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Abstract: Glutathione (GSH) and glutathione disulfide (GSSG) are commonly used to assess the
oxidative status of a biological system. Various protocols are available for the analysis of GSH and
GSSG in biomedical specimens. In this study, we present an optimized protocol for the in situ
derivatization of GSH with N-ethylmaleimide (NEM) to prevent GSH autooxidation, and thus to
preserve the GSH/GSSG ratio during sample preparation. The protocol comprises the incubation of
cells in NEM containing phosphate buffered saline (PBS), followed by metabolite extraction with 80%
methanol. Further, to preserve the use of QTOF-MS, which may lack the linear dynamic range required
for the simultaneous quantification of GSH and GSSG in non-targeted metabolomics, we combined
liquid chromatographic separation with the online monitoring of UV absorbance of GS-NEM at
210 nm and the detection of GSSG and its corresponding stable isotope-labeled internal standard by
QTOF-MS operated with a 10 Da Q1 window. The limit of detection (LOD) for GS-NEM was 7.81 uM
and the linear range extended from 15.63 uM to 1000 uM with a squared correlation coefficient R? of
0.9997. The LOD for GSSG was 0.001 uM, and the lower limit of quantification (LLOQ) was 0.01 uM,
with the linear (R? = 0.9994) range extending up to 10 uM. The method showed high repeatability
with intra-run and inter-run coefficients of variation of 3.48% and 2.51% for GS-NEM, and 3.11%
and 3.66% for GSSG, respectively. Mean recoveries of three different spike-in levels (low, medium,
high) of GSSG and GS-NEM were above 92%. Finally, the method was applied to the determination
of changes in the GSH/GSSG ratio either in response to oxidative stress in cells lacking one or both
monocarboxylate transporters MCT1 and MCT4, or in adaptation to the NADPH (nicotinamide
adenine dinucleotide phosphate) consuming production of D-2-hydroxyglutarate in cells carrying
mutations in the isocitrate dehydrogenase genes IDH1 and IDH2.
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1. Introduction

Glutathione is the major non-protein thiol in mammals, which is present at millimolar concentrations
within cells, especially in the liver [1]. In vivo, glutathione exists in a redox equilibrium between its
reduced monomeric (GSH) and oxidized dimeric form (GSSG). Glutathione, for the most part, does
not react directly with hydroperoxides, but is rather required in a two-step process to reduce the
oxidized selenocysteine residues of glutathione peroxidases that catalyze the reduction of hydrogen
peroxide and lipid hydroperoxides to water and their corresponding alcohols, respectively [2]. The two
molecules of GSH consumed in this process result in the formation GSSG, which is then reduced again
to GSH by NADPH in an enzymatic reaction catalyzed by glutathione reductase. The intracellular
content of GSSG is normally kept to less than 1% of total glutathione. The GSH/GSSG ratio is widely
used as an indicator of the redox state of cells or tissues, with marked decreases indicating oxidative
stress, i.e., a biological system’s failure to readily detoxify reactive oxygen species.

