isotope-based 
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flux quantitation frameworks impose mass balances on all isotopologues of each metabolite 

and assume metabolic pseudo-steady state. When this assumption is deemed inappropriate, 

dynamic metabolic flux analysis (DMFA) enables quantitation of changing fluxes by 

kinetic and data-driven modeling [9,10]. These computational tools provide mathematical 

frameworks for integrative analysis and continue to improve [11].

Further incorporation of proteomics and transcriptomics into these flux quantitation 

frameworks deepens our understanding of cellular physiology [12]. Low or high expression 

levels of enzymes intrinsically set lower or upper bounds for fluxes. Thus, proteomics and 

transcriptomics can be integrated into constraint-based modeling to improve flux predictions 

[13,14]. The development of new techniques in biological imaging and targeted ionization 

for mass spectrometry has the potential to provide spatiotemporal insights into metabolic 

activity [15–17]. Analytical tools that yield complementary datasets facilitate integrative 

analysis and reveal an indispensable dimension of metabolic fluxes in characterizing 

phenotypes.

Analytical toolset for quantifying metabolic fluxes

Metabolic fluxes can be inferred by the changing levels of extracellular metabolites and the 

isotopic labeling patterns of intracellular and circulating metabolites. Some analytical tools, 

such as Seahorse Extracellular Flux Analyzer (XFA) and respirometer, report fluxes directly 

by converting raw measurements into rates in the background. Various analytical techniques 

have respective strengths and weaknesses and thus excel in different aspects of metabolite 

and flux measurement (Figure 3a). No single analytical technique is a one-stop solution to 

comprehensive flux quantitation (Figure 3b).

Liquid chromatography-mass spectrometry (LC-MS), gas chromatography-mass 

spectrometry (GC-MS), and nuclear magnetic resonance spectroscopy (NMR) are widely 

used for comprehensive metabolite and flux quantitation. LC-MS and GC-MS are integral 

techniques capable of measuring analytes based on their physicochemical properties [18]. 

NMR is a nondestructive method that identifies and quantifies analytes based on the 

resonance frequencies characteristic of functional groups [19]. These properties enable 

reliable measurements of intracellular metabolites and, when enriched with isotopic tracers, 

their labeling patterns. Steady-state isotope labeling data reveals relative metabolic fluxes 

because flux distributions determine the fate of atoms. However, the measurements using 

these techniques must be converted to physical units by comparing to standards or well-

characterized analytes of E. coli, yeast, or a mammalian cell line [20]. LC-MS, GC-MS, and 

NMR are excellent omics tools but require supplementation with external flux measurements 

to confer absolute flux quantitation in physical units.

Complementary tools allow absolute quantitation of metabolic fluxes. Enzyme-based 

amperometric biosensors (e.g., YSI Biochemistry Analyzer) use electrochemical probes 

and immobilized enzymes to rapidly measures absolute levels of select metabolites with 

minimal sample preparation. Even without MS, HPLC (e.g., with ultraviolet or refractive 

index detectors) and GC (e.g., with flame ionization detector) excel at quantifying many 
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metabolites based on known concentrations and retention times of standards. By quantitating 

metabolite levels over time, these tools generate uptake and secretion fluxes [21].

Other tools may measure metabolic fluxes in real-time. The Seahorse Extracellular Flux 

Analyzer (XFA) measures pH and dissolved oxygen in culture media to assess cells’ 

extracellular acidification (ECAR) and oxygen consumption rate (OCR), which correspond 

to the rates of glycolysis and mitochondrial respiration [22]. Hyperpolarized (HP) 13C 

magnetic resonance imaging (MRI) has facilitated in vivo studies of metabolic flux. MRI 

detects the 1H NMR signal of endogenous water. Adding a hyperpolarized 13C probe 

enhances signal contrast to map metabolic activity based on enzymatic conversion of an 

injected 13C tracer. HP 13C MRI results in real-time absolute fluxes of select pathways 

in living organisms with a 10,000-fold increase in signal-to-noise ratio compared to 

conventional MRI [23,24].

Spatial resolution of metabolic activity can be accomplished by mass spectrometry. 

Matrix-assisted laser desorption/ionization (MALDI) is an ionization technique that uses 

a crystallized matrix of molecules to ionize biological analytes with a laser beam selectively 

targeting different locations. For higher spatial resolution, image-based nanoscale secondary 

ion mass spectrometry (nanoSIMS) is a promising technique for analyzing metabolic 

activity at the single-cell level. NanoSIMS is an ion microprobe technique that scans a 

cell surface with a primary ion beam, resulting in secondary electron and secondary ion 

images of different elemental and isotopic compositions. Its spatial resolution can reach the 

sub-micron range in the regime of single-cell metabolism [25].

