
HAL Id: hal-02563842
https://univ-rennes.hal.science/hal-02563842

Submitted on 14 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Simultaneous Measurement of Metabolite Concentration
and Isotope Incorporation by Mass Spectrometry

Maud Heuillet, Pierre Millard, Madi y Cissé, Laetitia K Linares, Fabien
Letisse, Serge Manié, Laurent Le Cam, Jean-Charles Portais, Floriant Bellvert

To cite this version:
Maud Heuillet, Pierre Millard, Madi y Cissé, Laetitia K Linares, Fabien Letisse, et al.. Simulta-
neous Measurement of Metabolite Concentration and Isotope Incorporation by Mass Spectrometry.
Analytical Biochemistry, 2020, 92 (8), pp.5890-5896. �10.1021/acs.analchem.9b05709�. �hal-02563842�

https://univ-rennes.hal.science/hal-02563842
https://hal.archives-ouvertes.fr


Simultaneous measurement of metabolite concentration and isotope 
incorporation by mass spectrometry
Maud Heuillet1,2,‡, Pierre Millard1,‡, Madi Y. Cissé3, Laetitia K. Linares3, Fabien Létisse1, Serge Manié4, 
Laurent Le Cam3, Jean-Charles Portais1,2,5 and Floriant Bellvert1,2,*

1TBI, Université de Toulouse, CNRS, INRAE, INSA, UPS, Toulouse, 31077, France
2MetaboHUB-MetaToul, National Infrastructure of Metabolomics and Fluxomics, Toulouse, 31077, France
3IRCM, Institut de Recherche en Cancérologie de Montpellier, INSERM U1194, Université de Montpellier, Institut régional du Cancer de 
Montpellier, Montpellier, F-34298, France
4INSERM U1242, Université de Rennes, Rennes, France
5STROMALab, Université de Toulouse, INSERM U1031, EFS, INP-ENVT, UPS, Toulouse, France

ABSTRACT: Studies of the topology, functioning and regulation of metabolic systems are based on two main types of information 
which can be measured by mass spectrometry: the (absolute or relative) concentration of metabolites and their isotope incorporation 
in 13C-labeling experiments. These data are currently obtained from two independent experiments because the 13C-labeled internal 
standard (IS) used to determine the concentration of a given metabolite overlaps the 13C-mass fractions from which its 13C-
isotopologue distribution (CID) is quantified. Here, we developed a generic method with a dedicated processing workflow to obtain 
these two information simultaneously in a unique sample collected from a single cultivation, thereby reducing by a factor of two 
both the number of cultivations to perform and the number of samples to collect, prepare and analyze. The proposed approach is 
based on an IS labeled with other isotope(s) which can be resolved from the 13C-mass fractions of interest. As proof-of-principle, 
we analyzed amino acids using a doubly labeled 15N13C-cell extract as IS. Extensive evaluation of the proposed approach shows a 
similar accuracy and precision compared to state-of-the-art approaches. We demonstrate the value of this approach by investigating 
the dynamic response of amino acids metabolism in mammalian cells upon activation of the PERK kinase, a key component of the 
unfolded protein response. Integration of metabolite concentrations and isotopic profiles reveals a reduced de novo biosynthesis of 
amino-acids upon PERK activation. The proposed approach is generic and can be applied to other (micro)organisms, analytical 
platforms, isotopic tracers, or classes of metabolites.