Over the years, several methods have been introduced for the determination of GSH and GSSG in
biospecimens, including spectrophotometric [3-5], UV [6], fluorometric [7-9], and mass spectrometric
techniques [10-13], either in batch or in combination with HPLC. In addition to improved detection
techniques, increasing attention has been paid to the effective prevention of GSH autooxidation during
sample collection and preparation when determining GSH and GSSG. As such, 2-Vinylpyridine (2-VP)
and N-ethylmaleimide (NEM) are two commonly used derivatizing agents for the analysis of GSH.
However, 2-VP suffers from poor cell membrane permeability and slow reactivity with GSH [3]. NEM,
on the other hand, is highly cell membrane-permeable and blocks the sulfhydryl group on the cysteinyl
residue of GSH quickly by alkylation, thereby stopping GSH autooxidation [14]. In addition, through
inhibition of glutathione disulfide reductase (GR), NEM also prevents the enzymatically catalyzed
reduction of GSSG [3,15]. Alternatively, an enzymatic recycling method has been reported for the
quantitative assay of GSH and GSSG. It involves the reaction of GSH with 5,5 -dithio-bis(2-nitrobenzoic
acid) (DTNB) to form UV detectable 5’-thio-2-nitrobenzoic acid (TNB) and the reduction of GSSG to
GSH by glutathione reductase and NADPH [4]. This method can be used to determine total glutathione
(GSH + GSSG). If the ratio of GSH and GSSG is of the interest, an additional sample aliquot is needed
where a -SH masking reagent, e.g., NEM, has to be added in advance. Thus, GSH amount can be
determined by subtracting GSSG from total glutathione. Giustarini et al. reported a protocol for
GSH and GSSG determination with NEM derivatization in blood and solid tissues [3] and cultured
cells [15]. This protocol allows the simultaneous determination of GSH and GSSG. However, GSSG was
determined by converting GSSG to GSH with dithiothreitol (DTT) reduction and subsequent fluorescent
labeling of the -SH group with monobromobimane (mBrB) for the detection. Moreover, excess NEM has
to be removed from the sample prior to DTT reduction and mBrB derivatization to avoid interferences
of NEM with the subsequent reduction and derivatization steps which makes the sample preparation
complicated and time-consuming. Recently, an LC-MS/MS method using NEM derivatization has
been developed and validated for the analysis of GSH and GSSG in porcine hepatocytes [16] and
the assessment of the thiol redox metabolome in blood, urine, and saliva, employing a Waters Xevo
TQ-S triple quadrupole mass spectrometer [17]. Tomin et al. [18] also reported an LC-MS/MS-based
protocol, employing an AB Sciex 4000 QTRAP® mass spectrometer, for the measurement of GSH and
GSSG in blood, tissue, and cultured cells in a single analysis. In that protocol, GSH was derivatized
with NEM, the reagent was removed and GSSG was reduced to GSH by TCEP (Tris (2-carboxyethyl)
phosphine) and then derivatized by d5-NEM (N-ethyl-d5-maleimide) to generate GSH-d5-NEM. Thus,
GSSG and GSH were detected as GSH-d5-NEM and GSH-NEM by LC-MS/MS with the addition
of 1°C,,'>N-GSH-d5-NEM as an internal standard. The sensitivity of GSSG detection was found to
be about 10-fold better than direct GSSG measurement and the samples were diluted before they
were subjected to LC-MS/MS analysis. However, the method requires elaborate sample preparation,
including two steps of NEM derivatization, protein precipitation, TCEP reduction, as well as the
removal of the excess NEM after the first derivatization step. For the analysis of a large number of
samples, a simpler and faster procedure is beneficial.
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Here, we report an optimized and simple method for the in-situ derivatization of GSH in cell
culture that involves the incubation of cells in PBS-buffered NEM before methanolic extraction of
GS-NEM, GSSG, and other metabolites of interest. In addition, we explored the coupling of liquid
chromatographic separation to on-line UV absorbance and selected ion monitoring on a QTOF-MS
instrument that may lack in contrast to a triple quadrupole mass spectrometer [16-18] the required
linear range for the simultaneous quantification of GSH as GS-NEM and GSSG, but allows for a
far more comprehensive analysis of the metabolome without having to set transitions for known
metabolites of interest. Finally, we tested the applicability of the method by demonstrating the impact
of genetic ablation of the monocarboxylate transporters MCT1 and MCT4 on the GSH/GSSG ratio of
colon cancer cells under oxidative stress as well as the effect that NADPH consuming neomorphic
mutations in the isocitrate dehydrogenases IDH1/2 have on the reduction of GSSG to GSH.

2. Results and Discussion

2.1. Chromatography and Mass Spectrometry

Figure 1A shows an extracted ion chromatogram of a GSSG standard measured by HPLC-ESI-
TOF-MS and the respective spectrum is given in Figure 1B. Figure 1C displays the UV chromatogram
of a GS5-NEM standard. GSSG shows a quasi-molecular ion at m/z 613.160 and a doubly charged ion at
myz 307.085. The latter yielded the higher intensity and was used for quantification. To improve the
sensitivity of GSSG determination by mass spectrometry, a 10 Da Q1 selection window was employed so
that only a limited m/z range covering unlabeled and stable isotope-labeled GSSG was transmitted and
detected. Compared to full scan detection, this led to a highly significant increase in the signal-to-noise
ratio of the GSSG peak (Supplementary Figure S1). GS-NEM yielded two separate peaks of equal
peak area ratio with an RSD of 3.13% at 6.7 min and 7.8 min due to the generation of diastereomers
that are separated under the given chromatographic conditions (Supplementary Figure S2). Here,
the peak eluting at 6.7 min was used for GS-NEM quantification. GS-NEM was also detected by
QTOF-MS. No other biomolecules existing in the samples coeluted with GS-NEM as evidenced by
Supplementary Figure S3 demonstrating that a pooled cell sample and a GS-NEM standard share
the same MS spectrum at 6.7 min. Intracellular GSH and GSSG amounts may differ by more than
three orders of magnitude. Thus, simultaneous MS analysis of both glutathione forms will require
an instrument with a linear range that covers four orders of magnitude, such as a triple quadrupole
instrument. However, with the QTOF instrument used in this study, the response for GS-NEM was
only linear up to a concentration of 62.5 uM. However, typical extract concentrations of G5-NEM were
around 200 uM. Even modification of the MS parameters used for GS-NEM detection did not extend
the linear range sufficiently (Supplementary Figure S4). Hence, GSSG and GSH would have to be
determined separately after appropriate dilution of the sample. Thus, here, MS detection was only
used to monitor the potential influences arising from the complex cell samples and UV absorbance
was employed to quantify GS-NEM.

