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ABSTRACT: "*C-isotope tracing is a frequently employed Analysis ] Results
approach to study metabolic pathway activity. When combined

with the subsequent quantification of absolute metabolite
concentrations, this enables detailed characterization of the
metabolome in biological specimens and facilitates computational
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labeled sample is required to quantify "*C-isotope enrichments and

a second unlabeled sample for the quantification of metabolite
concentrations. The rationale for a second unlabeled sample is that ||
the current methods for metabolite quantification rely mostly on :. | l’ “ “‘ n ‘ B conc = R x 3 mt =
isotope dilution mass spectrometry (IDMS) and thus isotopically T R e =
labeled internal standards are added to the unlabeled sample. This Sim data for m{ — my;

excludes the absolute quantification of metabolite concentrations in

BC-isotopically labeled samples. To address this issue, we have developed and validated a new strategy using an unlabeled internal
standard to simultaneously quantify metabolite concentrations and *C-isotope enrichments in a single '*C-labeled sample based on
gas chromatography—mass spectrometry (GC/MS). The method was optimized for amino acids and citric acid cycle intermediates
and was shown to have high analytical precision and accuracy. Metabolite concentrations could be quantified in small tissue samples
(>20 mg). Also, we applied the method on *C-isotopically labeled mammalian cells treated with and without a metabolic inhibitor.
We proved that we can quantify absolute metabolite concentrations and *C-isotope enrichments in a single '*C-isotopically labeled
sample.
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nravelling the properties of complex metabolic networks tracing with subsequent extracellular flux measurements
has a long-standing history in biotechnology, bioengin- would facilitate computationally time-resolved flux quantifica-
eering, and (bio)medical sciences.' " In recent years, advances tion. 8722
in analytical chemistry and computational modeling have Mass spectrometry (MS) and tandem mass spectrometry

paved the way for novel approaches to quantify metabolic (MS/MS) coupled to a liquid (LC) or gas chromatography

. . . . . . 9—-12
changes in biochemical networks in various specimens. (GC) are currently the preferred analytical techniques for the
With the introduction of metabolomics, absolute or relative quantification of a broad spectrum of absolute metabolite

changes in metabolite concentrations can be quantified,
enabling detailed characterization of the metabolome in
biological specimens.'> However, the rate and direction of
these changes (i.e., flux), which characterize the metabolic
phenotype and reveal the pathway activities, cannot be readily
inferred solely from measuring the absolute or relative
metabolite concentrations.'*'® Therefore, for a more detailed
analysis of cellular metabolism, the use of stable-isotope-
labeled tracers has been introduced. The frequently employed Received: March 9, 2021

BC-isotopically labeled substrates have proven their value in Accepted: May 24, 2021
Published: June 1, 2021

concentrations and sensitive measurements of '*C-isotope
enrichments in small biological samples.">**™*° Classically,
two samples are needed for the quantification of *C-isotope
enrichments and absolute metabolite concentrations. The first
sample containing *C-labeled metabolites is used to quantify
BC-isotope enrichments and a separate unlabeled sample is

studying the metabolic pathway activity, vulnerability, and
regulation in various specimens, including the analysis of
needle biopsies in human in vivo *C-tracer studies.”'®"”
Combining the absolute concentrations and '*C-isotope
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Figure 1. Simultaneous quantification of the carbon isotopologue distribution and absolute concentration of polar metabolites in various "*C-
labeled samples. The response factor (RF) of the calibration standard for each metabolite is used to quantify the absolute metabolite concentration

in ¥C-labeled samples.

