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Abstract: Metabolic reprogramming is a hallmark of cancer, driving the development of therapies
targeting cancer metabolism. Stable isotope tracing has emerged as a widely adopted tool for
monitoring cancer metabolism both in vitro and in vivo. Advances in instrumentation and the
development of new tracers, metabolite databases, and data analysis tools have expanded the scope
of cancer metabolism studies across these scales. In this review, we explore the latest advancements
in metabolic analysis, spanning from experimental design in stable isotope-labeling metabolomics
to sophisticated data analysis techniques. We highlight successful applications in cancer research,
particularly focusing on ongoing clinical trials utilizing stable isotope tracing to characterize disease
progression, treatment responses, and potential mechanisms of resistance to anticancer therapies.
Furthermore, we outline key challenges and discuss potential strategies to address them, aiming to
enhance our understanding of the biochemical basis of cancer metabolism.
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1. Introduction to Stable Isotope Tracing

Stable isotope tracing is a powerful technique used in metabolic research to investigate
the pathways and dynamics of biochemical reactions within biological systems [1]. It
involves labeling specific atoms within molecules, typically carbon, nitrogen, or hydrogen,
with stable isotopes such as 13C, 1°N, or 2H, respectively [2-5]. By tracking the fate of
these labeled atoms through metabolic pathways, researchers can gain insights into various
metabolic processes, including nutrient utilization, energy production, and biosynthesis.
In the context of metabolic diseases, stable isotope tracing offers valuable insights into
altered metabolic fluxes and aberrant pathways associated with conditions such as obesity,
diabetes, and metabolic syndrome. By comparing the metabolism of labeled substrates in
diseased versus healthy states, researchers can identify metabolic signatures, dysregulated
pathways, and potential therapeutic targets. It is also useful in characterizing metabolic
heterogeneity within the tumor microenvironment [6]. Overall, stable isotope tracing is an
indispensable tool for unraveling the complexities of metabolic diseases, providing crucial
information for understanding disease mechanisms and developing novel therapeutic
interventions. Below, we outline the typical steps involved in conducting a stable isotope
tracing assay.

1.1. Overview of Experimental Design of Stable Isotope Tracing Experiments

Unlike untargeted metabolomics analysis, which proceeds without the requirement of
a hypothesis or a focus on a specific metabolic pathway, stable isotope studies begin with the
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design of a tracing protocol, which is optimized largely based on the metabolic pathways of
interest. This process demands the careful consideration of factors such as tracer selection,
labeling protocol, sampling time points, and tissue-specific metabolic dynamics.

Formulation of research question: Building upon prior discoveries and working with a
formulated hypothesis often simplifies the process. However, for discovery studies lacking
a pre-established hypothesis, it is essential to conduct untargeted metabolomics or other
types of omics (e.g., gene expression) studies before performing a stable isotope tracing
analysis [7,8]. These initial investigations help identify dysregulated metabolic pathways
and formulate specific research questions that the stable isotope tracing experiment aims to
address. This step is crucial for guiding the design of an appropriate isotope tracing study
based on the knowledge of biochemical reactions involved in the pathway(s) of interest.
Factors such as cell culture conditions, animal models, or human subjects should also be
considered based on the specific research questions to be addressed.

Selection of tracer(s): The choice of appropriate stable isotopes (e.g., 1°C, °N, 2H,
180) and specific labeled compounds for tracing the desired metabolic pathway requires
an understanding of the metabolic reactions. The choice of tracers is highly dependent
on the metabolic enzymes of interest. Stable isotope-labeled tracers that closely mimic
endogenous metabolites provide accurate insights into metabolic fluxes. Many types of
cancer cells utilize glucose and glutamine [9,10], and hence, when there is not a well-
formulated hypothesis or a specific metabolic enzyme to monitor, uniformly labeled *C
tracers (e.g., [U-13Cg]glucose or [U-13Cs]glutamine) are frequently used to study central
carbon metabolism. These tracers allow researchers to monitor the utilization of glucose or
glutamine carbons for the biosynthesis of downstream metabolites [2,3]. While uniformly
labeled tracers provide a broad view of metabolic flux, singly labeled tracers may be a
good option for monitoring particular metabolic enzyme activities. For example, position-
specific 13C tracers, such as [1-13C;]-pyruvate, result in unlabeled citrate via pyruvate
dehydrogenase activity, while citrate labeled with a single '3C atom ([M+1] isotopologue)
would indicate pyruvate carboxylase activity [11].

I5N tracers are commonly used as stable isotope labels for tracking nitrogen metabolism,
such as the incorporation of 15N into amino acids, nucleotides, or hexosamine. 2H tracers
are primarily used for monitoring reactions involving isomerase reactions and dehydroge-
nase reactions with NADH or NADPH as co-factors [12,13]. 2H,0 tracing is also widely
used for quantifying gluconeogenesis and pathways leading to the de novo biosynthesis
of macromolecules (e.g., fatty acids, proteins, and DNA), both in vivo and in vitro [14].
To track metabolism involving the use of oxygen or the production of reactive oxygen
species, the use of 180, as the tracer can provide essential information [15,16]. Additionally,
H,['80] as a stable isotope carrier of ¥O was used not only for monitoring phosphoryl
turnover but also for tracking oxygen exchange in other reactions, such as the tricarboxylic
acid (TCA) cycle [17]. It is important to consider the compatibility of tracers with analytical
techniques. For example, using an instrument capable of distinguishing between 13C
and °N isotopologues is beneficial when performing 3C and >N dual isotopic labeling
experiments. A comprehensive review detailing the choice of stable isotope tracers and the
corresponding metabolic reactions to be monitored is available elsewhere [18].

Labeling protocol optimization: To optimize isotopic enrichment while minimizing
non-specific effects (e.g., insulin fluctuations) and metabolic perturbations, it is essential to
tailor conditions such as tracer concentration, the route and timing of tracer administration,
and labeling duration according to the metabolic activities and kinetics of the pathways
of interest and the specific experimental models to be examined (cells, tumor slices, or
whole organisms) [2,3,19]. In animal studies, tracer administration procedures should
be assessed as certain techniques, such as anesthesia, have been demonstrated to impact
specific metabolic activities [20]. It is also important to optimize the tracer dose to achieve
sufficient measurement sensitivity while minimizing metabolic perturbations that can lead
to experimental artifacts [21]. For monitoring metabolic activities with a fast turnover rate,
such as glycolysis, a bolus injection or short-term infusion of '3C tracers is sufficient to
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achieve high enrichments in measured metabolites, but for monitoring protein or lipid
synthesis, alternative tracer administration methods (e.g., via drinking water or diet) are
necessary due to the slower turnover rate of these pathways [22]. Pilot experiments may be
performed to capture metabolic dynamics under various conditions, guiding the definition
of sampling time points based on pathway kinetics. Sample collection strategies should be
designed to minimize metabolic disruption and post-harvest metabolite turnover, which is
often achieved through snap-freezing in liquid nitrogen [23].

Sample processing and analysis: While errors should be managed throughout the
process, analytical errors can typically be evaluated and minimized by integrating internal
standards or incorporating quality control measures, such as the analysis of unlabeled
samples or labeled standards to detect unexpected measurement interferences. In contrast,
pre-analytical errors, such as delays in sample freezing or improper storage can compromise
metabolite integrity and present significant challenges for monitoring and control. Strict ad-
herence to sample collection and handling protocols is essential to minimize pre-analytical
errors, preserve stable isotopic labeling, and maintain metabolite integrity.

Metabolites or lipids are typically extracted using organic solvents such as methanol-
water mixtures, acetonitrile-water mixtures, or isopropanol-water mixtures, as well as
more hydrophobic solvents like chloroform or methyl tert-butyl ether (MTBE) for lipids.
Analytical techniques such as mass spectrometry (MS) and nuclear magnetic resonance
spectroscopy (NMR) are commonly employed to measure isotopologues or isotopomers,
respectively. Computational tools are used for calculating isotopic enrichment, correcting
for natural isotopic abundance, or performing metabolic flux analysis to identify differences
between experimental groups.

Validation and integration: The conclusions drawn from stable isotope tracing experi-
ments require validation using complementary methods like genetic or pharmacological
interventions. These interventions allow for the direct manipulation of key enzyme ac-
tivities within dysregulated metabolic pathways, thus confirming their significant roles
in cancer biology, such as influencing cancer proliferation or metastasis. Additionally,
integrating stable isotope tracing data with other omics datasets, such as gene expression
profiles or metabolite pool size measurements, facilitates a thorough comprehension of
metabolic regulation and network interactions.

1.2. Analysis of Isotope Labeling with Nuclear Magnetic Resonance (NMR)

NMR spectroscopy: NMR spectroscopy is a powerful tool for analyzing stable isotope
labeling patterns [24]. In NMR analysis, metabolites are exposed to radiofrequency pulses,
and nuclei within the metabolites absorb energy and transition between various energy
states. This process generates frequencies that offer insights into the chemical environment
of the nuclei, facilitating the identification and quantification of metabolites. NMR-based
isotope tracing has roots dating back to as early as the 1970s [25-27]. Isotopically labeled
metabolites exhibit distinct NMR signals compared to their unlabeled counterparts due
to changes in nuclear spin. By comparing the NMR spectra of labeled and unlabeled
samples, researchers can identify isotopically enriched metabolites and quantify the extent
of labeling, which allows for monitoring the fate of stable isotope-labeled tracers. For
instance, in glucose metabolism studies, the incorporation of 13C-labeled glucose into
downstream metabolites, such as lactate, citrate, glutamate, or alanine, can be monitored
using NMR. Furthermore, unlike MS, NMR enables researchers to identify the positions
of labeled atoms within molecules by analyzing the spectral patterns and chemical shifts
of NMR peaks, providing insights into specific metabolic pathways, which is crucial for
understanding pathways like glucose metabolism in which the position of the labeled atom
may be indicative of its origin. By measuring the incorporation of labeled precursors into
metabolites of interest, researchers can calculate flux rates and assess the activity of specific
metabolic pathways.

Magnetic resonance imaging: Various non-invasive and nondestructive imaging tech-
niques have been developed based on the principles of NMR [28-31]. Traditional magnetic
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resonance imaging (MRI) essentially measures hydrogen atoms, which are abundant in
biological organisms, especially in water and fat, and provides information about the shape
and internal structure of soft tissues [32,33]. Due to sensitivity issues, in many instances,
MRI cannot directly monitor other metabolites in tissues unless they are isolated and
enriched. The spatial resolution of metabolism has been achieved by combining PET-CT
scanning or MRI with metabolite extraction from dissected tumors, followed by NMR or
MS-based analysis [34]. By introducing hyperpolarized '3C tracers, hyperpolarized MRI
(HP-MRI) has improved sensitivity [35] and enables the non-radioactive and non-invasive
monitoring of metabolic processes in vivo, offering real-time metabolic information with
spatial resolution [28-31,36]. HP-MRI provides insights into regional metabolic heterogene-
ity and facilitates the characterization of metabolic phenotypes associated with diseases
such as cancer. For instance, MRI has advanced the understanding of glutamine metabolism
in tumor xenograft models, highlighting the heterogeneity of tumor metabolism [37,38].
It has been used to noninvasively monitor pyruvate metabolism in prostate and breast
cancers in the clinical setting [39—41].

Advantages: NMR-based metabolomics is nondestructive, allowing for the repeated
analysis of the same sample without significant sample loss [42]. In contrast, MS-based
methods involve ionization and fragmentation, altering the sample irreversibly with each
analysis. Additionally, since the intensity of an NMR signal correlates directly with the
number of nuclei responsible for a particular resonance, NMR inherently yields quantita-
tive data [43,44]. An underappreciated aspect of NMR is its ability to accurately quantify
low-isotope enrichments (e.g., ~0.1%) that are below the noise threshold of typical MS mea-
surements [45]. Furthermore, NMR’s instrument-independent chemical shifts contribute to
greater reproducibility of metabolomics results across different laboratories, allowing for
data exchange among instruments, especially those with comparable hardware, or even
data from different laboratories and with quite variable skills [44,46].

Limitations: NMR-based metabolomics does have limitations. NMR typically ex-
hibits lower sensitivity compared to MS-based methods, resulting in fewer identified
metabolites [42,47,48]. At the moment, the availability of NMR-specific data processing
software may be more limited compared to MS-based metabolomics [42,49,50]. Despite
these drawbacks, NMR remains a valuable tool for metabolomic studies, particularly for its
nondestructive nature, reproducibility, and capability for spatial metabolite imaging.

1.3. Analysis of Stable Isotope Labeling Using Mass Spectrometry (MS)

Mass spectrometry: In addition to NMR-based metabolomics, MS, especially high-
resolution mass spectrometry (HRMS), is a powerful analytical technique widely employed
for studying stable isotope labeling in metabolomics research [2,5,51]. MS measures the
mass-to-charge ratio (/z) of ions generated from molecules through ionization techniques
such as electrospray ionization (ESI). Isotopically labeled metabolites exhibit distinct mass
shifts compared to their unlabeled counterparts due to the incorporation of heavier iso-
topes, such as 13C, 15N, 2H, or 180. Well-calibrated HRMS instruments with high mass
accuracy and resolution ensure the reliable detection and quantification of isotopically
enriched metabolites, even at low abundance levels. Most MS-based metabolomics ap-
proaches typically employ liquid chromatography mass spectrometry (LC-MS) coupled
with electrospray ionization (ESI). However, alternative separation methods, such as gas
chromatography (GC), have also been used [52-54], offering complementary capabilities
for analyzing certain metabolites, such as volatile metabolites. Additionally, tandem mass
spectrometry (MS/MS) is commonly employed in MS-based metabolomics to facilitate
metabolite identification. It involves the fragmentation of precursor ions to provide struc-
tural information, which can offer insights into the position of stable isotopes within the
metabolite molecules [55]. Comprehensive reviews of LC-MS metabolomics method devel-
opment and recent advancements in the field have been previously documented [56-58].

Mass spectrometry imaging: Even though MS data typically lack spatial resolu-
tion, efforts to address this limitation have led to the development of mass spectrometry
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imaging (MSI) [59-61]. MSI typically utilizes matrix-assisted laser desorption ionization
(MALDI) [60] or related techniques, such as desorption ionization electrospray (DESI) [61].
MSI has proven valuable in measuring metabolomic flux in both healthy and tumorous tis-
sues, revealing spatial heterogeneity in metabolic phenotypes [62,63]. However, compared
to MRI, MSI-based techniques typically require the isolation of tissue sections [62,63] and
have not yet been widely applied for the direct measurement of in vivo flux, even though
efforts are made to advance the in vivo applications [64-66].

Advantages: The major advantage of MS is that MS methods offer high sensitivity
and resolution compared to NMR, enabling the detection and identification of thousands
of metabolites from a complicated biological sample [42,67]. In addition, the MS can be
coupled with a variety of separation platforms, such as LC, GC, ion chromatography (IC),
supercritical fluid chromatography (SFC), and capillary electrophoresis (CE), which help to
resolve individual chemical components and improve sensitivity.

Limitations: However, there are several weaknesses to MS approaches. In contrast
to NMR, MS-based metabolomics typically tracks isotopologues, and MS1 scans cannot
resolve the positional isotopic isomers of a given metabolite because MS detects the mass-
to-charge ratio rather than the molecular structure. In contrast, NMR spectroscopy can
provide information about the spatial arrangement of atoms within a molecule, allowing
for the resolution of positional isotopic isomers. Additionally, MS itself is not inherently
quantitative. The intensity of MS signals can be influenced by various experimental factors,
such as ionization efficiency, matrix effects, and instrument settings, and hence, directly
comparing datasets from different batches or across laboratories can be challenging [68-70].
However, it is worth noting that Clark et al. report qualitatively similar PCA plots in their
interlaboratory study, indicating that while direct data comparison is often difficult, the
overall trends observed in data across laboratories largely align [69]. Additionally, the
impact of interlaboratory variables on the MS signal readout of isotopologues or isotopic
isomers of the same metabolite is consistent, and hence, variations are minimized when
labeling percentages, rather than relative intensities, are reported in the stable isotope-
tracing analysis.

Because of these complementary capabilities of MS and NMR, efforts have been made
to enable their coupling in metabolomics analysis with enhanced confidence in metabolite
identification [49,71]. Publicly available software for modeling combined MS and NMR
datasets has been developed, which provides improved precision when applied to estimate
metabolic fluxes from stable isotope tracing experiments [72].