2.2. Method Validation

For GSSG determination, the limits of detection and quantification were 0.001 uM and 0.0098 uM,
respectively. Compared to previously published methods as shown in Table 1, the here presented method
features better detection sensitivity for GSSG. A twelve-point calibration covering a concentration
range of 0.0098 uM to 10 uM yielded excellent linearity (R?> = 0.9994). For GS-NEM determination,
a nine-point calibration curve was generated, the linear range of which extended from 15.63 uM to
1000 UM (R? = 0.9997). The LOD for GS-NEM was 7.81 uM. Representative calibration curves for both
GSSG and GS-NEM are shown in Figure 2.
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Figure 1. Chromatographic separation and detection of GSSG and GS-NEM. (A) Extracted ion
chromatogram (XIC) and (B) mass spectrum of GSSG standard measured by HPLC-ESI-QTO-FMS.
(C) GS-NEM was measured by HPLC-UV and the trace at 210 nm is shown. The doubly charged ion of
GSSG at m/z 307 in Figure 1B was used for GSSG determination throughout the study. In Figure 1C,
two separate GS-NEM peaks at 6.7 min and 7.8 min, respectively, were observed due to the generation

of diastereomers. The peak at 6.7 min was chosen for G5-NEM determination.

Table 1. Comparison of methods reported for the determination of GSH and GSSG.

GSH

GSH

GSSG

GSSG

Method Sample LOD * LOQ * LOD * LOQ * Derivatization Ref.
Enzymatic recycling Rat liver/bile - 6.25 pmol - 2.17 pmol M4vP [19]
820 pmol 2700 pmol
HPLC-UV Erythrocytes (0.041mM)  (0.135 mM) - - DTNB [20]
0.6 pmol 2 pmol
HPLC-fluorescence Plasma (0.03 M) (0.10 1M) - - NBD-F [8]
3 4 pmol 15 pmol 1.5 pmol 1.5 pmol
LC-MS/MS Whole blood (0.4 uM) (1.5 M) (0.1 uM) (0.1 uM) NEM [13]
HPLC-UV Cultured cells - - - - NEM/DTT/mBrB [15]
: 78.1 pmol  156.5 pmol _ _
HPLC-UV Cultured cells  (7.81 uM)  (15.65 uM) NEM Thisstudy
HPLC-QTOF-MS - - 0.01 pmol 0.1 pmol -

M4VP: 1-methyl-4-vinyl-pyridinium; DTNB: 5,5" -dithio-bis-(2-nitrobenzoic acid); NBD-F: 7-flouro-4-nitrobenzo-
2-oxa-1,3-diazole; NEM: N-ethylmaleimide; mBrB: monobromobimane; DTT: dithiothreitol. * Amount of substance
loaded on column. LODs and LOQs presented in each study were converted to the same unit and shown as amount
of substance loaded on column by multiplying the concentration of the analyte with the injection volume in each
study. The concentrations shown in the brackets are the original values presented in each study.

It should be noted that high amounts of GSSG were observed in GSH standard stock solutions
after storage for one month at —20 °C (data not shown). To generate a reliable GS-NEM calibration
curve, GSH stock solutions should be either freshly prepared from powder or the concentration must
be recalculated through the quantification of GSSG in the stock solution.

Within-run precision was evaluated by ten successive injections of a pooled cell culture sample.
The obtained peak areas of GS-NEM and the peak area ratios of GSSG to GSSG internal standard are
shown in Supplementary Figure S5. The corresponding coefficients of variation (CV) for within-run
repeatability of GS-NEM and GSSG were 3.48% and 3.11%, respectively. Inter-run repeatability was
determined by injecting aliquots of the same pooled cell culture sample on five successive days in
triplicate each day (see Supplementary Figure 56). A CV of 2.51% and 3.66% was obtained for GS-NEM
and GSSG, respectively.
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Figure 2. Calibration curves for GS-NEM and GSSG. (A) A nine-point GS-NEM calibration curve was
generated over a concentration range of 15.63 uM to 1000 uM by plotting the peak area versus the
corresponding nominal concentration. (B) A twelve-point GSSG calibration curve was constructed
over a concentration range of 0.0098 uM to 10 uM based on the peak area ratios and concentration
ratios of unlabeled to stable isotope-labeled GSSG (GSSG-(glycine-'3Cy,'°Ny)).