prepared for the quantification of absolute metabolite
concentrations. The unlabeled sample is required for the
quantification of absolute metabolite concentrations since
current methods rely mostly on isotope dilution mass
spectrometry (IDMS).”*>° For IDMS, the absolute metabo-
lite concentrations are quantified using a stable isotopically
labeled analogue of the metabolite of interest as the internal
standard. The labeled internal standard is then added to
calibration standards and unlabeled samples for subsequent
analysis of the absolute metabolite concentrations. In MS
analyses, the isotopologues of the labeled internal standard and
the metabolite of interest are selected based on, e.g, intensity
or specificity, and their intensities are measured. This approach
works well for the absolute quantification of unlabeled
metabolites. It is, however, not suitable when stable-isotope
labeled tracers are applied since the addition of a labeled
internal standard would hamper the determination of the
isotopologue spectrum of the selected fragment of the labeled
metabolite of interest. This is of particular importance in in
vivo "3C-tracer studies, where unique patient samples are
analyzed. It would, therefore, have great implications for a
detailed analysis of cellular metabolism if simultaneous
quantification of the absolute metabolite concentrations and
BC-isotope enrichments can be performed in a single *C-
isotopically labeled sample. To this end, Heuillet et al. have
recently described such a method for the simultaneous analysis
of amino acid concentrations and '*C-isotope incorporation
using an LC-MS-based method.’® Here, doubly labeled
analogues of the metabolites of interest are used as internal
standards and prepared from *N'*C-labeled cell extracts from
Escherichia coli. The advantage of a double isotopically labeled
internal standard is, that it can be resolved from the
isotopologue spectrum of a single isotopically labeled
metabolite of interest and therefore applicable to quantify
both absolute concentrations and isotope incorporations. The
preparation of these doubly labeled cell extracts, however,
remains laborious, and in its current form, the method is only
applicable to nitrogen-containing metabolites, such as amino
acids. For broader applicability, we have developed a GC/MS
method based on an unlabeled internal standard, norleucine
(Nle), and demonstrate its feasibility to simultaneously
quantify the absolute metabolite concentrations and '*C-
isotope enrichments in a single analysis (Figure 1). The

fundamental assumption in metabolic tracer studies is the
equal engagement of labeled and unlabeled metabolites in
metabolism. Therefore, the concentration of the metabolite in
the *C-labeled sample, comprising both labeled and unlabeled
metabolite, is the sum of the contributions of all isotopologues
of that metabolite, irrespective of the degree of labeling.
Usually, in IDMS, the intensity of the isotopologues with the
highest intensities, m, of the metabolite and m; of the added
B3C;-labeled internal standard, is used to quantify the absolute
metabolite concentration. When, however, the full isotopo-
logue spectrum of the metabolite is used and an unlabeled
internal standard is added to the sample, the absolute
concentration of the metabolite can be determined with high
accuracy and sensitivity independent of the label distribution
over the isotopologues of a selected fragment. At the same
time, the carbon isotopologue distribution (CID) of the
metabolite of interest can be obtained. The method was
optimized for the citric acid cycle (CAC) intermediates and
amino acids. Subsequently, we demonstrated the applicability
and validation of the GC/MS method for the quantification of
metabolites of interest in mammalian cells and small human
tissue samples. Finally, in a proof-of-concept experiment, we
show the simultaneous quantification of the '*C-isotope
enrichments and absolute metabolite concentrations in
mammalian cells in an experiment in which [U-"*C]glucose

was added.

B EXPERIMENTAL SECTION

GC/MS Sample Preparation. The samples (900 uL) for
GC/MS analysis were thawed on ice, followed by the addition
of S0 uL of the internal standard Nle (0.4 mM in Milli-Q
water) to each sample. The samples were delipidated and
deproteinated according to the Bligh and Dyer procedure.’’
Briefly, the samples were transferred to a glass tube and mixed
with 1 mL of ice-cold Milli-Q water and 1 mL of ice-cold
methanol. Subsequently, 2 mL of ice-cold chloroform was
added. Glass tubes were closed with a screw cap and vortexed
for 30 min at 4 °C, followed by centrifugation for 10 min at
2500g at 4 °C. Centrifugation produced a biphasic separation
in which the polar metabolites are in the upper methanol-Milli-
Q water phase and proteins are in the interphase. The upper
phase was transferred to a clean derivatization tube (Wheaton)
and dried under a stream of nitrogen at 37 °C. The dried polar

8249 https://doi.org/10.1021/acs.analchem.1c01040

Anal. Chem. 2021, 93, 8248—8256


https://pubs.acs.org/doi/10.1021/acs.analchem.1c01040?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01040?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01040?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c01040?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c01040?rel=cite-as&ref=PDF&jav=VoR