Förster resonance energy transfer (FRET) and stimulated Raman scattering (SRS) 

microscopy allow measurement of intracellular fluxes at both cellular and subcellular 

resolution. FRET measures the rate of energy transfer between coupled fluorophores 

caused by conformational changes of proteins in response to protein-metabolite interactions, 

enabling flux measurements of single enzymatic steps [15]. SRS quantifies intracellular 

metabolites based on the vibrational characteristics of chemical bonds [16]. SRS microscopy 

is an emerging tool for studying metabolic fluxes using stable isotopes with limited 

biochemical perturbation and does not rely on auxiliary molecular labeling. Active 

development of SRS techniques to quantitate fluxes has led to real-time analysis of glucose 

metabolism, fatty acid synthesis, and compartmental metabolism [26–28]. Integration of 

these analytical techniques facilitates absolute flux quantitation across various metabolic 

pathways.

Absolute fluxes as a new dimension of phenotypes

This section highlights recent works utilizing integrative metabolic flux analysis in various 

fields (Figure 4).

- Metabolic engineering and biotechnology

Fluxomics has empowered metabolic engineering and biotechnology by revealing limiting 

factors in microbial metabolism and bioprocesses. Using 13C-MFA, Yao et al. found that 

production of acetol in E. coli is limited by NADPH supply [29]. Knowledge of metabolic 
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flux distributions allows identification of competing metabolic pathways that divert fluxes 

from the productive path. Using INST-MFA analysis, Cheah et al. quantified correlations 

between multiple routes for pyruvate metabolism and overall aldehyde production in 

S. elongatus. Knocking down the pathways that are negatively correlated to aldehyde 

production resulted in a 50% increase in productivity [30]. These techniques also lead 

to rational design of culture strategies. Measurements of external metabolites in Chinese 

Hamster Ovary (CHO) cell cultures have served as constraints on transport fluxes in FBA 

to quantitatively simulate different feeding strategies in silico [31]. The upshot was a 

markedly improved CHO cell culture strategy for the production of biopharmaceuticals. 

In another bioproduct synthesis study, using 13C isotope tracing and flux analysis, Cheng et 

al. enhanced the production of hyaluronic acid, a high-value polymerizable bioproduct, in C. 
glutamicum [32].

As analytical and computational techniques for absolute flux quantitation become 

more standardized and accessible, efforts to increase their throughput are on the rise. 

Automated robotic platforms that can rapidly quantify fluxes en masse have been used 

to demonstrate the robustness of central carbon pathways across 180 E. coli strains [33]. 

Metabolic fluxes through synthesis pathways in cell-free systems can also be analyzed 

in high-throughput with the use of self-assembled monolayers for MALDI-based mass 

spectrometry. O’Kane et al. developed this technique to optimize the cell-free synthesis 

of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), a key precursor to isoprenoids [34]. 

High-throughput approaches are in active development and accelerate the design-build-

test-learn cycle in synthetic biology. Automated biofoundries that adopt high-throughput 

synthetic biology approaches facilitate the discovery and robust production of a wide 

array of bio-inspired materials monomers (e.g., mandelic and hydroxymandelic acid) [35]. 

Integrating quantitative flux analysis into biofoundries will boost the synthesis of target 

products via pathway and culture optimization. For example, with knowledge of carbon 

fluxes, enhancement of erythromycin synthesis was achieved through redirection of carbons 

towards biosynthetic precursors [36]. Biofoundries increasingly combine quantitative 

metabolic flux data with rapid strain engineering to synergistically produce next-generation 

monomers of growing complexity and value [37].

Fluxomics has expanding applicability in biotechnology. Glycolytic and fatty acid fluxes 

have recently been used as a parameter to assess human skeletal muscle models built from 

3D-printed tissue biomaterials [38]. Measuring fluxes in cells from bio-printed scaffolds 

allows researchers to better design biomaterials that can rigorously model human tissues 

or be safely incorporated into humans. Fluxomics is growing as a tool for enhancing 

bioproduct synthesis and tissue engineering as well as for emerging research avenues across 

biotechnology.