1.4. Data Analysis

NMR or MS raw data analysis: Once NMR- or MS-based metabolomic data are
collected, they undergo several preprocessing steps before statistical analysis. The pre-
processing steps include baseline correction and solvent peak suppression to minimize
experimental variability, followed by alignment of spectral peaks. In MS data, alignment
occurs along the retention time of known features, whereas in NMR spectra, alignment
is based on a chemical shift. Depending on the nature of the data, normalization may
also be necessary, which can be achieved through various methods, such as using an in-
ternal standard or total ion chromatogram for normalization. Metabolite identification
in stable isotope tracing studies follows a similar process to general metabolomics. For
example, stable isotope labeled metabolite identification also relies on features like mass-
to-charge ratio (m/z), MS/MS fragmentation patterns, and chromatographic retention
time. Identification based on the isotope pattern may not be applicable in stable isotope
tracing experiments because of the incorporation of exogenous stable isotopes. There-
fore, it is important to analyze unlabeled control samples alongside labeled samples to
facilitate metabolite identification based on comparisons to spectral libraries. In-depth
discussions of spectral alignment and metabolite identification steps have already been
covered elsewhere [44,67,73,74]. In addition to data processing software provided by ven-
dors of NMR or MS instruments, several open-source software options are available for
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metabolomic data analysis. For NMR data, tools like rDolphin and AQuA are used for
targeted or semi-targeted metabolite analysis [75,76], while tools like AlpsNMR or SigMa
offer functionalities for processing and analyzing NMR-based untargeted metabolomics
data [77,78]. Open-source tools, such as MAVEN, Skyline, and PIRAMID, or vendor-
specific commercially available software (e.g., TraceFinder, MassHunter, etc.) are widely
used to analyze data collected using targeted MS acquisition methods such as multiple
reaction monitoring (MRM) or the extraction of targeted metabolite information from
data collected using an untargeted HRMS method [79-81]. Using these tools for targeted
metabolite analysis usually requires a file containing targeted metabolite mass-to-charge
ratio, metabolite retention times, or MRM scan parameters to retrieve peaks from raw data
files. For MS-based untargeted metabolomics data analysis, open-source platforms like
XCMS, MetaboAnalyst, MS-DIAL, and MZmine provide comprehensive solutions for the
peak detection, alignment, normalization, and annotation of MS data [73,82-84]. More
specifically for stable isotope tracing data analysis, software tools such as X13CMS, Dy-
naMet, geoRge, HiResTEC, MetTracer, and others offer a global analysis of 13C enrichment
in metabolites [85-89]. X13CMS is an extension of XCMS, leveraging its output to identify
isotopologue groups corresponding to isotopically labeled compounds [85]. Beyond 3C,
X13CMS can analyze other isotope-labeled metabolites, making it a versatile tool for stable
isotope tracing studies. A comprehensive review of software options for metabolomics
data analysis can be found elsewhere [50].

Natural abundance correction: Since many stable isotopes used for labeling studies
are naturally occurring at measurable levels, the mass isotopologue distribution (MID)
measured by MS does not directly reflect the isotope enrichment from exogenous isotope
tracers, and correcting for naturally occurring isotopic abundances is important when
analyzing labeling data. This correction ensures that the observed isotopic distributions
are attributed solely to the introduced tracer, allowing for the precise quantification and
interpretation of metabolic fluxes and pathways. Contemporary methods for natural abun-
dance correction integrate the observed MID with the theoretical isotope abundance of
the analyte’s constituent atoms to solve for the corrected MID using a linear transforma-
tion or the least-squares regression method. Since natural abundance corrections can be
computationally intensive, several software tools have been developed to facilitate this
process [90-92]. PolyMID-Correct and AccuCor2 are open-source tools that can be used to
handle data with dual-isotope tracers and data collected on low- and high-mass-resolution
mass spectrometers. IsoCorrectoR is primarily used for the natural abundance correction
of multiple-tracer data, such as 13C and N, collected using HRMS at the MS1 and /or MS2
level [93], and IsoCor v2 is designed for data with any resolution [91]. It is important to note
that some tools, like IsoCorrectoR, assume that all non-tracer isotopologues are resolved
from tracer isotopologues. However, depending on the mass of the analyte and the resolv-
ing power of the instrument used, some non-tracer isotopologues may not be resolved
from tracer isotopologues, even with a high-resolution instrument. For example, if 1>C,
is incorporated into acetyl-CoA, the mass difference from [1801]-acetyl—CoA arising from
natural abundance of oxygen is only 0.00241, and given that the m/z of ['3C,]-acetyl-CoA
is 812.13976 in positive mode, a resolving power of at least 336,929 would be required to
distinguish [13C2]—acetyl-CoA from [1801]—acetyI-CoA. An in-depth discussion of the math-
ematical calculations involved in natural abundance correction and the potential impact of
corrected MIDs on metabolic flux analysis is elegantly provided elsewhere [90,94].

Data visualization and mathematical modeling: In some cases, a direct interpretation
of the data, such as simply plotting the abundance of measured isotopomers or isotopo-
logues, is sufficient to provide insights into metabolic alterations, especially for simpler
systems or when focusing on specific metabolites. These plots can be made manually, or
a web-based tool can be employed for a pathway-based visualization of stable isotope
tracing data [95]. Nevertheless, the modeling of stable isotope tracing offers a more com-
prehensive and quantitative approach [96-100]. By integrating metabolite measurements
with computational models that incorporate mass conservation constraints, researchers can
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gain a deeper understanding of metabolic network dynamics and regulation. Flux balance
analysis (FBA) and metabolic flux analysis (MFA) are two commonly used computational
approaches in systems biology for predicting and analyzing metabolic fluxes in biological
systems. FBA assumes that cellular metabolism operates at steady state, with the rates
of metabolite production and consumption balanced, and FBA predicts fluxes based on
biochemical and physiological knowledge, such as reaction stoichiometry, thermodynamics,
enzyme capacity constraints, and optimality assumptions [101]. On the other hand, MFA
estimates metabolic reaction rates and flux distributions by fitting mathematical models
to experimental data obtained from stable isotope labeling experiments [98]. Commonly
used software tools for 13C MFA analysis include 13CFLUX2, FiatFlux, Metran, INCA, and
others [102-109]. A detailed review of MFA analysis and commonly used software tools
can be found in previous publications [110,111].

Interpretation and hypothesis generation: The results obtained from fluxomics anal-
ysis can be used to test existing hypotheses or generate new ones about how metabolic
pathways are regulated and their overall function within the system under study [1,98].
However, to validate these hypotheses and further refine our understanding of metabolism,
experimental testing is essential. Experimental validation could involve a variety of ap-
proaches. For example, genetic or pharmacological manipulations using gene knockout,
knockdown, or overexpression, as well as the use of small molecule inhibitors or activators,
can be employed to directly manipulate the enzymes involved in metabolic pathways. By
perturbing the expression or activity of these enzymes, researchers can assess the impact
on metabolic fluxes and validate hypotheses regarding the importance of these enzymes
in pathway regulation. Additionally, measuring cancer cell physiology, such as prolifera-
tion rate, metastasis potential, and response to anticancer treatments, is also necessary to
validate the regulatory role of a particular metabolic enzyme or pathway in cancer biology.

2. The Applications of Stable Isotope Tracing in Cancer Research

The use of stable isotope tracing in cancer metabolism studies is invaluable for identify-
ing potential drug targets that hinder metabolic reprogramming, including the upregulation
of glycolysis, the pentose phosphate pathway (PPP), the TCA cycle, and nucleotide biosyn-
thesis. In this section, we mainly focus on reviewing the applications of stable isotope
tracing using °C glutamine, 1°N glutamine, and 3C glucose for understanding cancer
metabolism. Due to space limitations, we primarily discuss studies published within the
last three years, and we apologize for any studies not cited here. In vitro or ex vivo, isotope
labeling usually involves the straightforward substitution of unlabeled nutrients with
their labeled counterparts (e.g., replacing glucose with 13 C-labeled glucose) [19,112], while
the method for in vivo isotope tracing varies depending on the tracer and the metabolic
pathways of interest [3,113,114].

2.1. Exploring Cancer Metabolism through Glutamine Isotope Tracing

Stable isotope tracing utilizing 3C- or >N-labeled glutamine, coupled with various
analytical techniques, such as LC-MS, GC-MS, or NMR, has been widely used for quantita-
tively monitoring glutamine metabolism in cancer research (Figure 1). Glutamine plays
a pivotal role in the survival and proliferation of cancer cells by serving as a crucial car-
bon and nitrogen source [9,115]. This multifaceted role contributes to various metabolic
pathways essential for tumor growth. Glutamine is utilized in cancer cells to provide
carbon for the synthesis of lipids and metabolites in the TCA cycle, as well as nitrogen
for the biosynthesis of hexosamine, amino acids, and nucleotides, thus supporting the
demands of cancer cell proliferation and growth [115-117]. Glutamine is converted to glu-
tamate through glutaminolysis catalyzed by glutaminase (GLS). Subsequently, glutamate is
further deaminated to x-ketoglutarate (xkKG) through the action of enzymes such as gluta-
mate dehydrogenase (GDH) or various transaminases, including glutamate-oxaloacetate
transaminase (GOT), glutamate-pyruvate transaminase (GPT), and phosphoserine transam-
inase (PSAT) [9,115]. Once present in the TCA cycle, ’KG can be oxidized to generate
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four-carbon units or undergo reductive carboxylation to isocitrate and citrate, eventually
leading to the synthesis of fatty acids [115,117].

By using [U-!3C5]-glutamine, researchers can track the flux of carbons from glutaminol-
ysis via GLS to oxidative and reductive TCA metabolites (Figure 1). Specifically, they can
analyze the isotopic labeling patterns of metabolites, such as glutamate (M+5) and citrate
(M+4) from oxidative TCA cycle flux and citrate (M+5) from reductive carboxylation flux,
to determine the extent of glutamine-derived carbon incorporation [118]. [1-13C]glutamine
can be applied to specifically confirm reductive carboxylation activity since glutamine C1
is lost as CO; in the oxidative metabolism of «KG. However, it is important to measure
isotope incorporation in sink products such as palmitate or 2-hydroxyglutarate (2-HG)
and apply comprehensive flux modeling to determine the direction and magnitude of the
isocitrate dehydrogenase (IDH) flux since some labeling in citrate results from reversible
exchange with aKG rather than net reductive flux [119]. Glutamine contains the following
two nitrogens: 5-N or amide-N and 2-N or amine-N. Glutamine with °N labeling at the
five position ([5-1°N] glutamine, or [Amide—lSN]glutamine) can be used to monitor nitrogen
incorporation into amino acids, such as asparagine, nucleotides, and hexosamine, while
([2-°N]glutamine, or [Amine-'°N]glutamine leads to the >N labeling at the two position
of amino acids, such as alanine, aspartate, etc. 2-1°N labeling in aspartate is subsequently
incorporated into newly synthesized nucleotides [8,120]. Uniformly °N-labeled glutamine
([U-1°N,]glutamine) offers a comprehensive 1°N labeling strategy to simultaneously enrich
a variety of downstream nitrogen-containing metabolites.

Metabolic flexibility: Stable isotope tracing with 3C- or 1°N-labeled glutamine helps
to understand the metabolic flexibility of cancer cells and provides insights into combi-
nation therapies that target multiple metabolic vulnerabilities simultaneously, thereby
improving the effectiveness of antitumor treatments [121]. In one study, the use of a
[U-13Cs]-glutamine tracing analysis of osteosarcoma cells enabled researchers to investi-
gate the contribution of the reductive carboxylation of glutamine-derived o-ketoglutarate
to aspartate production, which helped to explain why osteosarcoma cells with deficien-
cies in succinate dehydrogenase (SDH), also known as electron transport chain (ETC)
complex 2, continue to produce and rely on aspartate synthesis for proliferation [122].
When [U—13C5]—glutamine was used as the tracer, the knockout (KO) of SDH decreased
the oxidative production of aspartate (M+4) but showed an increase in aspartate (M+3)
derived from reductive carboxylation of glutamine-derived «-ketoglutarate in osteosar-
coma cells [122]. The inhibition of ETC complex 1 increased reductive carboxylation and
pyruvate carboxylation-derived aspartate production and rescued cell proliferation in os-
teosarcoma cells with SDS deficiency [122]. In another study, SDH-deficient cells have been
shown to rely on glutamate-pyruvate transaminase (GPT2) for proliferation through GPT2-
dependent x-ketoglutarate and alanine production [123], which was monitored through
isotope tracing using [U-'3Cs]glutamine and [2-!°N]glutamine. GPT2 drives reductive TCA
anaplerosis and regenerates NAD+ to support glycolysis [123]. [U-13Cs]glutamine tracing
confirmed that the inhibition of GPT2 in SDH-deficient cells decreased the levels of citrate
(M+5) and cytosolic malate (M+3), accompanied by halting cancer proliferation [123]. In
another study, an unbiased screening approach was employed to elucidate the adaptive
mechanisms of cancers in response to glutamine deprivation, and this approach facili-
tated the identification of ALDH18A1, which encodes P5CS, the rate-limiting enzyme
in the proline biosynthetic pathway, as a gene that cells can downregulate in response
to glutamine starvation [124]. The subsequent [U-13C5]glutamine and [U—13C6]glucose
tracing analysis confirmed decreased proline synthesis, which enabled carbon to be redi-
rected toward de novo glutamate and glutamine synthesis, supporting the proliferation of
glutamine-restricted cancer cells [124].

Metabolic heterogeneity: It is acknowledged that tumors display significant levels of
genomic and metabolic heterogeneity [125-127]. Stable isotope tracing is of great value
in examining both inter- and intratumoral metabolic heterogeneity. For example, stable
isotope tracing assays with [U-1*Cs]glutamine in precision-cut slices of patient-derived
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xenografts (PDX), followed by GC-MS analysis, demonstrated the metabolic heterogeneity
of human prostate tumors [128]. In another study, multi-isotope imaging mass spectrometry
with isotope ratio mass spectrometry was used to analyze tumors isolated from mice
bearing melanoma and malignant peripheral nerve sheath tumors injected with multiple
tracers, including °N-labeled glutamine [129]. The N labeling was monitored through
an increase in the 12C1N~ /12C¥N~ ratio [129]. The results revealed tumor metabolic
heterogeneity [129].

Metabolic requirements in tumor metastasis: CB-839 is a GLS inhibitor and reduces the
conversion of glutamine to glutamate [130]. CB-839, when combined with metformin, re-
sults in both primary osteosarcoma growth inhibition and a notable reduction in metastatic
outgrowth in vivo [131]. A [U-13C6,15N2]glutamine tracing analysis confirmed that the
diminished M+4 or M+2 TCA intermediates without affecting M+5 or M+3 TCA metabo-
lites, indicating a reduction in oxidative TCA cycle activity but no effect on reductive
activity [131]. In another study, a gene expression analysis of breast cancer (BT474) growth
in various tissues suggested the upregulation of genes related to lipid metabolism in breast
tumors growing in the brain [7]. A subsequent [U-'3Cg]glucose tracing analysis with
GC-MS and MALDI-MSI confirmed the elevated fatty acid synthesis. The genetic and phar-
macological inhibition of FASN suppresses breast cancer growth in the brain, indicating
that fatty acid synthesis could potentially serve as a therapeutic target for breast cancer
brain metastases [7].

Tumor microenvironment: Stable isotope tracing using [U-'*Cs]glutamine in vitro
and in vivo has been employed to investigate the interplay between tumor metabolism
and immunogenicity within the tumor microenvironment (TME) and the association with
immunogenicity [132]. The findings indicate distinct metabolic profiles between immuno-
logically “hot” and “cold” melanoma tumors, with immunologically hot tumors exhibit-
ing increased utilization of glutamine compared to immunologically cold tumors, both
in vivo and in vitro [132]. The results not only highlight the potential significance of glu-
tamine metabolism activity as a prognostic factor in melanoma but also offer insights
for designing metabolic therapies to enhance immunotherapy efficacy [132]. In another
study, a [U-13Cs]glutamine tracing analysis revealed that proline originates from glutamine
metabolism in cancer-associated fibroblasts, supporting the production of pro-tumorigenic
collagen [133]. Decreasing proline synthesis by reducing the level of pyrroline-5-carboxylate
reductase 1 (PYCR1) in cancer-associated fibroblasts is sufficient to reduce tumor collagen
production, tumor growth, and metastatic spread in vivo [133].

Drug target engagement: Advancements in understanding glutamine metabolism have
paved the way for identifying potential drug targets aimed at disrupting cancer proliferation
by targeting enzymes involved in glutaminolysis [9,115,134]. As of now, the primary drug
targets for inhibiting the incorporation of glutamine carbons into the TCA cycle and nitrogens
into nucleotide and amino acid synthesis are glutaminase (GLS) and amidotransferases.
Researchers have monitored the efficacy of inhibiting various enzymes associated with the
TCA cycle, glutaminolysis, amino acid synthesis, and nucleotide synthesis using isotopes of
glutamine, such as [U-13Cs] and [5—15N]glutamine (Table 1) [98,118,131,135-137].

The effect of CB-839 on glutamine metabolism was confirmed by using [U-13Cs]glutamine
or [U-13C5,15N2]g1utamine in sarcoma cells [131,138], ovarian cancer cells [139], prostate
cancer cells [140], glioblastoma cells [136], and patient-derived xenografts from renal
cell carcinoma [118]. Additionally, HP-MRI using [5-13C,4,4-2H,,5-1°N ]-L-glutamine was
employed for monitoring glutamine metabolism in pancreatic cancer xenograft models and
confirmed the reduced glutamine conversion to glutamate in vivo by CBP-839 [37].