Analytical Chemistry

pubs.acs.org/ac

Table 1. Quantification of CAC Intermediates and Amino Acids and Method Performance by GC/MS

precision CV (%) recovery (n = 10)“

metabolite RT (min) range (nmol) linearity (R*) repeatability (n = 10) intermediate precision (n = 3) mean (%) CV (%)
Ala 13.40 5—-100 1.000 0.7 0.5 102.3 2.2
Gly 14.80 5—-100 1.000 2.9 0.8 100.7 4.6
Val 16.80 5—-100 1.000 0.3 0.5 100.5 2.5
Ile 17.80 5—-100 1.000 0.3 0.3 100.3 2.7
Leu 19.00 5—-100 1.000 0.3 0.4 99.6 2.7
Pro 21.00 5-50 0.991 0.1 0.3 82.3 16.2
SUCC 21.90 1-20 0.999 0.7 0.8 105.6 6.0
FUM 22.40 5—-100 0.999 0.8 0.6 100.4 7.1
Ser 26.00 5—-100 1.000 0.4 2.0 96.4 4.5
AKG 29.80 0.5—-10.5 0.998 1.4 1.5 112.9 10.8
MAL 30.30 7.5—150 0.996 1.2 0.6 106.2 6.0
Phe 30.90 5—-100 0.999 0.8 1.8 97.4 3.1
Asp 31.40 5—-100 0.998 1.0 3.7 95.2 8.3
Glu 34.40 10—200 0.999 0.6 1.8 95.4 9.2
Gln 39.10 40—400 0.999 2.0 0.4 98.1 12.6
CIT 41.80 10—200 0.999 3.0 1.8 98.0 6.5
Tyr 43.20 5—-100 0.993 3.9 1.7 86.1 3.7

“50 puL of amino acids stock and 40 uL of CAC intermediates stock were spiked to human A375 cells and 90 uL of PBS was added to the control
human A375 cells (see Table S1, preparation of amino acid and CAC intermediate stock).

metabolites were dissolved in 40 pL of MOX in pyridine
solution (20 mg mL™") and incubated for 90 min at 37 °C.
The samples were silylated for 1 h at 55 °C by adding 60 uL of
MTBSTFA with 1% TBDMS-CI. The resulting MOX-TBDMS
derivatives were centrifuged at ambient temperature for 10 min
at 1250g. The clear supernatant was transferred to a 1.5 mL
GC/MS vial with a 0.1 mL microinsert (APG Europe,
Netherlands) and subjected to GC/MS analysis. Calibration
standards (900 uL) for CAC intermediates and amino acids
were treated in parallel in an identical manner (Table S1).
GC/MS Acquisition. GC/MS measurements were carried
out on Agilent 7890A GC coupled to an Agilent 5975C
Quadrupole MS, equipped with a CTC Analytics PAL
autosampler (CTC Analytics AG, Switzerland). One microliter
of the sample was injected on an Agilent DB-35ms column (30
m X 250 ym internal diameter, 0.25 mm film thickness) in split
mode with a ratio of 1:20. Single taper glass liners with glass
wool were used (Agilent). The inlet temperature was 280 °C
and the helium split flow of 20 mL min~" was applied. Carrier
gas (helium) flow during the analysis was set at 1 mL min~".
The GC oven temperature was held at 100 °C for 3 min and
then raised by 3.5 °C min™" up to 300 °C with a 1 min hold
time. The temperature of the transfer line was set at 300 °C,
the MS source at 230 °C, and the quadrupole at 150 °C. The
electron ionization (EI) source was fixed at 70 eV and polar
metabolites were measured as their [M-57]" fragments in
selective-ion-monitoring (SIM) mode. Isotopologue spectra
(my — m;) at nominal mass resolution were monitored for each
metabolite except for Nle. For Nle, the isotopologue m, was
monitored (for m/z values monitored, see Table S2).
GC/MS Data Processing. Peak areas of my, — m;
isotopologues of the [M-57]* fragment of each metabolite of
interest and mj of the [M-57]* fragment of Nle were integrated
using MassHunter Quantitative Analysis software for MS
(version B.07.00, Agilent). The measured isotopologues of
each metabolite of interest were corrected for naturally
occurring isotopes in a two-step procedure. The first correction
step was done according to Wahl et al.>* This step corrects for
all-natural isotopes of the chemical derivatives and the