Our capacity to analyze the topology, functioning and 
regulation of metabolic systems is vital to understand and master 
the behavior of (micro)organisms in systems biology, 
biotechnology or biomedical research1–5. Mass spectrometry is a 
valuable tool for metabolic studies and is widely used to provide 
two main types of information: the concentration of metabolites 
and the incorporation of 13C atoms into metabolites (Carbon 
Isotopologue Distribution, CID) in 13C-isotope labeling 
experiments (13C-ILEs)6. Coupling metabolite quantification with 
isotope tracing is critical to understand the operation and 
dynamics of metabolic systems in vivo, e.g. to measure metabolic 
fluxes5,7–10 or to understand properties of metabolic systems such 
as flux control5,11,12. The most robust and accurate approaches for 
(absolute or relative) metabolite quantification requires an internal 
standard (IS), typically an uniformly 13C-labeled cellular extracts 
when using the state-of-the-art Isotope Dilution Mass 
Spectrometry (IDMS) approach13–16. Since the 13C-IS cannot be 
resolved from the 13C-mass fractions and affects the CID 
measurement, two cultivations must be conducted independently: 
one with an unlabeled substrate (for metabolite quantification) 
and one with a 13C-labeled tracer (for isotopic analyses). This 
conceptual limitation increases the number of cultures and 
samples to collect and analyze and may thus be difficult to 
implement to investigate dynamic metabolic states (for which 
samples must be taken at multiple time-points) or when the 
biological material is limited (e.g. stem cells). As an additional 
concern, metabolite concentrations and isotopic data are obtained 

from distinct cultivations where metabolic states might differ to 
some extend due to biological variability. Current experimental 
approaches therefore impair data integration due to biological 
variability, which may biased biological interpretations.

In this work, we developed a generic approach allowing 
simultaneous quantification of CIDs and metabolite pools based 
on a doubly-labeled IS. Doubly-labeled cell extracts have proved 
useful to identify and quantify metabolites in unlabeled samples 
17–19, and we show they are equally valuable to quantify the 
concentration and CIDs of metabolites in the context of isotope 
labeling experiments, where metabolites are isotopically enriched. 
As a proof of concept, this new method was first evaluated for the 
analysis of intracellular amino acids, using a 15N13C-IS. It was 
then applied to investigate the regulation of amino acids 
metabolism by the PERK kinase in rat fibroblasts.

EXPERIMENTAL SECTION
Chemicals and Reagents. All unlabeled amino acids, formic 

acid (98% LC-MS grade), acetonitrile (LC-MS grade) and 
methanol (LC-MS grade) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). U-13C-glucose and 15NH4Cl were obtained 
from Eurisotop (St. Aubin, France). Water obtained from a Milli-
Q-Plus ultrapure water purification system (Millipore, Bedford, 
MA, USA) was used to prepare all samples, extraction solutions 
and mobile phases. 

Page 1 of 12

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
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
53
54
55
56
57
58
59
60

Acc
ep

ted
 M

an
us

cri
pt



Preparation of the 13C15N-internal standard. Escherichia coli 
K-12 MG1655 was grown on M9 minimal medium20 containing 5 
mM KH2PO4, 10 mM Na2HPO4, 9 mM NaCl, 0.8 mM MgSO4, 
0.1 mM CaCl2, 0.3 mM of thiamine, 40 mM 15NH4Cl as sole 
nitrogen source, and 15 mM of either 12C- or U-13C-glucose as 
sole carbon source. Glucose and thiamine were sterilized by 
filtration, the other compounds were autoclaved separately. LB 
overnight cultures (5 mL) were used to inoculate shake flasks 
containing 10 ml of minimum medium, at an initial OD600nm of 
0.05, and incubated at 37 °C and 200 rpm. Cells were harvested 
during the exponential growth phase (OD600nm ≈ 2) by 
centrifugation (10 min, 10 000 g, room temperature) with a Sigma 
3-18K centrifuge, washed with the same volume of fresh medium, 
and used to inoculate at an initial OD600nm of 0.05 a 1 L baffled 
flasks (37 °C, 200 rpm) containing 200 mL of medium sparged 
with synthetic gas 80 % N2/20 % O2 (containing less than 1 ppmv 
CO2, Air Liquide, France). Cell growth was monitored by 
measuring optical density at 600 nm with a Genesys 6 
spectrophotometer (Thermo). Biomass was collected in mid-
exponential growth phase (OD600nm ≈ 2) by centrifugation (10 
min, 10 000 g, room temperature) and incubated in 5 mL of 6 N 
HCl at 100 °C for 15 h. The resulting hydrolysate was dried by 
evaporation (Rotavapor R-II-HB, Buchi), resuspended in 200 µL 
of H2O, and cell debris were removed by centrifugation (10 min, 
10 000 g, room temperature). Sample was then diluted 1 600 
times before injection, corresponding to 9.38 µg of biomass.