6-Diazo-5-oxo-l-norleucine (DON), recognized as a glutamine antagonist, along with
its prodrug, DRP-104, effectively inhibits the glutamine-dependent metabolism [141-144].
The impacts of DRP-104 on TCA cycle intermediates or nucleotide biosynthesis were veri-
fied through a [U-13C5] glutamine or [U-13C5,1°N;,] glutamine flux analysis in mice bearing
lymphoma EL4 tumors [143], a syngeneic model of pancreatic ductal adenocarcinoma
(PDAC) [143], or Keapl mutant lung cancer cells [145]. Specifically, the decrease in the
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enrichment of the M+4 TCA intermediates (e.g., succinate, fumarate, and malate) in DRP-
104-treated tumors compared to the control indicates that DRP-104 impeded the influx of
glutamine-derived glutamate into the TCA cycle [143].

Dihydroorotate dehydrogenase (DHODH), an enzyme involved in the de novo pyrim-
idine nucleotide synthesis pathway, has been specifically targeted in cancer cells with IDH
mutations. An analysis of [5-'°N]glutamine metabolism has revealed that the inhibition
of DHODH effectively halts nucleotide synthesis, particularly of pyrimidine nucleotides,
thereby impeding cancer cell proliferation [146].

Table 1. Representative examples of isotope tracing analysis in characterizing cancer responses to
treatments targeting metabolic enzymes.

Drug Target Isotope Tracer Pathway Key Metabolite(s) Cancer/Cell Type Reference
alpha-ketoglutarate
Oxidative TCA Cycle (M+5), other TCA
13 . metabolites (M+4)
[U [EC Clg%%h]xt?ntune. alpha-ketoglutarate Renal cell [118]
Glutaminase (GLS) 7 Thzlglutamine Reductive TCA Cycle (M), citrate (M+5),  carcinoma tumorgrafts
y other TCA
metabolites (M+3)
[5-1°N]glutamine Amidotransferase Asparagine (M+1)
Glutamine-usin Glutamine alpha-ketoglutarate
" eanz nelelgs & [U-13Cs]glutamine contribution to (M+5), other TCA Lymphoma xenograft [143]
y TCA cycle metabolites (M+4)
. 1 Ornithine and Xenografts of
amigéglatg:fleerase [2—15N]glutamine Oloig;ﬁér;e artll?esis putrescine (M+1 and pancreatic ductal [147]
poly yn M+2) adenocarcinoma
Glutamine-fructose-6- Hexosamine GleNAc-6-F, KRAS/LKB1
hosphate transaminase 2 [5-1°N]glutamine biosvnthesis UDP-HexNAc co-mutant lung [8]
phosp yn and ManNAc cancer cells
PYCRI, ” ' . . . . Canc.er—assoaated
P5CS [U-*Cs]glutamine Proline biosynthesis Proline (M+5) fibroblasts, [124,133]
gastric cancer cell
. Chondrosarcoma
- 13 -
IDH1 Mutations HP [1-13C]glutamine 2 Hydroxyglutgrate Ratio Of1[31 Cl2-HG xenograft with [38]
(2-HG) formation to °C urea .
IDH1 mutation
Dihydroorotat Den rimidin Uridine
dehy drgoe(;ass [5-5N]glutamine N OSVO }tjﬁle slisl me monophosphate IDH mutant gliomas [146]
ydrog yn (M+1)
13 . .
. . (v 1(3?6]1501eu.c1ne, BCAA contribution TCA metabolites Melanoma-bearing
Alanine transaminase [U-°Cglleucine, . [148]
[U-13C;]valine to TCA cycle (M+2 and M+3) zebrafish
s
alpha-ketoglutarate
Reductive TCA cycle (M+5), citrate (M+5),
other TCA
- N blast
ETC Complex 1 [U-13C5] glutamine metabolites (M+3) e;léﬁo ars;;)tma [149]
alpha-ketoglutarate 8
Oxidative TCA cycle (M+5), other TCA
metabolites (M+4)
Glycolytic
Autophagy Related 5 13 Gluconeogenesis intermediates (M+3 KP lung tumor
(ATG5) [U-~Csllactate or M+6) bearing mice [150]
Serine biosynthesis Serine (M+3)

Fatty acid synthase
(FASN)

[U-13C6]glucose

De novo lipogenesis

Palmitate (M+n)
n=24,6,etc.

Mice carrying breast
cancer with brain
metastases

(71

2.2. The Use of Other Isotope Tracers for Investigating Cancer Metabolism

Glucose tracers: The Warburg effect is the hallmark of cancer and is characterized
by the preferential utilization of glycolysis over oxidative phosphorylation, even in the
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presence of oxygen [151]. The significance of glucose in supporting the survival of pro-
liferating cancer cells underscores the critical role of glucose isotope tracers, such as [U-
13C¢]glucose, in elucidating dysregulated cancer metabolism and monitoring metabolic
responses to anticancer treatment (Figure 2). By studying the incorporation of carbon from
[U-13C¢] glucose into glycolysis, the TCA cycle, the PPP, amino acids such as serine, or newly
synthesized fatty acids, researchers can gain valuable insights into metabolic dynamics
(Figure 2 and Table 1). Similar to what has been discussed in Section 2.1, [U-*C¢]glucose
tracing serves not only to elucidate tumor metabolism but also to explore the interplay
with the surrounding tumor environment and cells. For example, cancer cells harboring
mutant IDH are known to overproduce D-2-hydroxyglutarate (D-2HG), which has been
shown, through the isotope-tracing of [U-13C¢]glucose and [U-13Cs]lactate, to modulate
glycolysis in CD8+ T cells by inhibiting lactate dehydrogenase (LDH) [152]. In another
study, [U-13C¢] glucose together with N—[1,2—13C2]acetyl—d—glucosamine revealed that in
a PDA tumor microenvironment with limited glutamine and glucose, the hexosamine
salvage played an important role in supporting hexosamine biosynthesis and PDA tumor
proliferation [153].

Nucleotide
Biosynthesis

NH, NH,

. 13C from 13C
AN q labeled
aspartate

15N from 5-°N
in glutamine

. .H » ouri w Hexosamine
yrimidine urine S Biosynthesi
_ . ' \ ynthesis
e > (Cytosine) (Adenosine) \ :Iﬁg °
o
; e . Q 1 @5-°N Glucosamine-6-
’ hosphate
/ 0000 . 0000 H H o ag T
! Malate OAA < ACLY S NH, cy
,, GOT 1 e Proline
| 0000 7 2\ *MM [U-3C4, 15N, ]Glutamine synthesis
Aspartate OAA (iitrate & Q*l(} “
GLS
) I:I i .
'hVIDHZ - P5C . Proline
008 13 \
ASNS A 0000 £  /IDH2 m:i’ :hﬁ-")) Q<,<.f° 5
1
Malate iy __ 00008 GDH oAl _ 2\ eseee
EEE = = == — Glutamate @ TTTTTT > Ornithine
GOT \wqut p—
:... o 00000 olyamine
Asparagine Oxidative TCA 2-HG \ synthesis ‘l,ODCI
00000 0000
TASNS Glutathione Putrescine

Figure 1. Schematic depicting the potential fates of 13C and '°N in [U-13Cg, 1PN, ]glutamine.
Abbreviations: MDH, malate dehydrogenase; ACYL, ATP citrate lyase; IDH, isocitrate dehy-
drogenase; IDH mut, IDH mutant; GDH, glutamate dehydrogenase; GLS, glutaminase; GFAT,
fructose-6-phosphate amidotransferase; PSCS, pyrroline-5-carboxylate synthase; PYCR, Al-pyrroline-
5-carboxylate reductase; OAT, ornithine aminotransferase; ODC1, ornithine decarboxylase 1; GOT,
glutamate-oxaloacetate transaminase 2; ASNS, asparagine synthetase; OAA, oxaloacetate; «-kG,
alpha-ketoglutarate; 2-HG, 2-hydroxyglutarate; P5C, pyrroline-5-carboxylate.

M-+n denotes the incorporation of n 13C- or 1°N-heavy isotopes. For example, M+4
citrate indicates the citrate containing four '3C and two '2C. For metabolites containing
both 13C and °N, such as [13Cs, 15Nl]glutamate derived from [U-13Cs, 15N2]glutamine,
M+5 glutamate indicates glutamate with five '3C, while M+1 glutamate indicates glutamate
with one °N. This diagram summarizes the possible fates of both 13C and PN, and for
studies using glutamine tracer that only contains one isotope, such as >N, but not 3C, the
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M+n would only indicate the incorporation of n 1°N. The green line indicates oxidative
TCA and related reactions, while the pink line indicates the reductive TCA and related
reactions. Dashed lines indicate multi-step reactions.

@ C Glycogen (eseeee),
[U-13C.]-Glucose synthesis
1 00000 . gg000 ./
& HK sessse’t #/ -7 Glycolipid ®eeeee
°oeose PY g
R5P <--- G6P ——> G1P ——> UDP-glucose _U.ciQ'i_> UDP-GIcA M+m
1 |
I i
A4 000000
; GFAT
I§Iucleoﬂde_ ‘Pf;k;; TP —> Glucosamine-6P —=--> UDP-GIcNAc ®9000000 + 00000
Biosynthesis R I - )
\L’ :\J 1 / Hexosamine
S, + 00000 sssee D.\Iﬁ\P (.S.S.P oo 4 Biosynthesis
Pyrimidine Purine : —> PO Ac-CoA
A ese PHGDH o 0,
i Serine €---- 3PG Glycerolipids
1 .
] Y  LDH N L .
I ale Povs H ipogenesis
: 000 ?:LI Pyr H Lac [..]nl
I Alanine o0 Fatty acids
1
oo ! l,PC\‘Ac-CoA A easn
‘Aspartate < *ona o ACLY oo} HMGCR (00},
o , eseCitrate —--> Ac-CoA —----- > Cholesterol
W Ol e b v
cycle W [
% v b4 Five 13Cin ribose
N ‘.:._:'o o-KG X’:—O +00000 ,hosphate
IDH ﬁ uz-.HG Proteins with

modifications

Figure 2. Schematic depicting the potential fates of 13C in [U-13Cg]glucose. Abbreviations: HK, hexose
kinase; ACYL, ATP citrate lyase; IDH, isocitrate dehydrogenase; IDH mut, IDH mutant; UGDH, UDP-
glucose dehydrogenase; GFAT, fructose-6-phosphate amidotransferase; PHGDH, phosphoglycerate
dehydrogenase; LDH, lactate dehydrogenase; ALT, alanine transaminase; FASN, fatty acid synthase;
GOT, glutamate-oxaloacetate transaminase 2; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase;
Ac, acetyl; G6P, glucose-6-phosphate; G1P, glucose-1-phosphate; F6P, fructose-6-phosphate; R5P,
ribose-5-phosphate; PRPP, phosphoribosyl pyrophosphate; UDP-GlcA, UDP-glucuronate; UDP-
GlcNAc, UDP-N-acetylglucosamine; DHAP, dihydroxyacetone phosphate; G3P, glycerol-3-phosphate;
3PG, 3-phosphoglycerate; Pyr, pyruvate; Lac, lactate; OAA, oxaloacetate; a-kG, alpha-ketoglutarate;
2-HG, 2-hydroxyglutarate.

M-+n denotes the incorporation of n '3C. For simplicity, this schematic does not take
into consideration complicated situations, such as tracer recycling or multiple rounds of
the TCA cycle. Furthermore, this diagram can serve as a reference when downstream
metabolites are utilized as tracers. For instance, when acetyl-CoA is labeled using [U-
13C]glucose, a similar labeling pattern of acetylated proteins or lipids is expected as when
acetyl-CoA is labeled using [13C,]acetate. Dashed lines indicate multi-step reactions.

Fatty acid tracers: Due to the metabolic flexibility of many types of cancer, multiple
tracers are often employed in the same study to gain a comprehensive understanding of
metabolic adaptations. Certain cancer cell populations acquire the ability to utilize alterna-
tive nutrients as part of resistance mechanisms to chemotherapy. For example, resistance to
cisplatin, a platinum-based chemotherapy drug, has been associated with increased fatty
acid accumulation and beta-oxidation for energy production [154]. Fatty acid uptake and
glucose anabolism were monitored using deuterium tracers ([Ds;]-palmitic acid, [Dz4]-oleic
acid, or [Dy]-glucose) through hyperspectral stimulated Raman scattering imaging of C-D
bonds in cisplatin-resistant and cisplatin-sensitive cells [154]. The results revealed a higher
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uptake of palmitic and oleic acid fatty acids and a decreased uptake of glucose in resis-
tant cells. These findings underscore the reliance on fatty acid accumulation for energy
production in resistant cells, thus presenting novel targets for drug development [154].
Nucleoside tracers: PDAC is highly lethal due to resistance to many chemotherapy
treatments [155]. In one study, PDAC is characterized by elevated levels of uridine phos-
phorylase 1 (UPP1), an enzyme that cleaves uridine to ribose-1-phosphate and uracil.
In vivo and in vitro isotope tracing using ['*Cs]uridine with uniformly labeled ribose car-
bon demonstrated labeling of ATP (M+5), AMP (M+5), ADP (M+5), and NAD* (M+5,
M+10), confirming the utilization of uridine metabolism for the ribosylation of adenine.
Additionally, 13C labeling of glycolytic, PPP, and TCA cycle intermediates was observed,
indicating that uridine can serve as an alternative energy and carbon source [156].

2.3. Uncovering Mechanisms of Resistance to Cancer Treatments through Stable Isotope
Tracing Analysis

Challenges in the development of cancer therapies: The development of cancer ther-
apeutics is challenging, partly due to the high resistance of cancer cells to treatments
and their metabolic plasticity [9,10,157-162]. To address this, researchers have turned to
comparing metabolic profiles using isotope tracing between resistant and sensitive cancer
cells. By employing isotope tracers, researchers can track the fate of labeled metabolites
within cancer cells, revealing metabolic adaptations that contribute to treatment resistance.
Another critical consideration in drug development is adverse effects either due to off-target
activity or unintended actions in normal tissues [9,163,164]. As a result, there is a growing
trend toward using multiple inhibitors targeting different metabolic enzymes at tolerable
doses to achieve minimal adverse effects and enhance antitumor efficacy [165,166]. Insights
gained from isotope tracing studies can inform the development of combination therapies
that target both the genetic and metabolic vulnerabilities of cancer cells, thereby enhancing
treatment efficacy and overcoming resistance. In this section, we explore studies employing
stable isotope tracing to uncover resistance mechanisms in cancer cells, with a particular
emphasis on the utilization of 3C- or 1°N-labeled glutamine, since glucose tracing has been
extensively studied.

Resistant mechanisms of GLS inhibitors: Despite being recognized as a potent and
well-tolerated GLS inhibitor, CB-839 has shown mixed results in clinical trials [167,168].
While it has demonstrated efficacy in certain patients [167], a randomized clinical trial
investigating its combination with cabozantinib in metastatic renal cell cancer (RCC) did
not improve efficacy [168]. Similarly, during a phase II clinical trial involving patients with
stage IV non-small cell lung cancer (NSCLC) tumors carrying loss-of-function mutations
in KEAP1 (KEAPSAKE trial, NCT04265534), CB-839 did not show advantageous effects
compared to standard-of-care immunotherapy. To understand the resistant mechanisms,
[U-13Cs]glutamine tracing was performed in mice carrying liver tumors with the deletion
of GLS1 and a reduced expression of GLS2 (Gls1KO/shGls2). The presence of a substantial
fraction of the M+4 malate derived from [U-!3Cs]glutamine suggests that other enzymes can
utilize glutamine as an amide nitrogen donor and generate glutamate [121]. This finding
led to the approach of synergistic inhibition of both glutaminases and compensatory
amidotransferases to block glutamine catabolism and the proliferation of cancer cells
in vitro and in vivo [121]. In another study, infusions of [5-15N] glutamine in clear cell RCC
tumorgrafts unveiled sustained amidotransferase activity despite glutaminase inhibition
by CB-839 [118]. When JHU-083, a prodrug of DON, was tested, [U-13C5, 15N2]glu’camine
tracing demonstrated a greater inhibition of the 1°N labeling of metabolites catalyzed by
amidotranferases than the '3C labeling of TCA cycle intermediates, suggesting that JHU-
083 inhibited amidotransferases more effectively than GLS, subsequently resulting in more
robust inhibition of tumor growth in both immunocompromised and immunocompetent
mice than CB-839 [118].