8250

metabolite of interest, except for the carbon atoms in the
core metabolite. Therefore, an additional correction was
applied to correct for the natural abundance of *C in the
carbon skeleton of metabolites of interest, retrieving the CIDs
that originate from the "*C-tracer only (for details, see Method
S1). Separately, the same data set of integrated peak areas (1,
— m;) was used to calculate the absolute metabolite
concentrations in the *C-isotopically labeled and unlabeled
samples. For this quantitative approach, the individual peak
areas within the my; — m; spectrum of the fragment of each
metabolite were summed up and divided by the m, peak area
of Nle to calculate the metabolite to the internal standard ratio
for the samples and calibration standards. To obtain a
calibration curve, the ratios for the calibration standards were
plotted for each metabolite against the known amount of the
respective metabolite. Subsequently, a linear regression model
was applied to be able to calculate the amount of metabolites
in the samples. The amount of metabolites in the cell samples
was corrected for the total cell protein content and corrected
for wet weight in the case of tumor tissue homogenates.

Statistical Analysis. Statistical analysis and data visual-
ization were performed in Prism 8 (GraphPad Software, Inc.,
CA). The type of statistical test with the corresponding P value
and the number of replicates (1) are reported in the legend of
the respective figures.

Further details on the experimental procedures and analyses
can be found in Methods S1—S11 (Supporting Information).

B RESULTS AND DISCUSSION

Method Performance. Methodology. For a targeted
analysis of the CAC intermediates and amino acids, the
retention times and ion fragmentation patterns of pure
standards were determined (see Table 1 for metabolites of
interest). Metabolite identification was performed under
electron ionization (EI) and the ion fragmentation pattern of
each analyte was compared to a NIST reference ion
fragmentation pattern. Upon EI, TBDMS-derivatized, Lac,
Pyr, CAC intermediates, and amino acids yielded strong [M-
57]* fragments, i.e., fragments that had lost a t-butyl (m/z =

https://doi.org/10.1021/acs.analchem.1c01040
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57) from the TBDMS group.”*° The respective [M-57]*
fragment of each analyte was used in the SIM mode for further
GC/MS analyses (Table S2). Lac, Pyr, and all CAC
intermediates and amino acids of interest are baseline-
separated on the GC, including the internal standard Nle
(Figures S1 and S2).

Next, the working range for an accurate isotopologue
quantification of the metabolites of interest was determined.
To this end, human A375 cells, cultured for 8 h on
[U-"*C]glucose, were pooled and a serial dilution, ranging
from 0.03 up to 1.50 mg protein, prepared for GC/MS
analysis. Here, CIT is used as an example to indicate that the
measured fractional contributions of the isotopologues do not
depend on sample dilution between 0.13 and 1.50 mg protein
(Figure 2). The other CAC intermediates, and Lac and Pyr,

CIT
1.01
- mp
@ my
c 0.84 o my
2 * my
= 0.61
5 T o m
8 5
© Me
S 041
©
o
I
0.2
0.0 » o v »

003 006 013 025 050 100 150
Protein content (mg)

Figure 2. Working range for isotopologue quantification of CIT in
human A375 cells cultured in the presence of [U-"*C]glucose for 8 h.
The isotopologue spectrum, m, — m,, as depicted, is not corrected for
natural abundance. The fractional contribution of each isotopologue
is presented as mean + standard deviation (SD) (n = 3 technical
replicates).

even show a constant response starting as low as 0.06 mg of
protein (Figure S3). For the amino acids Val, Ile, Leu, Ser, Phe,
and Glu, the response is constant from 0.13 mg, while for Ala,
Asp, Tyr, and Gly, Pro, Gln, they are constant from 0.25 and
0.50 mg protein, respectively (Figure S4). Therefore, to
include all metabolites of interest for isotopologue quantifica-
tion, a minimum of 0.50 mg protein is advised. The
repeatability of isotopologue quantification by the analytical
method was acceptable with a coefficient of variation (CV)
<10.88% for all isotopologues from the metabolites of interest
having a fractional contribution of >0.03% (Table S3).