Quality control samples (QCs) of GSSG and GS-NEM were prepared from stock solutions prior to
the analysis on five different days over a period of five months (see Figure 3). All QC samples showed an
accuracy in the range of 80-120%. For GSSG, the respective accuracies were 96.74 + 4.54% (calcheckl),
96.16 + 5.16% (calcheck?2), 99.27 + 5.34% (calcheck3), 102.46 + 6.60% (calcheck4), and 106.47 + 16.00%
(calcheckb). The corresponding accuracies for GS-NEM were 101.20 + 3.40% (calcheck1), 104.29 + 5.40%
(calcheck?2), 107.46 + 6.68% (calcheck3), 105.32 + 6.58% (calcheck4), and 103.79 + 19.83% (calcheckb5).
Calcheck5, the closest to the LLOQ), featured the highest standard deviations of 16.00% and 19.83%,
respectively, for GSSG and GS-NEM. However, mean accuracies of 106.47% and 103.79% for GSSG and
GS-NEM,, respectively, were still acceptable.
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Figure 3. Accuracies of five quality control samples measured on different days. QCs were standard
samples prepared from different stock solutions (1 = 3) on different days (1 = 5) within five months.
(A) The concentrations of calcheckl to calcheck5 for GSSG were 3 uM, 1.5 uM, 0.15 uM, 0.05 puM,
and 0.02 pM, respectively. (B) The corresponding concentrations for calcheckl to calcheck5 for GS-NEM
were 500 uM, 200 uM, 100 uM, 50 uM, and 20 pM.

Furthermore, we investigated the stability of G5S-NEM solutions under different storage conditions.
A standard GS-NEM sample was stored at 4 °C, —20 °C, and —80 °C, respectively, for the periods of
time indicated in Figure 4A. The CVs of average peak area over all injections (15 injections in total)
were 3.10% (4 °C), 5.66% (=20 °C), and 2.47% (—80 °C), respectively, thus attesting to adequate sample
stability over at least one month.
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Figure 4. GS-NEM standard solution stability test and comparison of GS-NEM determination with total
glutathione (tGSH) quantification in LS174T wild type cells. (A) GS-NEM stability was investigated
by comparing GS-NEM peak areas after storage at different temperature for up to one month (n = 3).
(B) Total GSH was measured after DTT reduction in a separate set of samples and both tGSH and
GS-NEM were normalized to protein amount. No significant difference was observed between GS-NEM
and tGSH (p = 0.53, n = 3).

2.3. Cell Harvesting

The timing of the addition of NEM to cultured cells is critical for the accurate determination of GSH
as is evident from Supplementary Figure S7. The amount of GSSG determined decreased dramatically
by adding NEM already during cell harvesting instead of adding it later to the methanolic cell extract.
This impressively shows the importance of immediately trapping GSH to prevent autooxidation when
analyzing GSSG in cultured cells.

To further optimize the protocol, we tested four different cell harvesting procedures:

Procedure 1: As described above, the cell culture medium was removed, and the cells were washed
twice for 1 min with PBS containing 1 mM NEM prior to cell harvesting in cold 80% methanol.
Procedure 2: Cells were washed twice with 1 mL of PBS prior to addition of 400 uL of 1 mM NEM
solution for 5 min, followed by addition of 1600 pL methanol (to a final concentration of 80%, v/v) to
harvest cells in cold 80% methanol.

Procedure 3: Cells were washed twice with 1 mL of PBS and then scrapped with 1 mL of cold 80%
methanol containing 0.5 mM NEM.

Procedure 4: NEM was added directly to the cell culture medium at a final concentration of ~1.5 mM
for 2 min. Then, culture medium was discarded, cells were washed with PBS and scraped in 80%
cold methanol.

Cells were seeded at the same density and each procedure was performed in triplicate. Results
are shown in Supplementary Figure S8. No significant difference between the four procedures was
observed for GS-NEM (ANOVA p = 0.59). However, a significant lower GSSG amount was detected
when cells were washed with PBS containing 1 mM NEM (procedure 1), indicating that autooxidation
was kept to a minimum. In procedure 4, NEM was added directly to the cell culture medium prior to
PBS washing. Components present in the medium may compete for or interfere with the derivatization
of GSH with NEM, which may be overcome by higher concentrations of NEM, and influence the
reaction efficiency. Consequently, procedure 1 became the standard protocol. Besides, no free GSH
was detected in cell culture samples after NEM derivatization (data not shown), indicating sufficient
derivatization of GSH with NEM. Of note, the reaction rate of GSH with NEM in methanol is fairly low
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compared to the reaction in aqueous solution. Using standard samples, we observed that more than
40 min of incubation were necessary when the reaction was performed in 80% methanol. In contrast,
the reaction is complete within minutes in aqueous solution.