Cultivation of rat fibroblast. Mammalian Rat-1 SFv2e-PERK 
cells were maintained in DMEM high glucose (25 mM) medium 
supplemented with 4 mM Glutamax (10566016, ThermoFisher), 
10 % fatal calf serum (FCS) and 1 % penicillin/streptomycin (P/S) 
(Gibco). 24 hours before starting the experiment, cells were 
seeded on cover glasses (ECW 631-1585, VWR). Cells were then 
washed twice with PBS, incubated with fresh medium containing 
AP21087 (2 nM, Clontech) to activate the PERK kinase. 
According to the different labelling time points, the culture 
medium was replaced with fresh DMEM medium without glucose 
complemented with U-13C-glucose (25 mM, Eurisotop) and 
AP21087 (2 nM). Cells were harvested 24 hours after AP addition 
with 7 mL of a quenching solution containing acetonitrile, 
methanol and water with 0.1% formic acid at a ratio of 2:2:1 
(vol/vol). 375 µL of 13C15N-labelled internal standard were added 
to each sample, which were then dried in a Speedvac Savant 
SC250Exp (Thermo Fisher Scientific, Waltham, MA, USA) and 
resuspended in 750 μL of water. Debris were removed by 
centrifugation at 10 000 g for 5 min, and samples were stored at -
80°C before LC-HRMS analysis. 

LC-HRMS analysis. Amino acids were analyzed by liquid 
chromatography (Ultimate 3000 HPLC system (Dionex, CA, 
USA) coupled to a LTQ Orbitrap Velos mass spectrometer 
(Thermo Fisher Scientific, Waltham, MA, USA) an equipped with 
a heated electrospray ionization probe, as detailed previously21. 
MS analyses were performed in the positive FTMS mode at a 
resolution of 60 000 (at m/z 400) with the following source 
parameters: capillary temperature was 275 °C, source heater 
temperature was 250 °C, sheath gas flow rate was 45, auxiliary 
gas flow rate was 20, S-Lens RF level was 40 % and source 
voltage was 5 kV. The volume of injection was 20 µL. Signals of 
all 13C-isotopologues and 15N-isotopologues were extracted with 
Tracefinder® software (v4.0) with a mass range of 5 ppm 
(Supplementary Table S6). Data were processed as detailed in the 
Results section.

Statistical analyses, accuracy and precision. For isotopic 
measurements, the accuracy was assessed from the closeness of 
experimental and predicted isotopologue distributions (PT 
sample) and was formally defined as the mean of absolute 
differences between measured and predicted values for each 
isotopologue. For metabolite quantification, the accuracy was 

determined as the mean of relative difference of concentration 
determined between the conventional (13C-IS) and the new 
approach (13C15N-IS). The precision of all measurements was 
estimated as the mean value of standard deviations resulting from 
measurements in triplicate.