In contrast to IDMS methods, which quantify the absolute
metabolite concentrations using '*C-isotopically labeled
internal standards, our method has been designed to quantify
absolute metabolite concentrations with a single unlabeled
internal standard. The unlabeled internal standard Nle was
added to the sample of interest and calibration standards
followed by GC/MS analysis. The acquired calibration curves
for the metabolites of interest were linear over a variable range
of 0.5-400 nmol (Figure S5) with a good (R* > 0.991) up to
excellent (R = 1.000) correlation coefficient, depending on the
analyte (Table 1). The absolute quantification of Lac and Pyr
concentrations by GC/MS was below the limit of quantifica-
tion (LOQ) with a signal-to-noise ratio (SNR) below 10 (data
not shown). Therefore, enzymatic assays were applied for the
absolute quantification of Lac and Pyr concentrations (LOQ of
0.10 and 0.05 nmol, respectively). The repeatability of the
analytical method after 10 consecutive measurements of
standard mixture S4 (Table S1) was excellent with a CV
<3.9% for all metabolites (Table 1). The intermediate
precision based on three consecutive measurements of the
same standard mixture S4 on three different days had a similar
low CV (<3.7% for all metabolites; Table 1), demonstrating a
high day-to-day precision of GC/MS analyses and stability of
derivatized metabolites at room temperature. Finally, the
absolute quantification of amino acid concentrations by GC/
MS showed excellent agreement to those of the widely used
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Figure 3. Validation of the quantification of CAC intermediates and amino acid concentrations in *C-labeled samples. (a) Comparison of the
quantification of CAC intermediates and amino acids in extracts of human A375 cells cultured in the presence of [U-"*C]glucose or unlabeled
glucose. Mean concentrations + standard error of the mean (SEM) of the metabolites of interest are corrected for the total amount of protein (n =
6 biological replicates). P > 0.05 comparing [U-"*C]glucose with unlabeled glucose. (b) Working range for the quantification of CAC intermediates
and amino acid concentrations in human A375 cells cultured in the presence of [U-'*C]glucose for 8 h (mean + SD, n = 3 technical replicates). P >
0.05 comparing 0.50, 1.00, and 1.50 mg sample sizes to each other (see Figure S6 for the full sample size range). P values were calculated using
multiple t-tests (a) and a two-way analysis of variance (ANOVA) (b) with a Holm—Sidak correction for multiple comparisons.
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Figure 4. Absolute quantification of CAC intermediates and amino acids in small tumor tissue samples. (a) Quantification of metabolite
concentrations in increasing sample size of ovarian tumor tissue normalized to wet weight (mean + SD, n = 2 technical replicates, except for 40 mg,
n = 1). (b) Metabolite concentration profile in ovarian tumor tissue of three patients normalized to wet weight (mean + SD, n = 3 technical

replicates, except for patient 3, n = 2).