Using the colorectal adenocarcinoma cell line LS174T, we also compared the quantification of
GSH as GS-NEM with the determination of total reduced GSH (tGSH) in a separate set of samples
to validate the GS-NEM method. Quantification of tGSH employing DTT reduction was performed
according to our previously reported method [21]. Briefly, cell extracts were generated using 80%
methanol extraction, followed by DTT reduction to obtain total glutathione in reduced form and the
analysis of tGSH by HPLC-QTOF-MS/MS. The results are shown in Figure 4B. There is no significant
difference between GS-NEM and tGSH amount after normalization to protein amount. This indicates
correct analysis of GSH by HPLC-UV after NEM derivatization, as the very low intracellular amounts
of GSSG will not contribute significantly to tGSH.

Furthermore, spike-in experiments were performed with LS174T wild type cells to assess GSH
(GS-NEM) and GSSG recovery. To minimize autooxidation artefacts, GS-NEM rather than GSH was
used for the spike-in experiments. Three different GS-NEM or GSSG standard solutions of known
concentration (low, medium, and high) were added to the culture dishes and cell extraction was
performed as described above. The spike-in amounts were selected according to the endogenous
levels of GSH (GS-NEM) and GSSG measured previously in LS174T wild type cells, which were about
20 nmol absolute for GSH and 0.02 nmol absolute for GSSG. Based on the endogenous levels, spike-in
amounts of 10, 20, and 40 nmol for GS-NEM, and 0.02, 0.06, and 0.2 nmol for GSSG were selected.
For each experiment, three replicates were generated. As shown in Figure 5, recovery of GS-NEM and
GSSG was satisfactory for all three spike levels. Mean recovery of GS-NEM ranged between 92.2%
and 101% (101.01 + 7.96%, 94.25 + 2.00%, and 92.15 + 1.06%) while the mean recovery and standard
deviation for GSSG was 104.28 + 11.18%, 98.70 + 1.99%, and 97.49 + 9.60%, respectively.

A GS-NEM recovery B GSSG recovery
120 120+ T
1004 ==L~ ceemeeeee- ----- 1004 4==-=}-- ceeefe--
& 80- & 80-
E g
S 60- S 604
o o]
o 40- S 404
2 2
20- 20-
0 0

low medium high low medium high

Figure 5. (A) GS-NEM and (B) GSSG spike-in experiments. Recovery was determined by adding
defined amounts of GS-NEM or GSSG at low (10 nmol of GS-NEM, 0.02 nmol of GSSG), medium (20 nmol
of GS-NEM, 0.06 nmol of GSSG), and high (40 nmol of GS-NEM, 0.2 nmol of GSSG) concentration
into LS174T wild type cell cultures before 80% methanol cell extraction. GS-NEM and GSSG recovery
experiments were performed separately (n = 3 for each).

2.4. GSH and GSSG Determination in Monocarboxylate Transporter Deficient Cells

To demonstrate the applicability of the developed HPLC-UV-QTOF-MS method, we measured
the intracellular concentrations of GSH and GSSG in parental LS174T cells as well as derived single
(SKO) and double knockout (DKO) clones of the monocarboxylate transporters MCT1 and MCT4. As is
evident from Figure 6A, under normal cell culture conditions both parental and SKO cells exhibited
similar GSH/GSSG ratios with a more than 2000-fold molar excess of GSH, while the GSH/GSSG ratio of
the DKO cells was significantly lower but still in excess of 1500:1. This can be readily explained by the
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observation [22], that complete disruption of MCT activity in LS174T cells by a combination of genetic
and pharmacological means results in a more than six-fold increase in oxidative phosphorylation,
which leads in turn to the increased generation of mitochondrial reactive oxygen species (ROS) and,
consequently, an increase in cellular content of GSSG. As expected, when cells were challenged with
0.2 mM HO; for 10 min, all four cell lines showed a dramatic decrease in the GSH/GSSG ratio compared
to the corresponding unstressed condition due to a collapsing NADP+/NADPH ratio (p < 0.001 for
all cell lines, normal condition versus H,O, treatment) (Figure 6B). However, rather unexpectedly,
the decrease in GSH/GSSG ratio upon H,O, treatment was by far the most pronounced in the MCT4 7~
SKO cells (for statistics see Supplementary Table S1).

A B
GSH/GSSG in LS174T cells H,O, treatment
3500- . PR -
. * : 400+ n.s.
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Figure 6. GSH/GSSG ratio in MCT-competent and MCT-deficient LS174T cells, respectively, in response
to oxidative stress. Cells were (A) cultured under normal condition or (B) treated with 0.2 mM H,O,
for 10 min, before they were washed with PBS containing 1 mM NEM. Treatment with H,O, decreases
the ratio of GSH to GSSG in all cell lines. However, MCT4™7~ and double knockout cells are more
sensitive to oxidative stress than MCT-competent and MCT1-deficient cells. ** p < 0.01, *** p< 0.001,
n.s., not significant, for further statistics see Supplementary Table S1. Detailed data presented in this
figure were summarized in Supplementary Table S3.