- Nutrition, health, and medicine

Quantitative knowledge of metabolic fluxes enhances our understanding of health and 

disease. The study of many nutrition related diseases such as type 2 diabetes, obesity, and 

nonalcoholic fatty liver disease (NAFLD) benefit from metabolic flux analysis. For instance, 

experiments feeding [6,6-2H2]glucose into mice with a fat and sugar rich diet showed 
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that NAFLD progresses to nonalcoholic steatohepatitis (NASH) through upregulation of 

hepatic tricarboxylic acid (TCA) flux and anaplerosis [39]. A ketogenic diet, in comparison, 

decreased hepatic mitochondrial flux and alleviated NAFLD in obese human subjects [40]. 

In a double-blind randomized human trial, long term consumption of beverages sweetened 

with fructose and sucrose, but not glucose, altered lipid metabolism to increase liver fat, a 

hallmark of developing NAFLD [41]. These repercussions may be curbed by controlling 

fructose intake to be slower than intestinal clearance capacity [42]. Increased use of 

quantitative flux analysis in vivo has revealed new insights on whole-body metabolism and 

nutrition.

Advancements in fluxomics techniques have shed light on the dynamic nature of 

metabolism. LC-MS-based quantitation of fluxes in mice showed that, although some 

specialized tissues rapidly catabolize circulating glucose to produce circulating lactate, 

glucose is mainly stored as glycogen that is later broken down for necessary glycolytic 

intermediates [43]. When liver-based gluconeogenesis is disrupted by knockout of 

cytosolic phosphoenolpyruvate carboxykinase in mice, glucose homeostasis is maintained 

by upregulating renal gluconeogenesis [44]. In hepatocellular carcinoma and NAFLD, 

nonfunctional glycine N-methyltransferase is the leading cause for disturbed hepatic 

gluconeogenesis and diverted gluconeogenic precursors to fuel lipogenic polyamine and 

transsulfuration pathways [45]. Another study demonstrated that glucose is the primary 

nutrient source to the TCA cycle in physiological contexts across different animal strains 

and tissues [46]. In hepatic gluconeogenesis, the TCA cycle is maintained via anaplerosis 

by mitochondrial pyruvate carboxylase (PC) activity. Loss of hepatic PC function, as in the 

case of hypoglycemia, resulted in upshifted ketogenesis to maintain beta-oxidation and TCA 

cycling [47]. Another cardiac study that traced [U-13C]glucose revealed that pressure and 

volume overload increases pyruvate and lactate flux in the heart [48]. Arnould et al. found 

that the loss of cellular prion protein (PrPC) in neurodegenerative diseases reduces glycolytic 

flux relative to fatty acid degradation and induces oxidative stress [49]. These examples 

highlight the role of quantitative flux analysis in advancing our understanding of complex 

biological systems.

Metabolic flux quantitation provides new insights into therapeutic target discovery and 

understanding the mechanism of action of drugs. Metformin, a hypoglycemic drug, lowers 

endogenous glucose production by modulating the redox state and suppressing hepatic 

gluconeogenesis [50]. In rats treated with metformin, differential inhibition of metabolic 

fluxes from different gluconeogenic substrates lactate and glycerol depended on cytosolic 

NADH levels. In another study, metformin lowered the age-related inflammation in CD4+ 

T-cells ex vivo and promoted compensatory oxidative phosphorylation over glycolysis [51]. 

Dichloroacetate (DCA) is another widely used drug that activates pyruvate dehydrogenase 

and promotes apoptosis by inhibiting pyruvate dehydrogenase kinase. Increased TCA cycle 

flux upon DCA treatment led to metabolic reprogramming in tumor cells and activated 

glutamine anaplerosis [52]. Subsequently, a multidrug treatment combining DCA with 

a glutaminase inhibitor improved inhibition of tumor growth [52]. In addition, DCA 

treatment decreased glycolytic flux [53] that is compensated by increased pentose phosphate 

pathway flux and serine synthesis flux in a leukemia cell line, thus offering an additional 

chemotherapeutic target for multidrug treatments [54].
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Imaging and microscopy augment metabolic flux quantitation in higher eukaryotes by 

adding spatial and real-time information. Using HP 13C MRI to measure the production 

of hyperpolarized 13C-lactate upon hyperpolarized 13C-pyruvate injection, visualization of 

glycolytic flux in human metastatic prostate cancer captured therapeutic response [55]. 