and validated Biochrom 30+ method for amino acid analyses
(Figure S6).”” Subsequently, the percentage recovery in a
biological matrix was determined by spiking a known analyte
concentration to human A375 cells, measuring the absolute
concentration increase in the sample, and comparing this to a
standard with the same absolute concentration without the
cells. The average recovery yield for each analyte (except Pro,
AKG, and Tyr) ranged from 95.2 to 106.2% with a CV lower
than 12.6% (Table 1). Pro and Tyr had lower recoveries of
82.3 and 86.1% with a CV of 16.2 and 3.7%, respectively
(Table 1). The recovery of AKG was 112.9% with a CV of
10.8%. The recoveries of Pro, Tyr, and AKG were within the
acceptable 80—120% range with a CV lower than 15%. Finally,
the possibility of interfering compounds in a biological matrix
was evaluated by spiking a known amount of CAC
intermediates and amino acids to human A375 cells. The
calibration curves were shifted relative to the Y-axis due to the
presence of an increasing amount of the analyte of interest in
the sample, but the slopes were unchanged (Figure SS). This
indicates that the sample preparation and GC/MS analysis
were not affected by the biological matrix. In conclusion, the
GC/MS analysis proved to be reliable for the accurate
quantification of isotopologues and absolute metabolite
concentrations of CAC intermediates and amino acids.
Validation. We investigated whether the new GC/MS
acquisition and data processing results in accurate absolute
quantification of metabolite concentrations independent of
B3C-isotope enrichment in '3C-labeled samples. To this end,
the cells were cultured with uniformly labeled [U-"*C]glucose
or unlabeled glucose under otherwise identical conditions. The
absolute quantification was based on the summation of the
individual peak areas of the m; — m; isotopologue spectrum of
the metabolite fragments combined with nonlabeled calibra-
tion curves, as mentioned earlier. Absolute concentrations were
statistically equal for each metabolite of interest in [U-"C]-
glucose compared to unlabeled glucose cultures (Figure 3a).
Gly and Asp show lower absolute concentrations in glucose
cultures when compared with [U-"*C]glucose cultures (Figure
3a), but the difference is not significant (mean difference 8.18
and 8.79 ymol-min~"mg protein~" with P > 0.0S for Gly and
Asp, respectively). This validation shows that the GC/MS
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acquisition and data processing approach can be applied to
3C-labeled biological samples to quantify the absolute
metabolite concentrations independent of the degree of
labeling. Next, the working range for the accurate determi-
nation of the absolute metabolite concentrations was
determined using the same serial dilution data set as that
used for the determination of the working range of
isotopologue quantification. Except for Gln and Pro, all
metabolites were reproducibly quantified in '*C-labeled
samples of human A375 cells from 0.50 mg up to 1.50 mg
protein (Figures 3b and S7). A lower limit of 1.00 mg protein
is set to accurately quantify the concentrations of Gln and Pro.
Therefore, 1.00 mg of protein is minimally required to
simultaneously quantify the absolute concentrations and
isotopologues of all metabolites of interest. This limit roughly
corresponds to the total protein content of human A375 cells
cultured on 100 mm culture plates.

Application to Small Tumor Biopsies. Next, we
investigated the sensitivity and biological reproducibility of
the GC/MS method in small tumor biopsies. First, we
estimated the minimal amount of ovarian tumor tissue
necessary for an accurate determination of the concentration
of the metabolites of interest. Ovarian tumor tissue samples of
a single patient ranging from 10 mg up to 40 mg were
subjected to GC/MS analysis. All metabolites were reprodu-
cibly quantified in human ovarian tumor biopsies samples
ranging from 20 mg up to 40 mg (Figure 4a). In 10 mg
samples, a subset of metabolites, comprising Pro, FUM, AKG,
Gln, and Tyr, was overestimated (Figure 4a). Therefore, these
data suggest a lower limit of 20 mg tissue for the quantification
of Pro, FUM, AKG, Gln, and Tyr in ovarian tumor tissue. This
makes the method applicable to an average needle biopsy (~20
mg). Second, we tested for intratumor variation. Tumor tissue
from three patients was divided into three separate pieces and
subjected separately to GC/MS analysis. An average CV lower
than 13% for all metabolites between different pieces of the
same biopsy suggested that the intratumor variation for
metabolite concentrations is relatively small in this specific
case (Figure 4b and Table S$4). Third, we tested the patient-to-
patient variation in ovarian tumor tissues from three individual
patients. We found that the patient-to-patient variation was
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Figure 5. Simultaneous quantification of *C-isotope labeling and absolute concentrations of CAC intermediates and amino acids in human A375
cells cultured in the presence of [U-"*C]glucose. (a) Schematic representation of carbon atom (circles) transitions upon [U-"*Clglucose infusion.
Isotope label distribution of [U-'*C]pyruvate from [U-"*C]glucose through glycolysis by pyruvate dehydrogenase in the first turn of the CAC are
depicted by blue circles. Red circles indicate the isotope label incorporation from [U-"*C]pyruvate from [U-"*C]glucose by pyruvate carboxylase
(PC). (b) Basal respiration, oxygen consumption rate (OCR), measured in human A375 cells untreated and treated with 35 mM DCA (mean +
SEM, n = 4 biological replicates). (c and d) Fractional "*C-MIDs of the carbon skeleton of metabolites of interest after 8 h [U-"*C]glucose uptake
for control (c) and 35 mM DCA-treated cells (d) in human A375 cells (mean, n = 4 biological replicates). (e) Fractional '*C-enrichment of most
prominent isotopologues of CAC intermediates and amino acids in human A375 cells untreated and treated with 35 mM DCA after 8 h. a, no M2
enrichment in glutamine was detected in all experiments. (f) Metabolite concentration profile of CAC intermediates and amino acids in human
A375 cells untreated and treated with 35 mM DCA after 8 h (mean + SEM, n = 4 biological replicates). Note that the concentrations of Pyr and
Lac were estimated based on fluorescent measurements. @, Concentration of Pyr was below the limit of quantification. For (b), (e)) and (f), *P <
0.05 comparing 35 mM DCA with control. P values were calculated using a Student’s t-test (b) and multiple t-tests with a Holm—Sidak correction
for multiple comparisons (e and f).