Any attempt to interpret the above finding needs to account for the fact that both, differences
in the expression of MCT1 and MCT4 as well as the choice of methodology to knock them out or
down or to inhibit them pharmacologically may exert different effects on cell metabolism. In cells that
express little, if any, MCT4, knockdown or pharmacological inhibition of MCT1 has been reported
to result, amongst others, in increased levels of glucose- and fructose-6-phosphate, as was observed
here, as well as in marked reductions in the intracellular levels of pyruvate and GSH and in reduced
glucose uptake and lactate efflux, all of which were not detected in the present study [23]. In contrast,
knockdown or pharmacological inhibition of MCT1 in cells expressing considerable amounts of MCT4
resulted in reduced pyruvate export and increased oxygen consumption, accompanied by increased
expression of genes involved in oxidative phosphorylation, while the expression of glycolytic genes
such as hexokinase 1, phosphofructokinase M, and enolase 1 was decreased. Moreover, continued
glucose uptake and lactate export were sustained by MCT4 [24]. Increased mitochondrial respiration
and the consequently enhanced generation of ROS are known to inactivate the M2 isozyme of pyruvate
kinase (PKM2) through oxidation of Cys®® [25]. The resulting accumulation of phosphoenolpyruvate,
in turn, results in direct catalytic inhibition of triosephosphate isomerase. This mediates a protective
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diversion of glucose flux into the oxidative branch of the pentose phosphate pathway (PPP) to generate
NADPH required for the reduction of the antioxidants glutathione, thioredoxin and peroxiredoxin [26].
MCT1 facilitates the proton-linked bi-directional transport of both lactate and pyruvate, while MCT4
is considered primarily a high-affinity exporter of lactate with a significantly lower affinity for
pyruvate [27]. Indeed, under unstressed conditions, growth rate adjusted export of pyruvate was lower
in MCT17/~ than MCT47/~ SKO cells, while they did not differ in glucose uptake and lactate release
from the parental clone (Supplementary Figure SOA-C). Given that LS174T cells express only MCT1
and MCT4 [22], genetic ablation of both MCT1 and MCT4 resulted in an almost complete inhibition of
pyruvate and lactate export and very little glucose uptake, as DKO cells meet their energy requirements
mostly by oxidative phosphorylation [22]. The present observation, that both the MCT17/~ SKO and
the MCT17/~/MCT47~ DKO clone exhibit a higher abundance of glucose and glucose 6-phosphate
(Supplementary Figure S9D) than the MCT47~ SKO clone under unstressed conditions, may provide
an important clue toward understanding the pronounced drop of GSH/GSSG ratio in the MCT47/~
SKO clone upon HyO, treatment (Supplementary Figure S9B). As shown previously, MCT1 blockade
leads to increased mitochondrial respiration and generation of ROS, which redirect via inhibition of
triosephosphate isomerase glucose flux to the PPP [22,24]. MCT47~ null cells, in contrast, show under
unstressed conditions neither a significant increase in extracellular acidification rate (ECAR) nor a
significant decrease in intracellular pH [22]. The roughly two-fold increase in oxygen consumption
rate (OCR) is also very modest. As cells experience an oxidative burst upon exposure to HyO,, they
inactivate glycolysis within seconds via oxidation of not only pyruvate kinase but also glyceraldehyde
3-phosphate dehydrogenase, while glucose flux through the PPP continues to generate NADPH [28].
Given that glucose flux through the PPP is already increased in MCT1 deficient cells, these cells can
stage most likely a faster response to H,O, exposure, which should be reflected in lower intracellular
GSSG levels compared to MCT47/~ SKO cells and MCT17/-/MCT4 7~ DKO cells. Indeed, as evident from
Supplementary Figure S10B and D, intracellular levels of GSSG in MCT17/~ SKO cells are similar to
those found in wild type cells under both unstressed and stressed conditions, with only the level of GSH
being somewhat lower in MCT17/~ SKO cells under oxidative stress (Supplementary Figure S10A,C).
Both MCT47~ SKO and MCT17~/MCT4~/~ DKO cells show highly significant increases in GSSG content
compared to parental and MCT17~ SKO cells under stressed condition (Supplementary Figure S10D).
Interestingly, the increase in GSSG content in DKO cells as compared to MCT competent cells is lower
than in MCT4 7/~ SKO cells (Supplementary Figure S10D) and further compensated by a higher GSH
content in the DKO cells (Supplementary Figure S10C). In conclusion, it appears that MCT4 7/~ null
cells are poorly adapted to sudden bursts of oxidative stress.