RESULTS AND DISCUSSION
General principle. The proposed approach consists in replacing 
the classical 13C-IS which overlaps the CIDs of metabolites by an 
IS labelled with other isotope(s) that can be resolved from the 13C-
isotopologues in the MS spectra (Figure 1). Hence, the signal of 
IS should not interfere with the 13C-mass fractions of interest – 
and thus should not impact the CIDs. This IS still represents a 
valuable reference for absolute and relative quantification by 
overcoming the typical drawbacks of LC-MS, such as matrix 
effects, as well as the partial loss of metabolites that may occur 
during sampling and sample preparation14. Isotopically labelled IS 
may also correct measurements for ion suppression effects14,22,23. 
Still, special care must be taken to reduce ion suppression when 
preparing the labelled IS, e.g. by washing the cells during 
sampling to remove the residual salts14,20,24.
In the following sections, we apply and evaluate this approach to 
investigate amino acids metabolism. These compounds provide a 
simple but valuable test case since their concentrations and 
isotopic profiles are of general interest to address a broad range of 
biological questions in several fields (metabolic engineering, 
health, systems biology, etc). We considered the possibility of  
using two distinct IS: i) a doubly labeled 13C15N-IS, which can be 
resolved from the 13C-mass fractions of interest at both low and 
high resolution MS, and ii) a singly-labeled 12C15N-IS, which can 
be resolved only at high and ultra-high resolution MS (typically 
resolution > 100 000)25–27. For the sake of genericity, we focused 
here on the 13C15N-IS since it can be applied with all MS 
platforms. The internal standard consisted in a hydrolysate of

Figure 1. Principle of simultaneous metabolite quantification and 
isotopic profiling. The classical approach for metabolite 
quantification and 13C-isotopologue profiling requires two 
independent (unlabeled and labeled) experiments because the 13C-IS 
used for metabolite quantification (in green) cannot be resolved from 
the 13C-mass fraction of interest (M0-M3 for a compound containing 
three carbon atoms, in blue) in the MS spectra. The proposed 
approach consists in using another isotopically labeled IS which can 
be separated from the 13C-mass fractions of interest. For instance, a 
13C15N-IS (in red) can be used to analyze amino metabolites. Both 
information can therefore be collected simultaneously from a unique 
experiment.
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Figure 2. Data processing workflow. Algorithm implemented in IsoQ to calculate the concentration and CID of metabolites. The isotopic 
enrichment of the internal standard (EIS, calculated from its experimental mass fractions MFIS) is used to remove its contribution from the 
experimental mass fractions measured in biological (MFsample) and calibration (MFcal) samples. This correction step guarantees the quality of 
isotopic measurements even for imperfect isotopic purity of the IS. The CID is calculated after correction of MFcorIS for the presence of naturally 
occurring isotopes, and the (relative) concentration is calculated from the ratio between the total signal arising from the metabolite and the IS. 
Calibration curves constructed with IS added in equal amounts to the unlabeled calibration standards are required for absolute metabolite 
quantification (blue dotted boxes). Red dotted boxes represent calculation steps carried out by IsoCor25.

13C15N-proteinogenic amino acids obtained by growing 
Escherichia coli K-12 MG1655 in minimal medium containing 

15NH4Cl as sole nitrogen source and U-13C-glucose as sole carbon 
source. Analyses were carried out using the LC-MS method 
detailed in Heuillet et al.21.
This approach requires a dedicated processing workflow (Figure 
2) to guarantee the accuracy of the measured concentrations and 
CIDs. For isotopic measurements, the IS must be characterized to 
determine its potential contribution to the 13C-mass fractions of 
interest due to the presence of isotopic impurities (i.e. a small 
fraction of 12C and 14N atoms) at labeled positions. By measuring 
the 15N purity in the IS, the contribution of 14N impurities can be 
removed from the measured mass fractions (MFcorIS), which can 
then be corrected for the presence of naturally occurring isotopes 
of non-tracer elements25 (MFcorIS,NA). The CID is obtained by 
normalizing the final mass fractions (MFcorIS,NA) to 1. For 
metabolite quantification, relative metabolite concentrations in 
biological samples are calculated from the ratio between the total 
signal arising from the metabolite – i.e. the sum of its 13C-mass 
fractions MFcorIS – and the IS. Absolute metabolite concentrations 
can be obtained from calibration curves constructed using 
standard solutions of (unlabeled) metabolites at different 
concentrations mixed with equal amounts of IS, as detailed in Wu 
et al.14. This processing workflow was implemented as a Python 
library, IsoQ, to streamline data processing into an end-to-end 
environment. IsoQ takes as input data the mass fractions of all 
metabolites measured in i) the internal standard, ii) the biological 
samples and iii) the calibration samples, and provides as output 
their (absolute) concentrations and CIDs (Figure 2). IsoQ and its 
documentation are available under a GPLv3 open source license 
at https://github.com/MetaSys-LISBP/IsoQ/.