substantial. Concentrations of Ala, Ile, Pro, SUCC, Ser, Asp, absolute metabolite concentrations in needle biopsies. Also, it

CIT, MAL, and Tyr differed substantially between different shows the method’s sensitivity to establish patient-specific

patients and were reflected in an average CV of 29% for all metabolite profiles in tumor tissue (Figure 4b).

metabolites (Figure 4b and Table S4). Together, these data Proof of Concept. As a proof of concept, we aimed to

indicate that the GC/MS method is suitable to quantify the simultaneously quantify the absolute metabolite concentrations
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and "*C-isotope enrichments in a single *C-labeled sample of
human A375 cells treated with dichloroacetate (DCA). DCA is
a well-studied metabolic drug that inhibits the enzyme
pyruvate dehydrogenase kinase (PDK). Thus, it indirectly
activates the conversion of Pyr to acetyl-CoA by the pyruvate
dehydrogenase complex (PDHc) (Figure Sa) and redirects Pyr
metabolism from lactate production to mitochondrial
oxidation.***? Indeed, mitochondrial respiration was increased
upon 35 mM DCA treatment in human A375 cells (Figure Sb)
and glucose utilization was decreased (Figure S8; 0.073 =+
0.009 and 0.032 + 0.004 ymol-min~' mg protein~'; control vs
DCA-treated cells, respectively) in the absence of cytotoxicity
(Figure S9). Concomitantly, lactate production decreased
(0.100 + 0.014 and 0.04S + 0.003 ymol-min~"-mg protein™";
control vs DCA-treated cells, respectively) (Figure S8).
Contrary to our expectations, the DCA treatment hardly
affected the fraction of the glucose influx directed into the
lactate production (0.73 + 0.14 and 0.76 + 0.14 ﬂmol~min_1~
mg protein™' control vs DCA-treated cells, respectively). In
this respect, it is important to realize that due to its metabolic
effects, DCA evokes growth inhibition in cancer cells, which
will affect glucose metabolism in human A375 cells.””~*

We expected changes in concentrations and '*C-labeling of
glycolytic products, CAC intermediates, and amino acids.
Therefore, human A375 cultures preincubated with 35 mM
DCA and controls were subjected to [U-"*C]glucose isotope
tracing experiments and GC/MS analysis. Figure Sa shows a
schematic representation of the fate of M6 [U-"*C]glucose (six
blue dots for 6 *C). Glycolysis converts M6 glucose into M3
Pyr, M3 Lac, and M3 Ala. Oxidation of Pyr by PDHc results in
M2 acetyl-CoA, which is subsequently incorporated into
downstream CAC intermediates and amino acids, depicted
with two blue dots. Alternatively, Pyr can be converted directly
into oxaloacetate via pyruvate carboxylase (PC), leading to M3
CAC intermediates and amino acids depicted with three red
dots.

The "*C-isotope enrichment in all metabolites in control and
35 mM DCA-treated cells was calculated as the fractional CIDs
of the carbon skeleton of the metabolite of interest with
contributions of added "*C-tracer only (Figures Sc,d and S10).
As expected, no "*C incorporation was observed into the
essential amino acids Ile, Leu, Val, and Phe, nor in Tyr (a
direct product of Phe) (Figure Sc,d). Glutamine did not
incorporate label either, pointing to a lack of glutamine
synthetase in human A37S cells. Thus, these cells can only
consume but not produce glutamine. The fractional CIDs of all
other metabolites showed incorporation of '*C. For most
metabolites, the total incorporation of the *C label was
reduced in the DCA-treated cells compared to control cells
(Figure Sc,d). The contributions of specific M2- or M3-labeled
fractions were either reduced or unchanged by DCA (Figure
5e). DCA did not affect the absolute concentrations of CAC
metabolites, except that of AKG, which was decreased (4.20 +
0.62 and 7.57 + 1.13 yumol-min~"mg protein™", respectively).
However, DCA did cause a trend of increased absolute amino
acid concentrations, with Pro and Asp being significantly
increased (Figure 5f). Altogether, the GC/MS analysis unveils
a clear metabolic rearrangement upon DCA treatment.