In mice, HP 13C MRI was used to assess neuroinflammation by measuring pyruvate-to-

lactate conversion [56]. Microscopy-based flux quantitation enables cellular and subcellular 

resolution of metabolic activity. A FRET-based method for quantitation of intracellular 

glycolytic metabolites was developed to measure glycolytic flux in motion in individual 

endothelial cells [57]. This study showed how cell motility was a result of glycolysis-driven 

cytoskeleton assembly. RNA-based sensors are another solution to metabolic heterogeneity 

found in multicellular systems. To measure glycolytic flux in single cells, Ortega et 

al. developed an RNA-based metabolite sensor for measuring intracellular fructose-1,6-

bisphosphate whose concentration correlates with glycolytic flux [58]. These emerging 

techniques unveil the truly dynamic nature of metabolism and pave new ways to deconstruct 

metabolic heterogeneity. Therefore, full integration of imaging and microscopy with 

metabolic flux quantitation is a promising future research direction.

Conclusion

Metabolic fluxes offer uniquely valuable information about biological systems because 

they quantify pathway activities and provide regulatory insights. Knowledge of both 

metabolite concentrations and fluxes would bring us closer to the full picture of dynamic 

metabolism. Recent advances in analytical techniques and computational tools have 

rendered flux quantitation more accessible than ever before. The easier access to metabolic 

flux information has aided the advancement of metabolic engineering and therapeutic 

development as well as our understanding of metabolic regulation in health and disease. 

Nonetheless, comprehensive absolute metabolic flux quantitation remains a specialized 

method, requiring case-by-case consideration of experimental design and integration of 

multiple analytical and computational techniques. In the future, technological advances may 

streamline absolute flux quantitation at the subcellular as well as the systems level, and in 

real time. Broad adoption of fluxes (i.e., utilizing rates as well as levels) as a means of 

phenotypic characterization, discovery, and engineering would accelerate and revolutionize 

biotechnology and medicine.
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Highlights

• Integrating analytical techniques leads to absolute metabolic flux quantitation.

• Emerging techniques enable single-cell and real-time flux quantitation.

• Metabolic fluxes offer insights into metabolic control.

• Application of robust metabolic control contributes to biotechnology and 

medicine.

• A promising future direction is spatiotemporal resolution of metabolic fluxes.
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Figure 1. The scope of various quantitative tools for quantitation of metabolite levels and fluxes.
Both intracellular and extracellular metabolite measurements are needed to calculate 

absolute metabolic fluxes. Different tools can be used to measure compounds in different 

parts of metabolism. Tools shown in green measure concentrations, which can be converted 

to fluxes using time-course measurements and stable isotope tracers, while tools in red can 

directly measure rates. These tools can then be integrated to determine the fluxes across 

multiple metabolic pathways. LC-MS, liquid chromatography-mass spectrometry; GC-MS, 

gas chromatography-mass spectrometry; NMR, nuclear magnetic resonance; HPLC, high 

performance-liquid chromatography; GC, gas chromatography; YSI BA, Yellow Springs 

Instruments biochemical analyzer; SRS, stimulated Raman scattering; FRET, fluorescence 

resonance energy transfer; and XFA, Seahorse extracellular flux analyzer.
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Figure 2. Integrating measurements from multiple techniques enables quantitative and 
comprehensive description of metabolism.
Different analytical techniques offer distinct metabolomic or fluxomic information. 

Transport fluxes provide physical units and can be measured by time-course measurement 

of extracellular metabolite concentrations using HPLC, GC, or enzyme-based biosensors 

(upper left). Isotope tracing techniques using MS or NMR give internal flux ratios that 

inform relative pathway usage (upper right). Tools such as the Seahorse XFA senses changes 

in environmental conditions like dissolved O2 and pH to compute overall metabolic rates 

(lower left). Techniques like FRET and SRS can characterize metabolic activity in real-time 

in live cells (lower right). Computational tools integrate these information to produce 

metabolic fluxes on a systems level (center).
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Figure 3. Analytical toolbox for absolute metabolic flux quantification.
Each tool provides different information that can be integrated to calculate absolute 

metabolic fluxes and determine a full picture of metabolism. (a) Table comparing the 

strengths and weaknesses of 11 commonly used and emerging analytical tools. The scope 

relates to the breadth of analytes that can be measured, which in turn reflects the number of 

fluxes that can be quantified. (b) Venn diagram showing the types of information provided 

by each tool. DIMS, direct-injection mass spectrometry; and 13C MRI, hyperpolarized 13C 

magnetic resonance imaging.
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Figure 4. Integrative metabolic flux analysis provides actionable information to advance 
biotechnology and medicine.
Quantitation of metabolic fluxes in cell culture systems, animal models, and clinical studies 

drives efficient bio-derived product synthesis and advances our understanding of health and 

disease. Created with BioRender.com
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