Validation of isotopic and metabolomics measurements. 
With our approach, quantification of both metabolite CID and 

concentration is a complex process based on the measurement of 
not only one peak but many peaks, to which significant data 
processing is applied. The utilization of isotopic tracers in ILEs 
significantly increases the number of peaks (per metabolite) in 
MS spectra compared to unlabelled samples. This phenomenon is 
further amplified by the addition of the 13C15N-IS, which 
increases the risk of contamination of peaks of interest by signals 
arising from other metabolites. Special care must therefore be 
taken to evaluate the quality of the measurements, which may 
depend on the metabolite, the analytical method, or the biological 
matrix (e.g. microorganism, growth condition, sampling and 
sample preparation procedures). Similarly to other experimental 
steps (e.g. sampling and sample preparation), this approach should 
therefore be evaluated in the specific context of each biological 
study.

We first characterized the 13C15N-IS by measuring its 13C- and 
15N-isotopic purity, which were above 98 % and 99 %, 
respectively, for all amino acids (Supporting Table S1). This high 
15N isotopic enrichment indicates that the 13C15N-IS should not 
significantly contribute to the 13C14N-mass fractions from which 
the CIDs are quantified. This was evaluated by analyzing a 
standard isotopic sample (PT sample) with a controlled and 
predictable distribution of 13C-isotopologues which follows the 
binomial coefficients of Pascal triangle. The nature, production, 
and qualification of this standard sample have been extensively 
detailed in a previous report21,28. The high correlation between the 
CIDs quantified in the PT sample with and without addition of the 
13C15N-IS confirmed that the IS does not disturb the measured 
CIDs (R² = 0.9998, average difference between both methods of 
0.1 %, Figure 3A and Supporting Table S2). The accuracy and 
precision of both approaches were very similar (accuracy < 0.5 % 
and precision < 0.1 %)21. The distribution of differences between 
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Figure 3. Validation results. The CIDs of amino acids of a 
reference isotopic sample (PT sample) determined with and without 
addition of the 13C15N-IS were in excellent agreement (panel A). This 
was also verified in rat fibroblasts grown on U-13C-glucose (panel B). 
For metabolomics measurements, the concentration of amino acids in 
rat fibroblast measured with the classical 13C-IS and the 13C15N-IS 
were also highly consistent (panel C).

predicted and experimental CIDs was centered on zero, which 
indicates the absence of systematic bias. We also confirmed that 
the 13C15N-IS does not disturb the CIDs measured in mammalian 

cells (rat fibroblast grown on U-13C-glucose), which were similar 
with and without the addition of the 13C15N-IS (R² = 0.9998, 
Figure 3B, Supporting Table S3).

We evaluated the approach for absolute metabolite 
quantification by comparing the intracellular concentration of 
amino acids in rat fibroblast measured with the classical 13C-IS 
and the novel 15N13C-IS (Figure 3C, Supporting Table S4). As 
observed for isotopic analyses, results obtained by both methods 
showed an excellent agreement (R² = 0.9994, mean difference of 
7 %) with a similar precision (< 6 %).

Overall, these data demonstrate that the proposed approach is 
reliable to measure simultaneously metabolite concentrations and 
isotope incorporation in a unique sample collected from a single 
cultivation, with a similar precision and accuracy compared to 
classical approaches which require two samples collected from 
two independent cultivations.