Identifications of resistant cells to chemotherapy and radiotherapy: Glutamine tracing
experiments were also performed to understand the resistant mechanisms of other types



Metabolites 2024, 14, 318

14 of 24

of cancer treatments. For example, [U—13C5]glutamine or [15N2]glutamine was injected
intravenously into acute myeloid leukemia (AML)-bearing mice with vehicle or induction
chemotherapy (iCT) for assessing labeled metabolites in AML cells or residual AML cells
surviving iCT treatment [169]. The results revealed an increase in glutamine metabolism
and N incorporation into pyrimidines in residual AML compared to the control AML
cells [169]. The subsequent inhibition of de novo pyrimidine synthesis by brequinar (BRQ)
post-iCT treatment significantly prolonged the survival of AML-bearing mice compared
to iCT treatment alone, suggesting that glutamine metabolism drives AML chemoresis-
tance by supporting pyrimidine synthesis [169]. Metabolomics and [U-'3Cs]glutamine
tracing analysis of ovarian cancer cells, which were sensitive or resistant to cisplatin treat-
ment, revealed that glutamine metabolism is enhanced in cisplatin-resistant ovarian cancer
cells [170]. The inhibition of glutaminase by compound 968 partially reversed the resistance
to cisplatin treatment in these ovarian cancer cells [170]. In another study, metabolomics
and a [U-13Cs]glutamine tracing analysis of prostate cancer cells sensitive or resistant to ra-
diotherapy demonstrated that radioresistant prostate cancer cells and prostate cancer stem
cells have a high glutamine demand, and reducing glutamine metabolism via glutamine
depletion or the inhibition of critical regulators of glutamine utilization restored prostate
cancer cell radiosensitization [171].

Mechanisms of resistance to immunotherapy: It is increasingly recognized that nutri-
ent availability and metabolic activities in the tumor microenvironment play a role in deter-
mining immune cell function and antitumor immunity [145,172-174]. [U-13C5] glutamine
was used to monitor the glutamine uptake by dendritic cells, regulated by the transporter
SLC38A2 [173]. Limited glutamine availability in the tumor microenvironment or impaired
glutamine uptake due to SLC38A2 deletion compromised antitumor immunity [173]. In a
separate study, inhibiting glutamine utilization by tumor cells enhanced antitumor T cell
responses, and the combination of a GLS inhibitor, CB-839, with a glutamine antagonist,
DRP-104, demonstrated a synergistic effect, enhancing the response to anti-PD1 checkpoint
inhibitor therapy in Keapl mutant lung tumors [145]. The [U-13Cs]glutamine tracing analy-
sis suggests distinct actions of CB-839 and DRP-104 in vivo and specifically, that DRP-104
impairs tumor proliferation by inhibiting glutamine-dependent nucleotide synthesis rather
than inhibiting glutaminolysis [145].

Identifications of resistant cells to hormone therapy: The contribution of metabolic
alterations to hormonal therapy resistance in prostate cancer remains poorly understood.
A [U-13Cs]glutamine tracing analysis played an important role in revealing the types of
prostate cancer cells in which glutamine metabolism was more susceptible to CB-839 and
pinpointing the isoform of GLS1 that was more sensitive to CB-839 [140]. These experiments
also led to the discovery that GLS1 isoform switch is one of the key mechanisms in hormonal
therapy resistance and disease progression [140].

Mechanisms of resistance to targeted therapy: Epidermal growth factor receptor ty-
rosine kinase inhibitors (EGFR-TKIs), which target early-stage lung cancer with EGFR
mutations, have been among the most successful targeted cancer therapies [175-177]. How-
ever, the development of resistance to EGFR-TKIs poses a significant challenge in clinical
management [178]. A [U—13C5]glutamine tracing analysis of acquired EGFR-TKI-resistant
lung cancer cell lines has unveiled a critical dependency on glutamine for supporting
TCA cycle activity and glutathione (GSH) biosynthesis [179]. This finding offers valuable
insights into the metabolic adaptations underlying EGFR-TKI resistance [179].

2.4. Current Clinical Trials Employing Stable Isotope Tracing Techniques

Alongside stable isotope tracing investigations into glucose and glutamine metabolism
in vitro and mouse models of cancer, patient clinical trials are progressing to monitor anti-
cancer drug actions, including target engagement and off-target effects, as well as metabolic
adaptations within the human body [1]. Table 2 summarizes current clinical trials utilizing
labeled glucose and glutamine, outlining the cancer type, isotope tracer used, and the
measurement technique for metabolite analysis. Stable isotope tracing analysis emerges as
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a catalyst for discovery and therapy in the clinical setting [180]. The administration of la-
beled glucose or glutamine intravenously to cancer patients before surgery or tumor biopsy
provides insights into cancer cell reliance on these molecules for proliferation and sur-
vival across various cancer types. For example, in an ongoing clinical trial (NCT05296421)
sponsored by the State University of New Jersey to identify targetable metabolic pathways
that sustain pancreatic cancer, patients will receive [U-13Cg]glucose intravenously until the
time of biopsy, followed by metabolite extraction and analysis using LC-MS. In a separate
study [181], to understand the association of glutamine anaplerosis with the progression of
pre-malignant to malignant plasma cells, tracing with [U-1*Cs]glutamine was performed
and revealed that the flux of glutamine into the TCA cycle was elevated in malignant bone
marrow plasma cells compared to their pre-malignant counterparts relative to the remain-
ing paired bone marrow mononuclear cells. This finding aligns with RNA sequencing
results indicating higher mRNA expression levels of glutamine transporters, such as ASCT2
and SN2, in malignant bone marrow plasma cells compared to pre-malignant ones [181].

Table 2. Current clinical trials using isotope tracing analysis.

Cancer Type Isotope Tracer Analytical Technique ClinicalTrials.gov Identifier
Pancreatic Ductal [U-3C4]glucose LC-MS NCT05296421
Adenocarcinoma

Multiple Myeloma [U-13Cs]glutamine LC-MS NCT03119883 [181]
Hormone Receptor Positive
(HR+)/Her 2 Negative (Her2-) [U-13C6]glucose LC-MS NCT05736367

Breast Cancer

Kidney or Urothelial Cancer

[U-13C4] glucose,

[U-13C,]acetate,

[U-13Cs]lactate, Unspecified NCT04623502
[U-13C5] glutamine,

[U-13Cg]fructose

Brain Cancer

[U-13C4] glucose,

[1,2-13C, Jglucose 13C NMR NCT01668082
7= 2

3. Limitations and Future Directions

While stable isotope tracing analysis is a valuable tool in metabolic research, it does
have certain limitations:

Technical limitations, such as limited spatial resolution: Stable isotope tracing tech-
niques typically provide bulk measurements of metabolic fluxes within tissues or whole
organisms. They may lack the spatial resolution required to study metabolic dynamics at
the cellular or subcellular level. Metabolic pathways are compartmentalized within cells and
tissues, and tracer kinetics may differ between compartments. Failure to account for compart-
mentalization can lead to inaccuracies in flux estimates and the misinterpretation of metabolic
fluxes. The stable isotope-labeling of essential nutrients in cell culture subcellular fractionation
(SILEC-SF) and immunopurification-based subcellular fraction approaches show promise in
quantifying metabolites in subcellular compartments [182,183]. Additionally, considerable
progress has been achieved in the field of single-cell metabolomics [59,184-187].

Perturbations of systemic and tumor metabolism through the administration of a
stable isotope tracer in vivo: The methods of fasting, administration of tracers, tracer
dosage, and other experimental parameters can all exert significant influences on both
systemic and tumor metabolism, potentially leading to variability in experimental out-
comes [188]. It is crucial to optimize tracing protocols tailored to the specific metabolic
pathway under investigation.

Complexity of interpretation: Factors such as tracer recycling and interorgan conver-
sion of the tracer increase the complexity of metabolic networks in vivo [188-191], posing
challenges to the accurate interpretation of tracer kinetics and fluxes. Furthermore, the
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rapid exchange of labeled atoms can occur without the net conversion of substrates to
products when there is significant reaction reversibility. A comprehensive interpretation of
stable isotope tracing data requires sophisticated mathematical modeling and analytical
techniques [99,189,191-193].

Assumptions and limitations of tracer incorporation: Stable isotope tracer studies
often assume rapid mixing and equilibration of the tracer throughout the target tissue,
which may not always hold true. In addition, many studies assume that the labeling of
downstream products has reached a steady state without direct confirmation, which can
dramatically impact the assumptions and modeling approaches used to interpret the results.
Tracer incorporation rates can vary depending on factors such as tissue type, metabolic
state, and the specific pathway being investigated [22]. Hence, pilot studies are necessary
to determine the metabolic dynamics and ensure a properly optimized tracing protocol.

Cost and difficulties in clinical translation: Stable isotope tracing experiments can be ex-
pensive and require specialized equipment and technical expertise for tracer administration,
sample collection, isotope analysis, and data interpretation. These practical considerations
are amplified in the clinical setting in which large doses of pharmaceutical-grade tracers
are required and invasive or burdensome protocols are unlikely to be tolerated by patients.
This could hinder access for researchers lacking adequate resources and training. However,
advancements in developing more sensitive methods have the potential to reduce costs.
Furthermore, collaborative efforts among different teams with shared or complementary
interests could help distribute the financial burden.

4. Conclusions

In summary, stable isotope tracing analysis has emerged as a widely utilized tool for
mechanistic studies aimed at understanding various facets of cancer metabolism. This
includes exploring cancer metabolic rewiring, metabolic heterogeneity, the interplay with
the immune system in the tumor microenvironment, adaptive responses to cancer therapies,
and more. Despite its current limitations, including the technical challenges and the high
cost, stable isotope tracing remains a powerful methodology for investigating metabolic
pathways and dynamics in both health and disease contexts. Integrating tracer data with
other omics and imaging approaches holds promise in mitigating some of these limitations
and offering a more comprehensive understanding of metabolic regulation. Furthermore,
the ongoing advancements in clinical applications not only enhance but also extend the
significance of stable isotope tracing beyond experimental models in cancer research.

Author Contributions: D.H., ].H., ].D.Y. and X.L. wrote the manuscript. All authors provided input
on the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: D.H. was supported by the Chemistry of Life Training Program (5T32GM141887-03), and
J.H. was supported by the IBMP Fellowship (NSF DUE1643814) at North Carolina State University
(NCSU). This work was also supported by the Center for Human Health and the Environment Pilot
Project Program Award (ES025128 to X.L.) and the National Institutes of Health (1R35GM150985-01
to X.L.). ].D.Y. was supported by NIH grants U01 CA235508, R35 CA220449, R21 DK137147, and the
Vanderbilt-Ingram Cancer Center Support Grant (P30 CA068485).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare that they have no conflicts of interest with the contents of
this article.



Metabolites 2024, 14, 318 17 of 24

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bartman, C.R.; Faubert, B.; Rabinowitz, ].D.; DeBerardinis, R.]. Metabolic pathway analysis using stable isotopes in patients with
cancer. Nat. Rev. Cancer 2023, 23, 863-878. [CrossRef] [PubMed]

Yuan, M.; Kremer, D.M.; Huang, H.; Breitkopf, S.B.; Ben-Sahra, I.; Manning, B.D.; Lyssiotis, C.A.; Asara, ].M. Ex vivo and in vivo
stable isotope labelling of central carbon metabolism and related pathways with analysis by LC-MS/MS. Nat. Protoc. 2019, 14,
313-330. [CrossRef] [PubMed]

Faubert, B.; Tasdogan, A.; Morrison, S.J.; Mathews, T.P.; DeBerardinis, R.J. Stable isotope tracing to assess tumor metabolism
in vivo. Nat. Protoc. 2021, 16, 5123-5145. [CrossRef] [PubMed]

Llufrio, E.M.; Cho, K,; Patti, G.J. Systems-level analysis of isotopic labeling in untargeted metabolomic data by X(13)CMS. Nat.
Protoc. 2019, 14, 1970-1990. [CrossRef]

Lane, A.N.; Higashi, R.M.; Fan, TW. NMR and MS-based Stable Isotope-Resolved Metabolomics and Applications in Cancer
Metabolism. Trends Anal. Chem. 2019, 120, 115322. [CrossRef] [PubMed]

Fan, T.W.; Higashi, R.M.; Chernayavskaya, Y.; Lane, A.N. Resolving Metabolic Heterogeneity in Experimental Models of the
Tumor Microenvironment from a Stable Isotope Resolved Metabolomics Perspective. Metabolites 2020, 10, 249. [CrossRef]
[PubMed]

Ferraro, G.B.; Ali, A.; Luengo, A.; Kodack, D.P; Deik, A.; Abbott, K.L.; Bezwada, D.; Blanc, L.; Prideaux, B.; Jin, X.; et al. Fatty
Acid Synthesis Is Required for Breast Cancer Brain Metastasis. Nat. Cancer 2021, 2, 414-428. [CrossRef] [PubMed]

Kim, J.; Lee, H.M,; Cai, F; Ko, B.; Yang, C.; Lieu, E.L.; Muhammad, N.; Rhyne, S.; Li, K.; Haloul, M.; et al. The hexosamine
biosynthesis pathway is a targetable liability in KRAS/LKB1 mutant lung cancer. Nat. Metab. 2020, 2, 1401-1412. [CrossRef]
[PubMed]

Stine, Z.E.; Schug, Z.T.; Salvino, ] M.; Dang, C.V. Targeting cancer metabolism in the era of precision oncology. Nat. Rev. Drug
Discov. 2022, 21, 141-162. [CrossRef]

Fendt, S.M.; Frezza, C.; Erez, A. Targeting Metabolic Plasticity and Flexibility Dynamics for Cancer Therapy. Cancer Discov. 2020,
10, 1797-1807. [CrossRef]

Merritt, M.E.; Harrison, C.; Storey, C.; Jeffrey, EM.; Sherry, A.D.; Malloy, C.R. Hyperpolarized 13C allows a direct measure of flux
through a single enzyme-catalyzed step by NMR. Proc. Natl. Acad. Sci. USA 2007, 104, 19773-19777. [CrossRef] [PubMed]
Yang, L.; Garcia Canaveras, J.C.; Chen, Z.; Wang, L.; Liang, L.; Jang, C.; Mayr, ].A.; Zhang, Z.; Ghergurovich, ].M.; Zhan, L.; et al.
Serine Catabolism Feeds NADH when Respiration Is Impaired. Cell Metab. 2020, 31, 809-821.e6. [CrossRef] [PubMed]

Lewis, C.A.; Parker, S.J.; Fiske, B.P.; McCloskey, D.; Gui, D.Y.; Green, C.R.; Vokes, N.L; Feist, A.M.; Vander Heiden, M.G.; Metallo,
C.M. Tracing compartmentalized NADPH metabolism in the cytosol and mitochondria of mammalian cells. Mol. Cell 2014, 55,
253-263. [CrossRef] [PubMed]

Kelleher, J.K. Flux estimation using isotopic tracers: Common ground for metabolic physiology and metabolic engineering. Metab.
Eng. 2001, 3, 100-110. [CrossRef] [PubMed]

Kera, K,; Fine, D.D.; Wherritt, D.].; Nagashima, Y.; Shimada, N.; Ara, T.; Ogata, Y.; Sumner, L.W.; Suzuki, H. Pathway-specific
metabolome analysis with (13)0O(y)-labeled Medicago truncatula via a mass spectrometry-based approach. Metabolomics 2018,
14, 71. [CrossRef] [PubMed]

Liu, X.; Cooper, D.E.; Cluntun, A.A.; Warmoes, M.O.; Zhao, S.; Reid, M.A; Liu, J.; Lund, PJ.; Lopes, M.; Garcia, B.A.; et al. Acetate
Production from Glucose and Coupling to Mitochondrial Metabolism in Mammals. Cell 2018, 175, 502-513.e13. [CrossRef]
Eylem, C.C.; Baysal, I.; Erikci, A.; Yabanoglu-Ciftci, S.; Zhang, S.; Kir, S.; Terzic, A.; Dzeja, P.; Nemutlu, E. Gas chromatography-
mass spectrometry based (18)O stable isotope labeling of Krebs cycle intermediates. Anal. Chim. Acta 2021, 1154, 338325.
[CrossRef]

Jang, C.; Chen, L.; Rabinowitz, ].D. Metabolomics and Isotope Tracing. Cell 2018, 173, 822-837. [CrossRef]

Fan, TW,; Lane, A.N.; Higashi, R.M. Stable Isotope Resolved Metabolomics Studies in Ex Vivo TIssue Slices. Bio Protocl 2016,
6, €1730. [CrossRef]

Sano, Y;; Ito, S.; Yoneda, M.; Nagasawa, K.; Matsuura, N.; Yamada, Y.; Uchinaka, A.; Bando, Y.K.; Murohara, T.; Nagata, K. Effects
of various types of anesthesia on hemodynamics, cardiac function, and glucose and lipid metabolism in rats. Am. J. Physiol. Heart
Circ. Physiol. 2016, 311, H1360-H1366. [CrossRef]

Hasenour, C.M.; Wall, M.L; Ridley, D.E.; Hughey, C.C.; James, F.D.; Wasserman, D.H.; Young, ].D. Mass spectrometry-based
microassay of ()H and ('®)C plasma glucose labeling to quantify liver metabolic fluxes in vivo. Am. J. Physiol. Endocrinol. Metab.
2015, 309, E191-E203. [CrossRef] [PubMed]

Sun, R.C.; Fan, TW,; Deng, P; Higashi, R.M.; Lane, AN.; Le, A.T.; Scott, T.L.; Sun, Q.; Warmoes, M.O.; Yang, Y. Noninvasive liquid
diet delivery of stable isotopes into mouse models for deep metabolic network tracing. Nat. Commun. 2017, 8, 1646. [CrossRef]
[PubMed]