Concerning the metabolic interpretation, the reduced M3
isotopologue fractions in Pyr, Ala, and Lac (Figure Se) are
consistent with the decreased uptake of glucose reported
above, concomitant with a possible dilution with unlabeled
glutamine-derived Pyr via reductive carboxylation. Since the
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primary effect of DCA is to activate PDHc, we focused on the
conversion of M3 Pyr into M2 CIT. M2 CIT itself was not
affected by DCA (Figure Se). However, the fraction M3 Pyr
converted to M2 CIT increased by more than 30% upon DCA
treatment (0.64 + 0.03 and 0.95 + 0.09; control vs DCA-
treated cells, respectively). This is consistent with the
activation of PDHc by DCA and corresponds to the increased
OCR (Figure Sb). The fraction of M3 Pyr converted to M3
CIT via PC did significantly increase upon DCA treatment
(0.11 + 0.01 and 0.06 + 0.01; DCA-treated cells vs control
cells, respectively); however, the respective contribution of PC
activity to Pyr metabolism is very low. Interestingly, down-
stream of CIT, the fraction of M2 label incorporated into AKG
is much lower than that of CIT itself. This suggests that
extensive label dilution takes place at AKG, most likely by an
influx derived from unlabeled glutamine. This dilution was
enhanced by the DCA treatment. Finally, the increase of M2
labeling in the downstream CAC metabolites relative to that of
AKG indicates that conversion of CIT into downstream CAC
metabolites bypasses AKG in part. This may be explained by
the conversion of citrate in the cytosol by the consecutive
action of ATP-citrate lyase, malate dehydrogenase, and
fumarase in DCA-treated cells. The trend of the increased
absolute amino acid concentrations (Figure 5f) is consistent
with the observed growth inhibition by DCA, which reduces
the incorporation of amino acids into biomass. In addition, the
oxidation of amino acids may be reduced by DCA. This would
be in line with the observations of decreased oxidation of
branched-chain amino acids upon DCA treatment in skeletal
muscle, althou§h one should be careful to apply these results to
A375 cells.**

B CONCLUSIONS

Here, we describe the development of a new strategy using an
unlabeled internal standard to simultaneously quantify the
absolute concentrations and "*C-isotope distributions of CAC
intermediates and amino acids in cell samples starting at 1.00
mg protein based on GC/MS. With this approach, the analysis
of the absolute metabolite concentrations becomes independ-
ent of the degree of labeling. In addition, the absolute
metabolite concentrations can be quantified in tissue samples
as small as an average needle biopsy (20 mg), which is highly
relevant in preclinical or clinical in vivo settings where the
sample size is limited. Using this new strategy, we further show
that biologically relevant differences in the absolute metabolite
concentrations and *C-isotope enrichments can be quantified
in a single '*C-labeled sample. This feature, of simultaneously
quantifying metabolite concentrations and *C-isotope enrich-
ments using an unlabeled internal standard, may as well apply
to other isotopically labeled tracers and metabolites of interest.
Also, in the case of in vivo '*C-tracer studies, the application of
this method would circumvent the need for separate biopsies
to quantify the absolute metabolite concentrations and "*C-
isotope enrichments. However, isotopologue quantification in
tissue samples needs further validation. It is promising, as
shown for the human A37S$ cells, that the sample size limit for
quantification of isotopologues is lower than that of the
absolute metabolite concentrations; therefore, we are opti-
mistic that isotopologues can also be quantified in 20 mg tissue
samples. We predict that this strategy will have a great impact
on future *C-isotope tracer studies; more specifically, it might
increase the information yield in in vivo "*C-tracer studies from
a single sample and aid in absolute flux quantification.
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