Dynamic regulation of amino acids metabolism upon 
activation of the PERK kinase in rat fibroblasts. The proposed 
approach was exploited to study amino acid metabolism in Rat-1 
Fv2E-PERK cells, a rat fibroblastic cell line engineered to stably 
express a ligand-inducible PERK-Fv2E chimeric protein 
composed of the protein kinase R (PRK)-like endoplasmic 
reticulum kinase (PERK) and the FKBP12 (Fv2E) protein that can 
dimerize in presence of its ligand AP20187 (AP). The PERK 
kinase is a key component of the unfolded protein response (UPR) 
that gets activated during endoplasmic reticulum stress. PERK 
phosphorylates the eukaryotic initiation factor 2 alpha (Eif2a) 
subunit of the 43S translation pre-initiation complex on serine 51 
in order to restrain global protein synthesis. Eif2a concomitantly 
favors translation of a specific set of proteins that includes the 
transcription factor ATF4. ATF4 is a downstream effector of 
various stress response pathways controlling a complex 
transcriptional program that includes genes involved in 
metabolism, cytoprotection, and oxidative stress29. As previously 
described30,31, addition of 2 nM AP induces the dimerization and 
activation of the PERK-Fv2E chimeric protein. Consequently, 
activation of PERK led to increased phosphorylation of Eif2a, as 
well as increased ATF4 protein level which induces a global 
cellular response. However, the response of amino acid 
metabolism to the PERK kinase activation remains largely 
unknown.

We performed a 13C-ILE by growing rat fibroblasts on 12C-
glucose in the presence or absence of AP. After 18 h of treatment, 
cells were switched from 12C- to U-13C glucose, and quantified the 
evolution over time of metabolite pools and of their isotopic 
profiles (Figure 4 and Supporting Table S5). The concentrations 
of five amino acids were significantly reduced in response to AP 
(glutamate, aspartate, alanine, serine and threonine; p < 0.05). 
Label was incorporated into five amino acids (proline, glutamate, 
aspartate, alanine, glutamine) as well as in reduced and oxidized 
glutathione, indicating that glucose contributes to their 
biosynthesis. These five compounds correspond to non-essential 
amino acids which can be synthesized by cellular metabolism32. 
For these amino acids, isotope incorporation was significantly 
reduced upon activation of the PERK kinase. No labeling was 
observed in the other amino acids, indicating that they are 
produced from other carbon sources (e.g. glutamine) and/or 
directly taken up from the extracellular medium.

Integration of metabolomics and isotopic datasets may provide 
quantitative information on the biosynthetic flux of amino acids. 
The labeling dynamics of a given metabolite reflects its turnover 
rate, which is roughly equivalent to the ratio of the metabolite 
pool size and the flux through that metabolite pool. The 
significant decrease of pools observed in response to activation of 
the PERK kinase is expected to accelerate the transient 13C-
incorporation6 . However, the 13C-enrichment profiles were slow 
down in response to AP. This concomitant decrease of both amino 
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Figure 4. Dynamics of concentration and 13C-incorporation into amino acids upon PERK kinase activation in rat fibroblasts. Rat fibroblast 
were grown on 12C-glucose in the presence (blue) or absence (orange) of AP20187. After 18 h of treatment, cells were switched from 12C- to U-
13C-glucose, and the concentration and isotope incorporation was monitored into amino acids. Shaded area represents the standard deviation 
estimated from triplicate measurements (dots). Other amino acids which did not incorporate 13C-tracer and with similar concentrations with and 
without induction of the PERK kinase (p > 0.05) are provided in Supporting Table S5.

acids concentration and isotope dynamics therefore indicates a 
major reprogramming of amino acids metabolism,
which reduces their de novo production from glucose. This 
reduction of their biosynthetic flux is consistent with the reduced 
requirements of amino acids for protein synthesis upon action of 
the PERK kinase. Inferring quantitative flux values from these 
data would require more sophisticated mathematical models of 

metabolism, such as dynamic 13C-flux models. Still, these results 
already demonstrate the applicability of the proposed approach to 
infer flux information on amino acids metabolism in mammalian 
cells.
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CONCLUSION
We present a novel approach to measure simultaneously the 