Gonzalez-Dominguez, R.; Gonzalez-Dominguez, A.; Sayago, A.; Fernandez-Recamales, A. Recommendations and Best Practices
for Standardizing the Pre-Analytical Processing of Blood and Urine Samples in Metabolomics. Metabolites 2020, 10, 229. [CrossRef]
[PubMed]

Lin, P; Fan, TW.-M.; Lane, A.N. NMR-based isotope editing, chemoselection and isotopomer distribution analysis in stable
isotope resolved metabolomics. Methods 2022, 206, 8-17. [CrossRef] [PubMed]


https://doi.org/10.1038/s41568-023-00632-z
https://www.ncbi.nlm.nih.gov/pubmed/37907620
https://doi.org/10.1038/s41596-018-0102-x
https://www.ncbi.nlm.nih.gov/pubmed/30683937
https://doi.org/10.1038/s41596-021-00605-2
https://www.ncbi.nlm.nih.gov/pubmed/34535790
https://doi.org/10.1038/s41596-019-0167-1
https://doi.org/10.1016/j.trac.2018.11.020
https://www.ncbi.nlm.nih.gov/pubmed/32523238
https://doi.org/10.3390/metabo10060249
https://www.ncbi.nlm.nih.gov/pubmed/32549391
https://doi.org/10.1038/s43018-021-00183-y
https://www.ncbi.nlm.nih.gov/pubmed/34179825
https://doi.org/10.1038/s42255-020-00316-0
https://www.ncbi.nlm.nih.gov/pubmed/33257855
https://doi.org/10.1038/s41573-021-00339-6
https://doi.org/10.1158/2159-8290.CD-20-0844
https://doi.org/10.1073/pnas.0706235104
https://www.ncbi.nlm.nih.gov/pubmed/18056642
https://doi.org/10.1016/j.cmet.2020.02.017
https://www.ncbi.nlm.nih.gov/pubmed/32187526
https://doi.org/10.1016/j.molcel.2014.05.008
https://www.ncbi.nlm.nih.gov/pubmed/24882210
https://doi.org/10.1006/mben.2001.0185
https://www.ncbi.nlm.nih.gov/pubmed/11289786
https://doi.org/10.1007/s11306-018-1364-6
https://www.ncbi.nlm.nih.gov/pubmed/29780292
https://doi.org/10.1016/j.cell.2018.08.040
https://doi.org/10.1016/j.aca.2021.338325
https://doi.org/10.1016/j.cell.2018.03.055
https://doi.org/10.21769/BioProtoc.1730
https://doi.org/10.1152/ajpheart.00181.2016
https://doi.org/10.1152/ajpendo.00003.2015
https://www.ncbi.nlm.nih.gov/pubmed/25991647
https://doi.org/10.1038/s41467-017-01518-z
https://www.ncbi.nlm.nih.gov/pubmed/29158483
https://doi.org/10.3390/metabo10060229
https://www.ncbi.nlm.nih.gov/pubmed/32503183
https://doi.org/10.1016/j.ymeth.2022.07.014
https://www.ncbi.nlm.nih.gov/pubmed/35908585

Metabolites 2024, 14, 318 18 of 24

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.
48.
49.
50.

51.

52.

Matwiyoff, N.A.; Ott, D.G. Stable isotope tracers in the life sciences and medicine. Science 1973, 181, 1125-1133. [CrossRef]
[PubMed]

Radda, G.K.; Seeley, P.J. Recent studies on cellular metabolism by nuclear magnetic resonance. Annu. Rev. Physiol. 1979, 41,
749-769. [CrossRef] [PubMed]

Shulman, R.G.; Brown, T.R.; Ugurbil, K.; Ogawa, S.; Cohen, S.M.; den Hollander, J.A. Cellular applications of 31P and 13C nuclear
magnetic resonance. Science 1979, 205, 160-166. [CrossRef] [PubMed]

Hesketh, R.L.; Brindle, K.M. Magnetic resonance imaging of cancer metabolism with hyperpolarized (13)C-labeled cell metabolites.
Curr. Opin. Chem. Biol. 2018, 45, 187-194. [CrossRef] [PubMed]

Pantel, A.R.; Ackerman, D.; Lee, S.C.; Mankoff, D.A.; Gade, T.P. Imaging Cancer Metabolism: Underlying Biology and Emerging
Strategies. J. Nucl. Med. 2018, 59, 1340-1349. [CrossRef]

Woitek, R.; Gallagher, F.A. The use of hyperpolarised (13)C—MRI in clinical body imaging to probe cancer metabolism. Br. J. Cancer
2021, 124, 1187-1198. [CrossRef]

Wang, Z.].; Ohliger, M.A; Larson, P.E.Z.; Gordon, ].W.; Bok, R.A.; Slater, |.; Villanueva-Meyer, J.E.; Hess, C.P.; Kurhanewicz, J.;
Vigneron, D.B. Hyperpolarized (}3)C MRI: State of the Art and Future Directions. Radiology 2019, 291, 273-284. [CrossRef]
McKinstry, C.S. Nuclear magnetic resonance imaging in medicine. Ulster Med. ]. 1986, 55, 97-111.

Reeder, S.B.; Sirlin, C.B. Quantification of liver fat with magnetic resonance imaging. Magn. Reson. Imaging. Clin. N. Am. 2010, 18,
337-357. [CrossRef]

Hensley, C.T.; Faubert, B.; Yuan, Q.; Lev-Cohain, N.; Jin, E.; Kim, J.; Jiang, L.; Ko, B.; Skelton, R.; Loudat, L.; et al. Metabolic
Heterogeneity in Human Lung Tumors. Cell 2016, 164, 681-694. [CrossRef]

Ardenkjaer-Larsen, ].H.; Fridlund, B.; Gram, A.; Hansson, G.; Hansson, L.; Lerche, M.H; Servin, R.; Thaning, M.; Golman, K.
Increase in signal-to-noise ratio of >10,000 times in liquid-state NMR. Proc. Natl. Acad. Sci. USA 2003, 100, 10158-10163. [CrossRef]
[PubMed]

Golman, K.; in ‘t Zandt, R.; Thaning, M. Real-time metabolic imaging. Proc. Natl. Acad. Sci. USA 2006, 103, 11270-11275.
[CrossRef] [PubMed]

Eskandari, R.; Kim, N.; Mamakhanyan, A.; Saoi, M.; Zhang, G.; Berisaj, M.; Granlund, K.L.; Poot, A].; Cross, |,
Thompson, C.B.; et al. Hyperpolarized [5—(13)C,4,4—(2)H(z),5-(15)N]—L—g1utamine provides a means of annotating in vivo
metabolic utilization of glutamine. Proc. Natl. Acad. Sci. USA 2022, 119, €2120595119. [CrossRef]

Salamanca-Cardona, L.; Shah, H.; Poot, A.].; Correa, EM.; Di Gialleonardo, V.; Lui, H.; Miloushev, V.Z.; Granlund, K.L.; Tee, S.S.;
Cross, J.R; et al. In Vivo Imaging of Glutamine Metabolism to the Oncometabolite 2-Hydroxyglutarate in IDH1/2 Mutant Tumors.
Cell Metab. 2017, 26, 830-841.e3. [CrossRef] [PubMed]

Gallagher, F.A.; Woitek, R.; McLean, M.A.; Gill, A.B.; Manzano Garcia, R.; Provenzano, E.; Riemer, F.; Kaggie, J.; Chhabra, A;
Ursprung, S.; et al. Imaging breast cancer using hyperpolarized carbon-13 MRI. Proc. Natl. Acad. Sci. USA 2020, 117, 2092-2098.
[CrossRef]

Nelson, S.J.; Kurhanewicz, J.; Vigneron, D.B.; Larson, P.E.; Harzstark, A.L.; Ferrone, M.; van Criekinge, M.; Chang, ] W.; Bok, R,;
Park, I; et al. Metabolic imaging of patients with prostate cancer using hyperpolarized [1-(1)(3)Clpyruvate. Sci. Transl. Med. 2013,
5,198ra108. [CrossRef]

Aggarwal, R.; Vigneron, D.B.; Kurhanewicz, J. Hyperpolarized 1-[(1*)C]-Pyruvate Magnetic Resonance Imaging Detects an Early
Metabolic Response to Androgen Ablation Therapy in Prostate Cancer. Eur. Urol. 2017, 72, 1028-1029. [CrossRef]

Edison, A.S.; Colonna, M.; Gouveia, G.J.; Holderman, N.R; Judge, M.T; Shen, X.; Zhang, S. NMR: Unique Strengths That Enhance
Modern Metabolomics Research. Anal. Chem. 2021, 93, 478-499. [CrossRef]

Simmler, C.; Napolitano, J.G.; McAlpine, ].B.; Chen, S.N.; Pauli, G.F. Universal quantitative NMR analysis of complex natural
samples. Curr. Opin. Biotechnol. 2014, 25, 51-59. [CrossRef]

Nagana Gowda, G.A.; Raftery, D. NMR-Based Metabolomics. Adv. Exp. Med. Biol. 2021, 1280, 19-37.

Deja, S.; Fu, X.; Fletcher, ].A.; Kucejova, B.; Browning, ].D.; Young, ].D.; Burgess, S.C. Simultaneous tracers and a unified model of
positional and mass isotopomers for quantification of metabolic flux in liver. Metab. Eng. 2020, 59, 1-14. [CrossRef]

Stavarache, C.; Nicolescu, A.; Duduianu, C.; Ailiesei, G.L.; Balan-Porcarasu, M.; Cristea, M.; Macsim, A.M.; Popa, O.; Stavarache,
C.; Hirtopeanu, A; et al. A Real-Life Reproducibility Assessment for NMR Metabolomics. Diagnostics 2022, 12, 559. [CrossRef]
Moco, S. Studying Metabolism by NMR-Based Metabolomics. Front. Mol. Biosci. 2022, 9, 882487. [CrossRef]

Nagana Gowda, G.A.; Raftery, D. NMR Metabolomics Methods for Investigating Disease. Anal. Chem. 2023, 95, 83-99. [CrossRef]
Gathungu, R.M,; Kautz, R.; Kristal, B.S.; Bird, S.S.; Vouros, P. The integration of LC-MS and NMR for the analysis of low molecular
weight trace analytes in complex matrices. Mass Spectrom. Rev. 2020, 39, 35-54. [CrossRef]

Misra, B.B. New software tools, databases, and resources in metabolomics: Updates from 2020. Metabolomics 2021, 17, 49.
[CrossRef]

Zhang, Y.; Gao, B.; Valdiviez, L.; Zhu, C.; Gallagher, T.; Whiteson, K.; Fiehn, O. Comparing Stable Isotope Enrichment by Gas
Chromatography with Time-of-Flight, Quadrupole Time-of-Flight, and Quadrupole Mass Spectrometry. Anal. Chem. 2021, 93,
2174-2182. [CrossRef]

Flasch, M.; Bueschl, C.; Del Favero, G.; Adam, G.; Schuhmacher, R.; Marko, D.; Warth, B. Elucidation of xenoestrogen metabolism
by non-targeted, stable isotope-assisted mass spectrometry in breast cancer cells. Environ. Int. 2022, 158, 106940. [CrossRef]


https://doi.org/10.1126/science.181.4105.1125
https://www.ncbi.nlm.nih.gov/pubmed/4726440
https://doi.org/10.1146/annurev.ph.41.030179.003533
https://www.ncbi.nlm.nih.gov/pubmed/373609
https://doi.org/10.1126/science.36664
https://www.ncbi.nlm.nih.gov/pubmed/36664
https://doi.org/10.1016/j.cbpa.2018.03.004
https://www.ncbi.nlm.nih.gov/pubmed/30007214
https://doi.org/10.2967/jnumed.117.199869
https://doi.org/10.1038/s41416-020-01224-6
https://doi.org/10.1148/radiol.2019182391
https://doi.org/10.1016/j.mric.2010.08.013
https://doi.org/10.1016/j.cell.2015.12.034
https://doi.org/10.1073/pnas.1733835100
https://www.ncbi.nlm.nih.gov/pubmed/12930897
https://doi.org/10.1073/pnas.0601319103
https://www.ncbi.nlm.nih.gov/pubmed/16837573
https://doi.org/10.1073/pnas.2120595119
https://doi.org/10.1016/j.cmet.2017.10.001
https://www.ncbi.nlm.nih.gov/pubmed/29056515
https://doi.org/10.1073/pnas.1913841117
https://doi.org/10.1126/scitranslmed.3006070
https://doi.org/10.1016/j.eururo.2017.07.022
https://doi.org/10.1021/acs.analchem.0c04414
https://doi.org/10.1016/j.copbio.2013.08.004
https://doi.org/10.1016/j.ymben.2019.12.005
https://doi.org/10.3390/diagnostics12030559
https://doi.org/10.3389/fmolb.2022.882487
https://doi.org/10.1021/acs.analchem.2c04606
https://doi.org/10.1002/mas.21575
https://doi.org/10.1007/s11306-021-01796-1
https://doi.org/10.1021/acs.analchem.0c04013
https://doi.org/10.1016/j.envint.2021.106940

Metabolites 2024, 14, 318 19 of 24

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

Evers, B.; Gerding, A.; Boer, T.; Heiner-Fokkema, M.R.; Jalving, M.; Wahl, S.A.; Reijngoud, D.]J.; Bakker, B.M. Simultaneous
Quantification of the Concentration and Carbon Isotopologue Distribution of Polar Metabolites in a Single Analysis by Gas
Chromatography and Mass Spectrometry. Anal. Chem. 2021, 93, 8248-8256. [CrossRef]

Scott, D.A. Analysis of Melanoma Cell Glutamine Metabolism by Stable Isotope Tracing and Gas Chromatography-Mass
Spectrometry. Methods Mol. Biol. 2021, 2265, 91-110.

Cai, F; Bezwada, D.; Cai, L.; Mahar, R.; Wu, Z.; Chang, M.C.; Pachnis, P,; Yang, C.; Kelekar, S.; Gu, W.; et al. Comprehensive
isotopomer analysis of glutamate and aspartate in small tissue samples. Cell Metab. 2023, 35, 1830-1843.e5. [CrossRef]
Harrieder, E.M.; Kretschmer, F.; Bocker, S.; Witting, M. Current state-of-the-art of separation methods used in LC-MS based
metabolomics and lipidomics. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2022, 1188, 123069. [CrossRef]

Chaleckis, R.; Meister, I.; Zhang, P.; Wheelock, C.E. Challenges, progress and promises of metabolite annotation for LC-MS-based
metabolomics. Curr. Opin. Biotechnol. 2019, 55, 44-50. [CrossRef]

Perez de Souza, L.; Alseekh, S.; Scossa, F.; Fernie, A.R. Ultra-high-performance liquid chromatography high-resolution mass
spectrometry variants for metabolomics research. Nat. Methods 2021, 18, 733-746. [CrossRef]

Ma, X.; Fernandez, EM. Advances in mass spectrometry imaging for spatial cancer metabolomics. Mass Spectrom. Rev. 2024, 43,
235-268. [CrossRef]

Caprioli, R M.; Farmer, T.B.; Gile, ]J. Molecular imaging of biological samples: Localization of peptides and proteins using
MALDI-TOF MS. Anal. Chem. 1997, 69, 4751-4760. [CrossRef]

Wiseman, ].M.; Ifa, D.R,; Song, Q.; Cooks, R.G. Tissue imaging at atmospheric pressure using desorption electrospray ionization
(DESI) mass spectrometry. Angew. Chem. Int. Ed. Engl. 2006, 45, 7188-7192. [CrossRef]

Wang, L.; Xing, X.; Zeng, X.; Jackson, S.R,; TeSlaa, T.; Al-Dalahmah, O.; Samarah, L.Z.; Goodwin, K.; Yang, L.; McReynolds, M.R,;
et al. Spatially resolved isotope tracing reveals tissue metabolic activity. Nat. Methods 2022, 19, 223-230. [CrossRef]
Schwaiger-Haber, M.; Stancliffe, E.; Anbukumar, D.S.; Sells, B.; Yi, J.; Cho, K.; Adkins-Travis, K.; Chheda, M.G.; Shriver, L.P;
Patti, G.J. Using mass spectrometry imaging to map fluxes quantitatively in the tumor ecosystem. Nat. Commun. 2023, 14, 2876.
[CrossRef]

Ogrinc, N.; Kruszewski, A.; Chaillou, P.; Saudemont, P.; Lagadec, C.; Salzet, M.; Duriez, C.; Fournier, I. Robot-Assisted SpiderMass
for In Vivo Real-Time Topography Mass Spectrometry Imaging. Anal. Chem. 2021, 93, 14383-14391. [CrossRef]

Manoli, E.; Mason, S.; Ford, L.; Adebesin, A.; Bodai, Z.; Darzi, A.; Kinross, ].; Takats, Z. Validation of Ultrasonic Harmonic Scalpel
for Real-Time Tissue Identification Using Rapid Evaporative Ionization Mass Spectrometry. Anal. Chem. 2021, 93, 5906-5916.
[CrossRef]

Zhang, J.; Rector, J.; Lin, J.Q.; Young, ].H.; Sans, M.; Katta, N.; Giese, N.; Yu, W.; Nagi, C.; Suliburk, J.; et al. Nondestructive tissue
analysis for ex vivo and in vivo cancer diagnosis using a handheld mass spectrometry system. Sci. Transl. Med. 2017, 9, eaan3968.
[CrossRef]

Alseekh, S.; Aharoni, A.; Brotman, Y.; Contrepois, K.; D"Auria, J.; Ewald, J.; Ewald, J.C.; Fraser, P.D.; Giavalisco, P; Hall, R.D.; et al.
Mass spectrometry-based metabolomics: A guide for annotation, quantification and best reporting practices. Nat. Methods 2021,
18, 747-756. [CrossRef]

Martens, A.; Holle, J.; Mollenhauer, B.; Wegner, A.; Kirwan, J.; Hiller, K. Instrumental Drift in Untargeted Metabolomics:
Optimizing Data Quality with Intrastudy QC Samples. Metabolites 2023, 13, 665. [CrossRef]

Clark, T.N.; Houriet, J.; Vidar, W.S; Kellogg, J.J.; Todd, D.A.; Cech, N.B.; Linington, R.G. Interlaboratory Comparison of Untargeted
Mass Spectrometry Data Uncovers Underlying Causes for Variability. J. Nat. Prod. 2021, 84, 824-835. [CrossRef]

Lin, Y.; Caldwell, G.W.; Li, Y.; Lang, W.; Masucci, J. Inter-laboratory reproducibility of an untargeted metabolomics GC-MS assay
for analysis of human plasma. Sci. Rep. 2020, 10, 10918. [CrossRef]

Ghosh, R.; Bu, G.; Nannenga, B.L.; Sumner, L.W. Recent Developments toward Integrated Metabolomics Technologies (UHPLC-
MS-SPE-NMR and MicroED) for Higher-Throughput Confident Metabolite Identifications. Front. Mol. Biosci. 2021, 8, 720955.
[CrossRef]

Rahim, M.; Ragavan, M.; Deja, S.; Merritt, M.E.; Burgess, S.C.; Young, ].D. INCA 2.0: A tool for integrated, dynamic modeling of
NMR- and MS-based isotopomer measurements and rigorous metabolic flux analysis. Metab. Eng. 2022, 69, 275-285. [CrossRef]
Domingo-Almenara, X.; Siuzdak, G. Metabolomics Data Processing Using XCMS. Methods Mol. Biol. 2020, 2104, 11-24.