2.5. GSH and GSSG Determination in Isocitrate Dehydrogenase Wild Type and Mutant Cells

Next, we applied the developed method to the determination of the intracellular levels of GSH
and GSSG in the colon cancer cell line HCT116, in which we had already determined previously
total GSH content [21]. The wild type and isocitrate dehydrogenase 1/2 (IDH1/2) mutant cell clones
IDH1-R132H, IDH2-R172K, and IDH2-R1400Q, respectively, were used to study the effect on the
GSH/GSSG ratio in cells carrying neomorphic IDH1/2 mutations, which enable cells to catalyze the
NADPH consuming reduction of a-ketoglutarate («-KG) to D-2-hydroxyglutarate (D-2-HG) (see
Figure 7A) [29-31]. As shown in Figure 7B, all mutIDH cell lines show a significant lower GSH/GSSG
ratio compared to the wild type cell line (for statistics, see Supplementary Table S3), supporting the
notion that increased consumption of NADPH by IDH1/2 mutant cells will impair their ability to reduce
GSSG to GSH. Interestingly, the GSH/GSSG ratios observed in the three mutant cell lines appear to
correlate indirectly with the amounts of D-2-hydroxyglutarate detected in these cells [32]. Furthermore,
mutIDH1 cells seem to be less capable of regenerating GSH than mutIDH2 (mitochondrial isoform)
cells. IDH1 is the cytosolic isoform, and therefore increased consumption of NADPH by the mutated
enzyme has a more direct effect on the reduction of GSSG, which also takes place in the cytosol.
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Figure 7. (A) Scheme depicting the reactions catalyzed by wild type and mutant IDH enzymes and
their respective effects on the provision of NADPH for the reduction of GSSG to GSH by glutathione
reductase. (B) Effect of different IDH1/2 mutations on the GSH/GSSG ratio in HCT116 cells compared to
IDH1/2 wild type cells. * p < 0.05,** p < 0.01, *** p < 0.001, n = 3, for further statistics see Supplementary
Table S5.

3. Experimental

3.1. Chemicals and Reagents

Stable isotope-labeled glutathione disulfide (glutathione-(glycine-'3Cy4,'>N,)) was acquired from
Toronto Research Chemicals (Toronto, Canada). GSH, GSSG, and NEM were purchased from Sigma
Aldrich (Taufkirchen, Germany). Solvents for sample preparation and HPLC-MS analysis were HPLC
grade and obtained from Th. Geyer GmbH (Renningen, Germany).

3.2. Stock Solutions

Stock solutions of unlabeled GSH (2 mM) and GSSG (1 mM), and stable isotope-labeled GSSG
(10 mM) were prepared in purified water (PURELAB Plus system, ELGA LabWater, Celle, Germany)
and stored at —20 °C. Working solutions were prepared freshly before analysis. Aliquots of NEM
(310 mM) were prepared in purified water and stored at —20 °C. In-house quality controls (QCs) of five
different concentration levels of GS-NEM (500 uM, 200 uM, 100 uM, 50 uM, and 20 uM) and GSSG
G uM, 1.5 uM, 0.15 uM, 0.05 pM, and 0.02 M) were also prepared freshly.

3.3. Cell Culture and Sample Preparation

LS174T wild type and MCT1/4 single and double knockout clones [22] as well as HCT116 wild
type and IDH mutant cells (Horizon Discovery Ltd., Cambridge, UK) were cultivated in RPMI
(PAN, Aidenbach, Germany), supplemented with 10% FCS (Biochrom AG, Berlin, Germany), 1%
penicillin-streptomycin (PAA Laboratories Inc., Pasching, Austria), and 2 mM L-glutamine (PAA).
Cells were seeded in 6-well plates in triplicates at a density of 450,000 cells per well and incubated
overnight at 37 °C, 5% CO,.

To harvest cells for GSSG and GSH analysis, the medium was discarded, and the cells were
washed twice for 1 min each with 1 mL PBS (PAN) containing 1 mM NEM. Then, 10 pL of 25 uM GSSG
internal standard were added to each well before cells were scrapped in 600 puL of cold 80% methanol.
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The extract was transferred to a 1.5 mL cup and the wells were washed with 400 pL cold 80% methanol.
The wash was collected into the same cup. Samples were then stored overnight at —80 °C.

The collected cell extracts were centrifuged at 4 °C and 10,000x g for 5 min. The supernatants were
collected, and the pellets were washed twice with 200 pL 80% methanol. The combined supernatants
were evaporated to dryness (CombiDancer, Hettich AG, Bach, Switzerland) and then re-dissolved in
50 uL pure water before HPLC-UV-QTOF-MS analysis.