(absolute or relative) concentrations and isotopologue 
distributions of metabolites in a unique sample collected from a 
single cultivation. The basic principle consists in using an 
isotopically labeled IS which can be resolved from the mass 
fractions of interest in the MS spectra. Results demonstrate that 
our approach provides a similar precision and accuracy compared 
to classical approaches, which require two samples collected from 
two independent cultivations. Though demonstrated for LC-
HRMS analysis of amino acids metabolism in rat fibroblast, this 
approach is generic with respect to the organism, the class of 
metabolites, and the analytical platform (e.g. low resolution MS). 
A 15N13C-IS is sufficient to analyze a broad range of molecules 
(e.g. 56 % of E. coli metabolome contains at least one N atom). 
Since the approach and processing workflow developed in this 
work remain valid for any isotopic tracer and metabolite, other 
isotopes (e.g. 2H, 18O or 34S) can be used to analyze specific 
classes of metabolites.

Combined with recent modeling advances6,7,33, this quantitative 
approach represents a valuable tool for the analysis of metabolic 
fluxes. Besides significantly reducing experimental and analytical 
efforts, it may also enhance our capacity to address novel 
biological questions (e.g. to better understand the mechanistic 
basis of metabolic variability by integrating self-consistent 
datasets collected from a single cultivation).
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Figure 1. Principle of simultaneous metabolite quantification and isotopic profiling. The classical approach for 
metabolite quantification and 13C-isotopologue profiling requires two independent (unlabeled and labeled) 
experiments because the 13C-IS used for metabolite quantification (in green) cannot be resolved from the 

13C-mass fraction of interest (M0-M3 for a compound containing three carbon atoms, in blue) in the MS 
spectra. The proposed approach consists in using another isotopically labeled IS which can be separated 
from the 13C-mass fractions of interest. For instance, a 13C15N-IS (in red) can be used to analyze amino 

metabolites. Both information can therefore be collected simultaneously from a unique experiment. 
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Figure 2. Data processing workflow. Algorithm implemented in IsoQ to calculate the concentration and CID 
of metabolites. The isotopic enrichment of the internal standard (EIS, calculated from its experimental mass 

fractions MFIS) is used to remove its contribution from the experimental mass fractions measured in 
biological (MFsample) and calibration (MFcal) samples. This correction step guarantees the quality of isotopic 
measurements even for imperfect isotopic purity of the IS. The CID is calculated after correction of MFcorIS 
for the presence of naturally occurring isotopes, and the (relative) concentration is calculated from the ratio 

between the total signal arising from the metabolite and the IS. Calibration curves constructed with IS 
added in equal amounts to the unlabeled calibration standards are required for absolute metabolite 

quantification (blue dotted boxes). Red dotted boxes represent calculation steps carried out by IsoCor. 
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Figure 3. Validation results. The CIDs of amino acids of a reference isotopic sample (PT sample) determined 
with and without addition of the 13C15N-IS were in excellent agreement (panel A). This was also verified in 
rat fibroblasts grown on U-13C-glucose (panel B). For metabolomics measurements, the concentration of 

amino acids in rat fibroblast measured with the classical 13C-IS and the 13C15N-IS were also highly 
consistent (panel C). 
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Figure 4. Dynamics of concentration and 13C-incorporation into amino acids upon PERK kinase activation in 
rat fibroblasts. Rat fibroblast were grown on 12C-glucose in the presence (blue) or absence (orange) of 

AP20187. After 18 h of treatment, cells were switched from 12C- to U-13C-glucose, and the concentration 
and isotope incorporation was monitored into amino acids. Shaded area represents the standard deviation 

estimated from triplicate measurements (dots). Other amino acids which did not incorporate 13C-tracer and 
with similar concentrations with and without induction of the PERK kinase (p > 0.05) are provided in 

Supporting Table S5. 
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