Li, Y; Kind, T,; Folz, J.; Vaniya, A.; Mehta, S.S.; Fiehn, O. Spectral entropy outperforms MS/MS dot product similarity for
small-molecule compound identification. Nat. Methods 2021, 18, 1524-1531. [CrossRef]

Canueto, D.; Gomez, J.; Salek, R.M.; Correig, X.; Canellas, N. rDolphin: A GUI R package for proficient automatic profiling of 1D
(1)H-NMR spectra of study datasets. Metabolomics 2018, 14, 24. [CrossRef]

Rohnisch, H.E.; Eriksson, J.; Mullner, E.; Agback, P.; Sandstrom, C.; Moazzami, A.A. AQuA: An Automated Quantification
Algorithm for High-Throughput NMR-Based Metabolomics and Its Application in Human Plasma. Amnal. Chem. 2018, 90,
2095-2102. [CrossRef]

Madrid-Gambin, E; Oller-Moreno, S.; Fernandez, L.; Bartova, S.; Giner, M.P; Joyce, C.; Ferraro, F.; Montoliu, I.; Moco, S.; Marco, S.
AlpsNMR: An R package for signal processing of fully untargeted NMR-based metabolomics. Bioinformatics 2020, 36, 2943-2945.
[CrossRef]

Khakimov, B.; Mobaraki, N.; Trimigno, A.; Aru, V.; Engelsen, S.B. Signature Mapping (SigMa): An efficient approach for
processing complex human urine (1)H NMR metabolomics data. Anal. Chim. Acta 2020, 1108, 142-151. [CrossRef]


https://doi.org/10.1021/acs.analchem.1c01040
https://doi.org/10.1016/j.cmet.2023.07.013
https://doi.org/10.1016/j.jchromb.2021.123069
https://doi.org/10.1016/j.copbio.2018.07.010
https://doi.org/10.1038/s41592-021-01116-4
https://doi.org/10.1002/mas.21804
https://doi.org/10.1021/ac970888i
https://doi.org/10.1002/anie.200602449
https://doi.org/10.1038/s41592-021-01378-y
https://doi.org/10.1038/s41467-023-38403-x
https://doi.org/10.1021/acs.analchem.1c01692
https://doi.org/10.1021/acs.analchem.1c00270
https://doi.org/10.1126/scitranslmed.aan3968
https://doi.org/10.1038/s41592-021-01197-1
https://doi.org/10.3390/metabo13050665
https://doi.org/10.1021/acs.jnatprod.0c01376
https://doi.org/10.1038/s41598-020-67939-x
https://doi.org/10.3389/fmolb.2021.720955
https://doi.org/10.1016/j.ymben.2021.12.009
https://doi.org/10.1038/s41592-021-01331-z
https://doi.org/10.1007/s11306-018-1319-y
https://doi.org/10.1021/acs.analchem.7b04324
https://doi.org/10.1093/bioinformatics/btaa022
https://doi.org/10.1016/j.aca.2020.02.025

Metabolites 2024, 14, 318 20 of 24

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

Clasquin, ML.E,; Melamud, E.; Rabinowitz, ].D. LC-MS data processing with MAVEN: A metabolomic analysis and visualization
engine. Curr. Protoc. Bioinform. 2012, 37, 14.11.1-14.11.23. [CrossRef]

Adams, KJ.; Pratt, B.; Bose, N.; Dubois, L.G.; St John-Williams, L.; Perrott, K.M.; Ky, K.; Kapahi, P.; Sharma, V.; MacCoss, M.].; et al.
Skyline for Small Molecules: A Unifying Software Package for Quantitative Metabolomics. |. Proteome Res. 2020, 19, 1447-1458.
[CrossRef]

Gomez, ].D.; Wall, M.L.; Rahim, M.; Kambhampati, S.; Evans, B.S.; Allen, D.K.; Antoniewicz, M.R.; Young, J.D. Program for
Integration and Rapid Analysis of Mass Isotopomer Distributions (PIRAMID). Bioinformatics 2023, 39, btad661. [CrossRef]
Pang, Z.; Lu, Y.; Zhou, G.; Hui, F,; Xu, L.; Viau, C.; Spigelman, A.F.; MacDonald, P.E.; Wishart, D.S.; Li, S.; et al. MetaboAnalyst 6.0:
Towards a unified platform for metabolomics data processing, analysis and interpretation. Nucleic Acids Res. 2024, gkae253.
[CrossRef]

Tsugawa, H.; Cajka, T.; Kind, T.; Ma, Y.; Higgins, B.; Ikeda, K.; Kanazawa, M.; VanderGheynst, J.; Fiehn, O.; Arita, M. MS-DIAL:
Data-independent MS/MS deconvolution for comprehensive metabolome analysis. Nat. Methods 2015, 12, 523-526. [CrossRef]
Schmid, R.; Heuckeroth, S.; Korf, A.; Smirnov, A.; Myers, O.; Dyrlund, T.S.; Bushuiev, R.; Murray, K.J.; Hoffmann, N.; Lu, M.; et al.
Integrative analysis of multimodal mass spectrometry data in MZmine 3. Nat. Biotechnol. 2023, 41, 447-449. [CrossRef]

Huang, X.; Chen, Y.J.; Cho, K.; Nikolskiy, I.; Crawford, P.A.; Patti, G.J. X13CMS: Global tracking of isotopic labels in untargeted
metabolomics. Anal. Chem. 2014, 86, 1632-1639. [CrossRef]

Kiefer, P; Schmitt, U.; Muller, ].E.; Hartl, J.; Meyer, E; Ryffel, E; Vorholt, J.A. DynaMet: A fully automated pipeline for dynamic
LC-MS data. Anal. Chem. 2015, 87, 9679-9686. [CrossRef]

Capellades, J.; Navarro, M.; Samino, S.; Garcia-Ramirez, M.; Hernandez, C.; Simo, R.; Vinaixa, M.; Yanes, O. geoRge: A
Computational Tool To Detect the Presence of Stable Isotope Labeling in LC/MS-Based Untargeted Metabolomics. Anal. Chem.
2016, 88, 621-628. [CrossRef]

Hoffmann, E; Jaeger, C.; Bhattacharya, A.; Schmitt, C.A.; Lisec, ]. Nontargeted Identification of Tracer Incorporation in High-
Resolution Mass Spectrometry. Anal. Chem. 2018, 90, 7253-7260. [CrossRef]

Wang, R.; Yin, Y,; Li, ].; Wang, H.; Lv, W.; Gao, Y.; Wang, T.; Zhong, Y.; Zhou, Z.; Cai, Y.; et al. Global stable-isotope tracing
metabolomics reveals system-wide metabolic alternations in aging Drosophila. Nat. Commun. 2022, 13, 3518. [CrossRef]
Midani, ES.; Wynn, M.L.; Schnell, S. The importance of accurately correcting for the natural abundance of stable isotopes. Anal.
Biochem. 2017, 520, 27-43. [CrossRef]

Millard, P; Delepine, B.; Guionnet, M.; Heuillet, M.; Bellvert, F.; Letisse, F. IsoCor: Isotope correction for high-resolution MS
labeling experiments. Bioinformatics 2019, 35, 4484—4487. [CrossRef]

Wang, Y.; Parsons, L.R.; Su, X. AccuCor2: Isotope natural abundance correction for dual-isotope tracer experiments. Lab. Investig.
2021, 101, 1403-1410. [CrossRef]

Heinrich, P.; Kohler, C.; Ellmann, L.; Kuerner, P; Spang, R.; Oefner, PJ.; Dettmer, K. Correcting for natural isotope abundance
and tracer impurity in MS-, MS/MS- and high-resolution-multiple-tracer-data from stable isotope labeling experiments with
IsoCorrectoR. Sci. Rep. 2018, 8, 17910. [CrossRef]

Nilsson, R. Validity of natural isotope abundance correction for metabolic flux analysis. Math. Biosci. 2020, 330, 108481. [CrossRef]
Kumar, A.; Mitchener, J.; King, Z.A.; Metallo, C.M. Escher-Trace: A web application for pathway-based visualization of stable
isotope tracing data. BMC Bioinform. 2020, 21, 297. [CrossRef]

Hui, S.; Ghergurovich, ].M.; Morscher, R.].; Jang, C.; Teng, X.; Lu, W.; Esparza, L.A.; Reya, T.; Le, Z.; Yanxiang Guo, J.; et al.
Glucose feeds the TCA cycle via circulating lactate. Nature 2017, 551, 115-118. [CrossRef]

Zamboni, N.; Fendt, S.M.; Ruhl, M.; Sauer, U. (}3)C-based metabolic flux analysis. Nat. Protoc. 2009, 4, 878-892. [CrossRef]
Antoniewicz, M.R. A guide to (13)C metabolic flux analysis for the cancer biologist. Exp. Mol. Med. 2018, 50, 1-13. [CrossRef]
Liu, S.; Dai, Z.; Cooper, D.E.; Kirsch, D.G.; Locasale, ].W. Quantitative Analysis of the Physiological Contributions of Glucose to
the TCA Cycle. Cell Metab. 2020, 32, 619-628.e21. [CrossRef]

Cheah, Y.E.; Young, ].D. Isotopically nonstationary metabolic flux analysis (INST-MFA): Putting theory into practice. Curr. Opin.
Biotechnol. 2018, 54, 80-87. [CrossRef]

Orth, ].D.; Thiele, I.; Palsson, B.O. What is flux balance analysis? Nat. Biotechnol. 2010, 28, 245-248. [CrossRef]

Weitzel, M.; Noh, K.; Dalman, T.; Niedenfuhr, S.; Stute, B.; Wiechert, W. 13CFLUX2—high-performance software suite for
(13)C-metabolic flux analysis. Bioinformatics 2013, 29, 143-145. [CrossRef]

Young, ].D. INCA: A computational platform for isotopically non-stationary metabolic flux analysis. Bioinformatics 2014, 30,
1333-1335. [CrossRef]

Zamboni, N.; Fischer, E.; Sauer, U. FiatFlux--A software for metabolic flux analysis from 13C-glucose experiments. BMC Bioinform.
2005, 6, 209. [CrossRef]

Matsuda, F.; Maeda, K.; Taniguchi, T.; Kondo, Y.; Yatabe, F.; Okahashi, N.; Shimizu, H. mfapy: An open-source Python package
for (13)C-based metabolic flux analysis. Metab. Eng. Commun. 2021, 13, e00177. [CrossRef]

He, L.; Wu, 5.G.; Zhang, M.; Chen, Y.; Tang, Y.J. WUFlux: An open-source platform for (13)C metabolic flux analysis of bacterial
metabolism. BMC Bioinform. 2016, 17, 444. [CrossRef]

Wu, C.; Guarnieri, M.; Xiong, W. FreeFlux: A Python Package for Time-Efficient Isotopically Nonstationary Metabolic Flux
Analysis. ACS Synth. Biol. 2023, 12, 2707-2714. [CrossRef]

Long, C.P; Antoniewicz, M.R. High-resolution (13)C metabolic flux analysis. Nat. Protoc. 2019, 14, 2856-2877. [CrossRef]


https://doi.org/10.1002/0471250953.bi1411s37
https://doi.org/10.1021/acs.jproteome.9b00640
https://doi.org/10.1093/bioinformatics/btad661
https://doi.org/10.1093/nar/gkae253
https://doi.org/10.1038/nmeth.3393
https://doi.org/10.1038/s41587-023-01690-2
https://doi.org/10.1021/ac403384n
https://doi.org/10.1021/acs.analchem.5b01660
https://doi.org/10.1021/acs.analchem.5b03628
https://doi.org/10.1021/acs.analchem.8b00356
https://doi.org/10.1038/s41467-022-31268-6
https://doi.org/10.1016/j.ab.2016.12.011
https://doi.org/10.1093/bioinformatics/btz209
https://doi.org/10.1038/s41374-021-00631-4
https://doi.org/10.1038/s41598-018-36293-4
https://doi.org/10.1016/j.mbs.2020.108481
https://doi.org/10.1186/s12859-020-03632-0
https://doi.org/10.1038/nature24057
https://doi.org/10.1038/nprot.2009.58
https://doi.org/10.1038/s12276-018-0060-y
https://doi.org/10.1016/j.cmet.2020.09.005
https://doi.org/10.1016/j.copbio.2018.02.013
https://doi.org/10.1038/nbt.1614
https://doi.org/10.1093/bioinformatics/bts646
https://doi.org/10.1093/bioinformatics/btu015
https://doi.org/10.1186/1471-2105-6-209
https://doi.org/10.1016/j.mec.2021.e00177
https://doi.org/10.1186/s12859-016-1314-0
https://doi.org/10.1021/acssynbio.3c00265
https://doi.org/10.1038/s41596-019-0204-0

Metabolites 2024, 14, 318 21 of 24

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Yoo, H.; Antoniewicz, M.R.; Stephanopoulos, G.; Kelleher, J.K. Quantifying reductive carboxylation flux of glutamine to lipid in a
brown adipocyte cell line. J. Biol. Chem. 2008, 283, 20621-20627. [CrossRef]

Wang, Y.; Wondisford, EE.; Song, C.; Zhang, T.; Su, X. Metabolic Flux Analysis-Linking Isotope Labeling and Metabolic Fluxes.
Metabolites 2020, 10, 447. [CrossRef]

Moiz, B.; Sriram, G.; Clyne, A.M. Interpreting metabolic complexity via isotope-assisted metabolic flux analysis. Trends Biochem.
Sci. 2023, 48, 553-567. [CrossRef]

Crooks, D.R.; Fan, T.W,; Linehan, WM. Metabolic Labeling of Cultured Mammalian Cells for Stable Isotope-Resolved
Metabolomics: Practical Aspects of Tissue Culture and Sample Extraction. Methods Mol. Biol. 2019, 1928, 1-27.
Fernandez-Garcia, J.; Altea-Manzano, P.; Pranzini, E.; Fendt, S.M. Stable Isotopes for Tracing Mammalian-Cell Metabolism In
Vivo. Trends Biochem. Sci. 2020, 45, 185-201. [CrossRef]

van Gastel, N.; Spinelli, ].B.; Haigis, M.C.; Scadden, D.T. Analysis of Leukemia Cell Metabolism through Stable Isotope Tracing in
Mice. Bio Protocl 2021, 11, e4171. [CrossRef]

Jin, J.; Byun, ].K,; Choi, Y.K; Park, K.G. Targeting glutamine metabolism as a therapeutic strategy for cancer. Exp. Mol. Med. 2023,
55,706-715. [CrossRef]

Kodama, M.; Oshikawa, K.; Shimizu, H.; Yoshioka, S.; Takahashi, M.; Izumi, Y.; Bamba, T.; Tateishi, C.; Tomonaga, T,
Matsumoto, M.; et al. A shift in glutamine nitrogen metabolism contributes to the malignant progression of cancer. Nat. Commun.
2020, 11, 1320. [CrossRef]

Bott, A.J,; Shen, J.; Tonelli, C.; Zhan, L.; Sivaram, N.; Jiang, Y.P; Yu, X.; Bhatt, V.; Chiles, E.; Zhong, H.; et al. Glutamine Anabolism
Plays a Critical Role in Pancreatic Cancer by Coupling Carbon and Nitrogen Metabolism. Cell Rep. 2019, 29, 1287-1298.e6.
[CrossRef]

Kaushik, A.K.; Tarangelo, A.; Boroughs, L.K.; Ragavan, M.; Zhang, Y.,; Wu, C.Y,; Li, X.; Ahumada, K,; Chiang, ]J.C,;
Tcheuyap, V.T,; etal. Invivo characterization of glutamine metabolism identifies therapeutic targets in clear cell renal cell
carcinoma. Sci. Adv. 2022, 8, eabp8293. [CrossRef]

Fan, J.; Kamphorst, ].J.; Rabinowitz, ].D.; Shlomi, T. Fatty acid labeling from glutamine in hypoxia can be explained by isotope
exchange without net reductive isocitrate dehydrogenase (IDH) flux. J. Biol. Chem. 2013, 288, 31363-31369. [CrossRef]

Wang, Y.; Bai, C.; Ruan, Y.; Liu, M.; Chu, Q.; Qiu, L.; Yang, C.; Li, B. Coordinative metabolism of glutamine carbon and nitrogen in
proliferating cancer cells under hypoxia. Nat. Commun. 2019, 10, 201. [CrossRef]

Mendez-Lucas, A.; Lin, W.; Driscoll, P.C.; Legrave, N.; Novellasdemunt, L.; Xie, C.; Charles, M.; Wilson, Z.; Jones, N.P;
Rayport, S.; et al. Identifying strategies to target the metabolic flexibility of tumours. Nat. Metab. 2020, 2, 335-350. [CrossRef]
Hart, M.L.; Quon, E.; Vigil, A.B.G.; Engstrom, I.A.; Newsom, O.].; Davidsen, K.; Hoellerbauer, P; Carlisle, S.M.; Sullivan, L.B.
Mitochondrial redox adaptations enable alternative aspartate synthesis in SDH-deficient cells. eLife 2023, 12, €78654. [CrossRef]
[PubMed]

Ricci, L.; Stanley, FEU.; Eberhart, T.; Mainini, F; Sumpton, D.; Cardaci, S. Pyruvate transamination and NAD biosynthesis enable
proliferation of succinate dehydrogenase-deficient cells by supporting aerobic glycolysis. Cell Death Dis. 2023, 14, 403. [CrossRef]
[PubMed]

Linder, S.J.; Bernasocchi, T.; Martinez-Pastor, B.; Sullivan, K.D.; Galbraith, M.D.; Lewis, C.A.; Ferrer, C.M.; Boon, R.; Silveira, G.G.;
Cho, H.M; et al. Inhibition of the proline metabolism rate-limiting enzyme P5CS allows proliferation of glutamine-restricted
cancer cells. Nat. Metab. 2023, 5, 2131-2147. [CrossRef]

Kim, J.; DeBerardinis, R.J. Mechanisms and Implications of Metabolic Heterogeneity in Cancer. Cell Metab. 2019, 30, 434-446.
[CrossRef]

Vitale, I.; Shema, E.; Loi, S.; Galluzzi, L. Intratumoral heterogeneity in cancer progression and response to immunotherapy. Nat.
Med. 2021, 27, 212-224. [CrossRef]

Haffner, M.C.; Zwart, W.; Roudier, M.P; True, L.D.; Nelson, W.G.; Epstein, ].I.; De Marzo, A.M.; Nelson, P.S.; Yegnasubramanian, S.
Genomic and phenotypic heterogeneity in prostate cancer. Nat. Rev. Urol. 2021, 18, 79-92. [CrossRef]

Fidelito, G.; De Souza, D.P,; Niranjan, B.; De Nardo, W.; Keerthikumar, S.; Brown, K.; Taylor, R.A.; Watt, M.]. Multi-substrate
Metabolic Tracing Reveals Marked Heterogeneity and Dependency on Fatty Acid Metabolism in Human Prostate Cancer. Mol.
Cancer Res. 2023, 21, 359-373. [CrossRef]

Zhang, Y.; Guillermier, C.; De Raedt, T; Cox, A.G.; Maertens, O.; Yimlamai, D.; Lun, M.; Whitney, A.; Maas, R.L,;
Goessling, W.; et al. Imaging Mass Spectrometry Reveals Tumor Metabolic Heterogeneity. iScience 2020, 23, 101355. [CrossRef]
Gross, M.I; Demo, S.D.; Dennison, J.B.; Chen, L.; Chernov-Rogan, T.; Goyal, B.; Janes, ].R.; Laidig, G.J.; Lewis, E.R.; Li, J.; et al.
Antitumor activity of the glutaminase inhibitor CB-839 in triple-negative breast cancer. Mol. Cancer Ther. 2014, 13, 890-901.
[CrossRef]

Ren, L.; Ruiz-Rodado, V.; Dowdy, T.; Huang, S.; Issaq, S.H.; Beck, J.; Wang, H.; Tran Hoang, C.; Lita, A.; Larion, M.; et al.
Glutaminase-1 (GLS1) inhibition limits metastatic progression in osteosarcoma. Cancer Metab. 2020, 8, 4. [CrossRef] [PubMed]
Zhang, X.; Halberstam, A.A.; Zhu, W.; Leitner, B.P.; Thakral, D.; Bosenberg, M.W.; Perry, R.]J. Isotope tracing reveals distinct
substrate preference in murine melanoma subtypes with differing anti-tumor immunity. Cancer Metab. 2022, 10, 21. [CrossRef]
[PubMed]


https://doi.org/10.1074/jbc.M706494200
https://doi.org/10.3390/metabo10110447
https://doi.org/10.1016/j.tibs.2023.02.001
https://doi.org/10.1016/j.tibs.2019.12.002
https://doi.org/10.21769/BioProtoc.4171
https://doi.org/10.1038/s12276-023-00971-9
https://doi.org/10.1038/s41467-020-15136-9
https://doi.org/10.1016/j.celrep.2019.09.056
https://doi.org/10.1126/sciadv.abp8293
https://doi.org/10.1074/jbc.M113.502740
https://doi.org/10.1038/s41467-018-08033-9
https://doi.org/10.1038/s42255-020-0195-8
https://doi.org/10.7554/eLife.78654
https://www.ncbi.nlm.nih.gov/pubmed/36883551
https://doi.org/10.1038/s41419-023-05927-5
https://www.ncbi.nlm.nih.gov/pubmed/37414778
https://doi.org/10.1038/s42255-023-00919-3
https://doi.org/10.1016/j.cmet.2019.08.013
https://doi.org/10.1038/s41591-021-01233-9
https://doi.org/10.1038/s41585-020-00400-w
https://doi.org/10.1158/1541-7786.MCR-22-0796
https://doi.org/10.1016/j.isci.2020.101355
https://doi.org/10.1158/1535-7163.MCT-13-0870
https://doi.org/10.1186/s40170-020-0209-8
https://www.ncbi.nlm.nih.gov/pubmed/32158544
https://doi.org/10.1186/s40170-022-00296-7
https://www.ncbi.nlm.nih.gov/pubmed/36457136

Metabolites 2024, 14, 318 22 of 24

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Kay, E.J.; Paterson, K.; Riera-Domingo, C.; Sumpton, D.; Dabritz, ].H.M.; Tardito, S.; Boldrini, C.; Hernandez-Fernaud, J.R,;
Athineos, D.; Dhayade, S.; et al. Cancer-associated fibroblasts require proline synthesis by PYCRI for the deposition of pro-
tumorigenic extracellular matrix. Nat. Metab. 2022, 4, 693-710. [CrossRef] [PubMed]

Yang, W.H.; Qiu, Y.; Stamatatos, O.; Janowitz, T.; Lukey, M.]. Enhancing the Efficacy of Glutamine Metabolism Inhibitors in
Cancer Therapy. Trends Cancer 2021, 7, 790-804. [CrossRef] [PubMed]

Zhang, J.; Ahn, W.S.; Gameiro, P.A.; Keibler, M.A.; Zhang, Z.; Stephanopoulos, G. 13C isotope-assisted methods for quantifying
glutamine metabolism in cancer cells. Methods Enzymol. 2014, 542, 369-389. [PubMed]

De Los Santos-Jimenez, J.; Rosales, T.; Ko, B.; Campos-Sandoval, J.A.; Alonso, FJ.; Marquez, J.; DeBerardinis, R.].; Mates, ].M.
Metabolic Adjustments following Glutaminase Inhibition by CB-839 in Glioblastoma Cell Lines. Cancers 2023, 15, 531. [CrossRef]
[PubMed]

Encarnacion-Rosado, J.; Sohn, A.S.W.; Biancur, D.E,; Lin, E.Y.; Osorio-Vasquez, V.; Rodrick, T.; Gonzalez-Baerga, D.; Zhao, E.;
Yokoyama, Y.; Simeone, D.M.; et al. Targeting pancreatic cancer metabolic dependencies through glutamine antagonism. Nat.
Cancer 2024, 5, 85-99. [CrossRef] [PubMed]

Lee, P,; Malik, D.; Perkons, N.; Huangyang, P.; Khare, S.; Rhoades, S.; Gong, Y.Y.; Burrows, M.; Finan, ].M.; Nissim, L; et al.
Targeting glutamine metabolism slows soft tissue sarcoma growth. Nat. Commun. 2020, 11, 498. [CrossRef] [PubMed]

Wu, S.; Fukumoto, T.; Lin, J.; Nacarelli, T.; Wang, Y.; Ong, D.; Liu, H.; Fatkhutdinov, N.; Zundell, ]J.A.; Karakashev, S.; et al.
Targeting glutamine dependence through GLS1 inhibition suppresses ARID1A-inactivated clear cell ovarian carcinoma. Nat.
Cancer 2021, 2, 189-200. [CrossRef]

Xu, L; Yin, Y; Li, Y;; Chen, X.; Chang, Y.; Zhang, H.; Liu, J.; Beasley, J.; McCaw, P.; Zhang, H.; et al. A glutaminase isoform
switch drives therapeutic resistance and disease progression of prostate cancer. Proc. Natl. Acad. Sci. USA 2021, 118, e2012748118.
[CrossRef]

Maxwell, R.E.; Nickel, V.S. 6-Diazo-5-oxo-L-norleucine, a new tumor-inhibitory substance. V. Microbiologic studies of mode of
action. Antibiot. Chemother. 1957, 7, 81-89.

Coffey, G.L.; Ehrlich, J.; Fisher, M.W.; Hillegas, A.B.; Kohberger, D.L.; Machamer, H.E.; Rightsel, W.A.; Roegner, ER. 6-Diazo-5-
oxo-L-norleucine, a new tumor-inhibitory substance. I. Biologic studies. Antibiot. Chemother. 1956, 6, 487-497.

Rais, R.; Lemberg, K.M.; Tenora, L.; Arwood, M.L.; Pal, A; Alt, J.; Wu, Y.; Lam, J.; Aguilar, JM.H.; Zhao, L.; et al. Discovery of
DRP-104, a tumor-targeted metabolic inhibitor prodrug. Sci. Adv. 2022, 8, eabq5925. [CrossRef] [PubMed]

Yokoyama, Y.; Estok, T.M.; Wild, R. Sirpiglenastat (DRP-104) Induces Antitumor Efficacy through Direct, Broad Antagonism of
Glutamine Metabolism and Stimulation of the Innate and Adaptive Inmune Systems. Mol. Cancer Ther. 2022, 21, 1561-1572.
[CrossRef] [PubMed]

Pillai, R.; LeBoeuf, S.E.; Hao, Y.; New, C.; Blum, ].L.E.; Rashidfarrokhi, A.; Huang, S.M.; Bahamon, C.; Wu, W.L.; Karadal-Ferrena,
B.; et al. Glutamine antagonist DRP-104 suppresses tumor growth and enhances response to checkpoint blockade in KEAP1
mutant lung cancer. Sci. Adv. 2024, 10, eadm9859. [CrossRef] [PubMed]

Shi, D.D.; Savani, M.R; Levitt, M.M.; Wang, A.C.; Endress, J.E.; Bird, C.E.; Buehler, J.; Stopka, S.A.; Regan, M.S; Lin, Y.F; et al.
De novo pyrimidine synthesis is a targetable vulnerability in IDH mutant glioma. Cancer Cell 2022, 40, 939-956.e16. [CrossRef]
[PubMed]

Lee, M.S.; Dennis, C.; Naqvi, I; Dailey, L.; Lorzadeh, A.; Ye, G.; Zaytouni, T.; Adler, A.; Hitchcock, D.S; Lin, L.; et al. Ornithine
aminotransferase supports polyamine synthesis in pancreatic cancer. Nature 2023, 616, 339-347. [CrossRef] [PubMed]

Naser, EJ.; Jackstadt, M.M.; Fowle-Grider, R.; Spalding, J.L.; Cho, K; Stancliffe, E.; Doonan, S.R.; Kramer, E.T.; Yao, L.; Krasnick,
B.; et al. Isotope tracing in adult zebrafish reveals alanine cycling between melanoma and liver. Cell Metab. 2021, 33, 1493-1504.e5.
[CrossRef] [PubMed]

Pachnis, P.; Wu, Z.; Faubert, B.; Tasdogan, A.; Gu, W.; Shelton, S.; Solmonson, A.; Rao, A.D.; Kaushik, A.K.; Rogers, T.].; et al.
In vivo isotope tracing reveals a requirement for the electron transport chain in glucose and glutamine metabolism by tumors.
Sci. Adv. 2022, 8, eabn9550. [CrossRef]

Khayati, K.; Bhatt, V.; Lan, T.; Alogaili, F.; Wang, W.; Lopez, E.; Hu, Z.S.; Gokhale, S.; Cassidy, L.; Narita, M.; et al. Transient
Systemic Autophagy Inhibition Is Selectively and Irreversibly Deleterious to Lung Cancer. Cancer Res. 2022, 82, 4429-4443.
[CrossRef]

Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029-1033. [CrossRef] [PubMed]

Notarangelo, G.; Spinelli, ].B.; Perez, EM.; Baker, G.J.; Kurmi, K; Elia, I.; Stopka, S.A.; Baquer, G.; Lin, ].R.; Golby, A.J.; et al.
Oncometabolite d-2HG alters T cell metabolism to impair CD8(+) T cell function. Science 2022, 377, 1519-1529. [CrossRef]
[PubMed]

Campbell, S.; Mesaros, C.; Izzo, L.; Affronti, H.; Noji, M.; Schaffer, B.E.; Tsang, T.; Sun, K.; Trefely, S.; Kruijning, S.; et al. Glutamine
deprivation triggers NAGK-dependent hexosamine salvage. eLife 2021, 10, e62644. [CrossRef] [PubMed]

Tan, Y.; Li, J.; Zhao, G.; Huang, K.C.; Cardenas, H.; Wang, Y.; Matei, D.; Cheng, ].X. Metabolic reprogramming from glycolysis to
fatty acid uptake and beta-oxidation in platinum-resistant cancer cells. Nat. Commun. 2022, 13, 4554. [CrossRef] [PubMed]
Wood, L.D.; Canto, M.L; Jaffee, E.M.; Simeone, D.M. Pancreatic Cancer: Pathogenesis, Screening, Diagnosis, and Treatment.
Gastroenterology 2022, 163, 386—-402.e1. [CrossRef] [PubMed]


https://doi.org/10.1038/s42255-022-00582-0
https://www.ncbi.nlm.nih.gov/pubmed/35760868
https://doi.org/10.1016/j.trecan.2021.04.003
https://www.ncbi.nlm.nih.gov/pubmed/34020912
https://www.ncbi.nlm.nih.gov/pubmed/24862276
https://doi.org/10.3390/cancers15020531
https://www.ncbi.nlm.nih.gov/pubmed/36672480
https://doi.org/10.1038/s43018-023-00647-3
https://www.ncbi.nlm.nih.gov/pubmed/37814010
https://doi.org/10.1038/s41467-020-14374-1
https://www.ncbi.nlm.nih.gov/pubmed/31980651
https://doi.org/10.1038/s43018-020-00160-x
https://doi.org/10.1073/pnas.2012748118
https://doi.org/10.1126/sciadv.abq5925
https://www.ncbi.nlm.nih.gov/pubmed/36383674
https://doi.org/10.1158/1535-7163.MCT-22-0282
https://www.ncbi.nlm.nih.gov/pubmed/35930753
https://doi.org/10.1126/sciadv.adm9859
https://www.ncbi.nlm.nih.gov/pubmed/38536921
https://doi.org/10.1016/j.ccell.2022.07.011
https://www.ncbi.nlm.nih.gov/pubmed/35985343
https://doi.org/10.1038/s41586-023-05891-2
https://www.ncbi.nlm.nih.gov/pubmed/36991126
https://doi.org/10.1016/j.cmet.2021.04.014
https://www.ncbi.nlm.nih.gov/pubmed/33989520
https://doi.org/10.1126/sciadv.abn9550
https://doi.org/10.1158/0008-5472.CAN-22-1039
https://doi.org/10.1126/science.1160809
https://www.ncbi.nlm.nih.gov/pubmed/19460998
https://doi.org/10.1126/science.abj5104
https://www.ncbi.nlm.nih.gov/pubmed/36173860
https://doi.org/10.7554/eLife.62644
https://www.ncbi.nlm.nih.gov/pubmed/34844667
https://doi.org/10.1038/s41467-022-32101-w
https://www.ncbi.nlm.nih.gov/pubmed/35931676
https://doi.org/10.1053/j.gastro.2022.03.056
https://www.ncbi.nlm.nih.gov/pubmed/35398344

Metabolites 2024, 14, 318 23 of 24

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Nwosu, Z.C.; Ward, M.H.; Sajjakulnukit, P.; Poudel, P; Ragulan, C.; Kasperek, S.; Radyk, M.; Sutton, D.; Menjivar, R.E.; Andren,
A.; et al. Uridine-derived ribose fuels glucose-restricted pancreatic cancer. Nature 2023, 618, 151-158. [CrossRef]

McGuirk, S.; Audet-Delage, Y.; St-Pierre, ]. Metabolic Fitness and Plasticity in Cancer Progression. Trends Cancer 2020, 6, 49-61.
[CrossRef]

Boumahdi, S.; de Sauvage, EJ. The great escape: Tumour cell plasticity in resistance to targeted therapy. Nat. Rev. Drug Discov.
2020, 19, 39-56. [CrossRef]

Thankamony, A.P.; Saxena, K.; Murali, R; Jolly, M.K,; Nair, R. Cancer Stem Cell Plasticity—A Deadly Deal. Front. Mol. Biosci.
2020, 7, 79. [CrossRef]

Arner, E.N.; Rathmell, ].C. Metabolic programming and immune suppression in the tumor microenvironment. Cancer Cell 2023,
41, 421-433. [CrossRef]

Perez-Gonzalez, A.; Bevant, K.; Blanpain, C. Cancer cell plasticity during tumor progression, metastasis and response to therapy.
Nat. Cancer 2023, 4, 1063-1082. [CrossRef] [PubMed]

Vasan, K.; Chandel, N.S. Molecular and cellular mechanisms underlying the failure of mitochondrial metabolism drugs in cancer
clinical trials. J. Clin. Investig. 2024, 134, €176736. [CrossRef] [PubMed]

Yap, T.A.; Daver, N.; Mahendra, M.; Zhang, ].; Kamiya-Matsuoka, C.; Meric-Bernstam, F.; Kantarjian, H.M.; Ravandi, E,; Collins,
M.E.; Francesco, M.E.D.; et al. Complex I inhibitor of oxidative phosphorylation in advanced solid tumors and acute myeloid
leukemia: Phase I trials. Nat. Med. 2023, 29, 115-126. [CrossRef] [PubMed]

Molina, J.R.; Sun, Y.; Protopopova, M.; Gera, S.; Bandi, M.; Bristow, C.; McAfoos, T.; Morlacchi, P.; Ackroyd, J.; Agip, A.A.; et al.
An inhibitor of oxidative phosphorylation exploits cancer vulnerability. Nat. Med. 2018, 24, 1036-1046. [CrossRef] [PubMed]
Cazzoli, R.; Romeo, F; Pallavicini, L; Peri, S.; Romanenghi, M.; Perez-Valencia, ].A.; Hagag, E.; Ferrucci, F; Elgendy, M.; Vittorio,
O.; et al. Endogenous PP2A inhibitor CIP2A degradation by chaperone-mediated autophagy contributes to the antitumor effect
of mitochondrial complex I inhibition. Cell Rep. 2023, 42, 112616. [CrossRef] [PubMed]

Schmucker, R.; Farina, G.; Faeder, J.; Frohlich, F.; Saglam, A.S.; Sandholm, T. Combination treatment optimization using a
pan-cancer pathway model. PLoS Comput. Biol. 2021, 17, €1009689. [CrossRef] [PubMed]

Harding, J.J.; Telli, M.; Munster, P.; Voss, M.H.; Infante, ].R.; DeMichele, A.; Dunphy, M.; Le, M.H.; Molineaux, C.; Orford, K.; et al.
A Phase I Dose-Escalation and Expansion Study of Telaglenastat in Patients with Advanced or Metastatic Solid Tumors. Clin.
Cancer Res. 2021, 27, 4994-5003. [CrossRef] [PubMed]

Tannir, N.M.; Agarwal, N.; Porta, C.; Lawrence, N.J.; Motzer, R.; McGregor, B.; Lee, R.J.; Jain, R.K.; Davis, N.; Appleman, L.J.;
et al. Efficacy and Safety of Telaglenastat Plus Cabozantinib vs Placebo Plus Cabozantinib in Patients With Advanced Renal Cell
Carcinoma: The CANTATA Randomized Clinical Trial. JAMA Oncol. 2022, 8, 1411-1418. [CrossRef] [PubMed]

van Gastel, N.; Spinelli, ].B.; Sharda, A.; Schajnovitz, A.; Baryawno, N.; Rhee, C.; Oki, T.; Grace, E.; Soled, H.J.; Milosevic, J.; et al.
Induction of a Timed Metabolic Collapse to Overcome Cancer Chemoresistance. Cell Metab. 2020, 32, 391-403.e6. [CrossRef]
Guo, J; Satoh, K; Tabata, S.; Mori, M.; Tomita, M.; Soga, T. Reprogramming of glutamine metabolism via glutamine synthetase
silencing induces cisplatin resistance in A2780 ovarian cancer cells. BMC Cancer 2021, 21, 174. [CrossRef]

Mukha, A.; Kahya, U,; Linge, A.; Chen, O.; Lock, S.; Lukiyanchuk, V.; Richter, S.; Alves, T.C.; Peitzsch, M.; Telychko, V.; et al.
GLS-driven glutamine catabolism contributes to prostate cancer radiosensitivity by regulating the redox state, stemness and
ATG5-mediated autophagy. Theranostics 2021, 11, 7844-7868. [CrossRef]

DePeaux, K.; Delgoffe, G.M. Metabolic barriers to cancer immunotherapy. Nat. Rev. Immunol. 2021, 21, 785-797. [CrossRef]
[PubMed]

Guo, C.; You, Z.; Shi, H.; Sun, Y.; Du, X,; Palacios, G.; Guy, C.; Yuan, S.; Chapman, N.M.; Lim, S.A_; et al. SLC38A2 and glutamine
signalling in cDC1s dictate anti-tumour immunity. Nature 2023, 620, 200-208. [CrossRef]

Byun, ] K; Park, M,; Lee, S.; Yun, ].W.,; Lee, J.; Kim, ].S.; Cho, S.J.; Jeon, H].; Lee, LK.; Choi, Y.K.; et al. Inhibition of Glutamine
Utilization Synergizes with Immune Checkpoint Inhibitor to Promote Antitumor Immunity. Mol. Cell 2020, 80, 592-606.€8.
[CrossRef]

Diaz-Serrano, A.; Gella, P; Jimenez, E.; Zugazagoitia, J.; Paz-Ares Rodriguez, L. Targeting EGFR in Lung Cancer: Current
Standards and Developments. Drugs 2018, 78, 893-911. [CrossRef]

Mok, T.S.; Wu, Y.L.; Ahn, M.].; Garassino, M.C.; Kim, H.R.; Ramalingam, S.S.; Shepherd, EA.; He, Y.; Akamatsu, H.; Theelen, W.S.;
et al. Osimertinib or Platinum-Pemetrexed in EGFR T790M-Positive Lung Cancer. N. Engl. ]. Med. 2017, 376, 629-640. [CrossRef]
[PubMed]

Planchard, D.; Janne, P.A.; Cheng, Y.; Yang, J.C.; Yanagitani, N.; Kim, S.W.; Sugawara, S.; Yu, Y.; Fan, Y.; Geater, S.L.; et al.
Osimertinib with or without Chemotherapy in EGFR-Mutated Advanced NSCLC. N. Engl. |. Med. 2023, 389, 1935-1948.
[CrossRef]

Recondo, G.; Facchinetti, F.; Olaussen, K.A.; Besse, B.; Friboulet, L. Making the first move in EGFR-driven or ALK-driven NSCLC:
First-generation or next-generation TKI? Nat. Rev. Clin. Oncol. 2018, 15, 694-708. [CrossRef] [PubMed]

Kim, S.; Jeon, J.S.; Choi, Y.J.; Baek, G.H.; Kim, S.K,; Kang, K.W. Heterogeneity of glutamine metabolism in acquired-EGFR-TKI-
resistant lung cancer. Life Sci. 2022, 291, 120274. [CrossRef]

DeBerardinis, R.J.; Keshari, K.R. Metabolic analysis as a driver for discovery, diagnosis, and therapy. Cell 2022, 185, 2678-2689.
[CrossRef]


https://doi.org/10.1038/s41586-023-06073-w
https://doi.org/10.1016/j.trecan.2019.11.009
https://doi.org/10.1038/s41573-019-0044-1
https://doi.org/10.3389/fmolb.2020.00079
https://doi.org/10.1016/j.ccell.2023.01.009
https://doi.org/10.1038/s43018-023-00595-y
https://www.ncbi.nlm.nih.gov/pubmed/37537300
https://doi.org/10.1172/JCI176736
https://www.ncbi.nlm.nih.gov/pubmed/38299592
https://doi.org/10.1038/s41591-022-02103-8
https://www.ncbi.nlm.nih.gov/pubmed/36658425
https://doi.org/10.1038/s41591-018-0052-4
https://www.ncbi.nlm.nih.gov/pubmed/29892070
https://doi.org/10.1016/j.celrep.2023.112616
https://www.ncbi.nlm.nih.gov/pubmed/37289585
https://doi.org/10.1371/journal.pcbi.1009689
https://www.ncbi.nlm.nih.gov/pubmed/34962919
https://doi.org/10.1158/1078-0432.CCR-21-1204
https://www.ncbi.nlm.nih.gov/pubmed/34285061
https://doi.org/10.1001/jamaoncol.2022.3511
https://www.ncbi.nlm.nih.gov/pubmed/36048457
https://doi.org/10.1016/j.cmet.2020.07.009
https://doi.org/10.1186/s12885-021-07879-5
https://doi.org/10.7150/thno.58655
https://doi.org/10.1038/s41577-021-00541-y
https://www.ncbi.nlm.nih.gov/pubmed/33927375
https://doi.org/10.1038/s41586-023-06299-8
https://doi.org/10.1016/j.molcel.2020.10.015
https://doi.org/10.1007/s40265-018-0916-4
https://doi.org/10.1056/NEJMoa1612674
https://www.ncbi.nlm.nih.gov/pubmed/27959700
https://doi.org/10.1056/NEJMoa2306434
https://doi.org/10.1038/s41571-018-0081-4
https://www.ncbi.nlm.nih.gov/pubmed/30108370
https://doi.org/10.1016/j.lfs.2021.120274
https://doi.org/10.1016/j.cell.2022.06.029

Metabolites 2024, 14, 318 24 of 24

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Gonsalves, W.IL; Jang, ].S.; Jessen, E.; Hitosugi, T.; Evans, L.A.; Jevremovic, D.; Pettersson, X.M.; Bush, A.G.; Gransee, ].; Anderson,
E.IL; et al. In vivo assessment of glutamine anaplerosis into the TCA cycle in human pre-malignant and malignant clonal plasma
cells. Cancer Metab. 2020, 8, 29. [CrossRef]

Chen, W.W.,; Freinkman, E.; Sabatini, D.M. Rapid immunopurification of mitochondria for metabolite profiling and absolute
quantification of matrix metabolites. Nat. Protoc. 2017, 12, 2215-2231. [CrossRef]

Trefely, S.; Huber, K,; Liu, J.; Noji, M.; Stransky, S.; Singh, J.; Doan, M.T.; Lovell, C.D.; von Krusenstiern, E.; Jiang, H.; et al.
Quantitative subcellular acyl-CoA analysis reveals distinct nuclear metabolism and isoleucine-dependent histone propionylation.
Mol. Cell 2022, 82, 447-462.€6. [CrossRef]

Hu, T.; Allam, M.; Cai, S.; Henderson, W.; Yueh, B.; Garipcan, A.; Ievlev, A.V.; Afkarian, M.; Beyaz, S.; Coskun, A.F. Single-cell
spatial metabolomics with cell-type specific protein profiling for tissue systems biology. Nat. Commun. 2023, 14, 8260. [CrossRef]
Liu, R;; Li, J.; Lan, Y.; Nguyen, T.D.; Chen, Y.A.; Yang, Z. Quantifying Cell Heterogeneity and Subpopulations Using Single Cell
Metabolomics. Anal. Chem. 2023, 95, 7127-7133. [CrossRef]

Zhu, G.; Zhang, W.; Zhao, Y.; Chen, T.; Yuan, H.; Liu, Y.; Guo, G.; Liu, Z.; Wang, X. Single-Cell Metabolomics-Based Strategy for
Studying the Mechanisms of Drug Action. Anal. Chem. 2023, 95, 4712-4720. [CrossRef]

Cao, J.; Yao, QJ.; Wu, J.; Chen, X.; Huang, L.; Liu, W.; Qian, K.; Wan, ].].; Zhou, B.O. Deciphering the metabolic heterogeneity of
hematopoietic stem cells with single-cell resolution. Cell Metab. 2024, 36, 209-221.e6. [CrossRef]

Grima-Reyes, M.; Martinez-Turtos, A.; Abramovich, I; Gottlieb, E.; Chiche, J.; Ricci, J.E. Physiological impact of in vivo stable
isotope tracing on cancer metabolism. Mol. Metab. 2021, 53, 101294. [CrossRef]

Hasenour, C.M.; Rahim, M.; Young, J.D. In Vivo Estimates of Liver Metabolic Flux Assessed by (13 )C-Propionate and (13)C-Lactate
Are Impacted by Tracer Recycling and Equilibrium Assumptions. Cell Rep. 2020, 32, 107986. [CrossRef] [PubMed]

Duan, L.; Cooper, D.E.; Scheidemantle, G.; Locasale, ].W.; Kirsch, D.G.; Liu, X. (13)C tracer analysis suggests extensive recycling of
endogenous CO(y) in vivo. Cancer Metab. 2022, 10, 11. [CrossRef] [PubMed]

Hui, S.; Cowan, A.].; Zeng, X.; Yang, L.; TeSlaa, T; Li, X.; Bartman, C.; Zhang, Z.; Jang, C.; Wang, L.; et al. Quantitative Fluxomics
of Circulating Metabolites. Cell Metab. 2020, 32, 676-688.e4. [CrossRef]

Kim, L.Y,; Park, S.; Kim, Y.; Kim, H.J.; Wolfe, R.R. Tracing metabolic flux in vivo: Basic model structures of tracer methodology.
Exp. Mol. Med. 2022, 54, 1311-1322. [CrossRef]

Antoniewicz, M.R. A guide to metabolic flux analysis in metabolic engineering: Methods, tools and applications. Metab. Eng.
2021, 63, 2-12. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s40170-020-00235-4
https://doi.org/10.1038/nprot.2017.104
https://doi.org/10.1016/j.molcel.2021.11.006
https://doi.org/10.1038/s41467-023-43917-5
https://doi.org/10.1021/acs.analchem.2c05245
https://doi.org/10.1021/acs.analchem.2c05351
https://doi.org/10.1016/j.cmet.2023.12.005
https://doi.org/10.1016/j.molmet.2021.101294
https://doi.org/10.1016/j.celrep.2020.107986
https://www.ncbi.nlm.nih.gov/pubmed/32755580
https://doi.org/10.1186/s40170-022-00287-8
https://www.ncbi.nlm.nih.gov/pubmed/35799202
https://doi.org/10.1016/j.cmet.2020.07.013
https://doi.org/10.1038/s12276-022-00814-z
https://doi.org/10.1016/j.ymben.2020.11.002

	Introduction to Stable Isotope Tracing 
	Overview of Experimental Design of Stable Isotope Tracing Experiments 
	Analysis of Isotope Labeling with Nuclear Magnetic Resonance (NMR) 
	Analysis of Stable Isotope Labeling Using Mass Spectrometry (MS) 
	Data Analysis 

	The Applications of Stable Isotope Tracing in Cancer Research 
	Exploring Cancer Metabolism through Glutamine Isotope Tracing 
	The Use of Other Isotope Tracers for Investigating Cancer Metabolism 
	Uncovering Mechanisms of Resistance to Cancer Treatments through Stable Isotope Tracing Analysis 
	Current Clinical Trials Employing Stable Isotope Tracing Techniques 

	Limitations and Future Directions 
	Conclusions 
	References