3.4. HPLC-UV-QTOFMS Analysis of GSH and GSSG

Instrumental analysis was carried out on a Maxis Impact QTOF-MS (Bruker Daltonics, Bremen,
Germany) with an ESI source coupled to a Dionex Ultimate 3000 UHPLC system (Thermo Scientific, Idstein,
Germany) consisting of a HPG3400 RS pump, WPS3000TFC autosampler, and a Dionex diode-array
detector. Chromatographic separation was performed on a Waters Atlantis T3 reversed-phase column
(2.1 x 150 mm, 3 um) fitted with a 2.0 X 4 mm C18 pre-column (Phenomenex, Aschaffenburg, Germany).
Mobile phases A and B were 0.1% (v/v) formic acid in H,O and acetonitrile, respectively. Gradient
elution was started with a 15 min isocratic segment at 95% A, before ramping B from 5% to 100% in
2 min, followed by a 3 min hold and re-equilibration at 95% A for 5 min. The column temperature was
set at 35 °C and a flow rate of 0.3 mL/min was used. Samples were injected in random order with an
injection volume of 10 pL.

For GS-NEM determination, the diode-array detector was operated over a range of 200 to 400 nm.
The GS-NEM absorption peak was extracted at 210 nm. The eluent from the diode-array detector was
subsequently transferred to the QTOF mass spectrometer via an ESI source for GSSG detection in
positive mode using either full scan 50 to 1000 m/z or a 10 Da Q1 selection window. GSSG quantification
was achieved using a 12-point calibration curve based on the area ratios of unlabeled to stable
isotope-labeled compound. GS-NEM quantification was performed using a calibration curve generated
from the HPLC-UV measurements of a serial dilution of a GS-NEM standard solution. MS parameters
and mass calibration were as recently reported [21]. For internal recalibration, each run was started
with injection of a sodium formate solution [21] by a six-port valve. Mass spectrometry detection
was divided into different segments for the separate monitoring of sodium formate clusters, GSSG,
and GS-NEM.

Determination of lactate, pyruvate, glucose, and glucose-6-phosphate was performed as described
in Supplementary File S1.

3.5. Method Validation

3.5.1. Figures of Merit

The linear range for GSSG quantification was determined based on a serial dilution of a GSSG
standard (10 uM to 0.0024 uM) with a constant concentration of the internal standard (5 uM).
The calibration curve was built based on the peak area ratio of analyte to internal standard versus the
corresponding nominal concentration ratio. The lower limit of quantification (LLOQ) and limit of
detection (LOD) were defined according to the FDA Guide for Bioanalytical Method Validation [33]
with LLOQ as the lowest calibration curve concentration, for which the analyte can be quantitatively
determined with an accuracy of 80-120%, and the LOD as the lowest analyte concentration that yields
a peak with /N > 3.

Linearity of GS-NEM quantification was evaluated in a concentration range of 15.63 uM to
1000 uM. A GS-NEM standard solution was produced by the reaction of fresh GSH standard with
NEM in the lab. Calibration samples were diluted from a standard GS-NEM solution.

3.5.2. Stability of GS-NEM

Stability of GS-NEM derivative was assessed by comparing peak areas obtained for a 200 uM
GS-NEM standard solution stored at 4 °C, —20 °C, and —80 °C for different time periods.
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3.5.3. Recovery

Recovery of GS-NEM and GSSG was assessed separately by spiking low, medium, and high
amounts of GS-NEM (10 nmol, 20 nmol, concentration in the stock solution was recalculated by the
quantification of GSSG with the 40 nmol) or GSSG (0.02 nmol, 0.06 nmol, 0.2 nmol) into cell cultures
prior to sample preparation. Recovery of GS-NEM and GSSG was determined separately to avoid the
interference of GSSG present in GSH standard solution due to auto-oxidation. GSH addition of stable
isotope labeled GSSG internal standard. Furthermore, blank samples, cell samples without addition of
GS-NEM or GSSG, were analyzed to determine endogenous GSH and GSSG amounts, which were
subtracted from the values determined in the spiked samples for recovery calculation. Using GSSG as
an example, recovery was determined as follows:

GSSG amount in spiked sample — GSSG amount in blank sample
theoretical amount of GSSG standard spiked

Recovery = x 100%

Absolute amounts were normalized to protein amount in each sample to correct for differences in
cell number. All experiments were performed in triplicate.

3.6. Data Analysis and Statistics

Data analysis was carried out using Bruker QuantAnalysis 2.2 software. Statistical differences
between more than 2 groups were tested using single factor ANOVA with Tukey’s post-hoc HSD test
in R version 3.5.1, while differences between two groups were tested by the unpaired two-tailed t-test
implemented in Excel 2013. A value of p < 0.05 was considered statistically significant. Results are
presented as mean plus standard deviation (M+SD). Figures were prepared with GraphPad Prism 6.

4. Conclusions

The analysis of GSH/GSSG ratio in cell culture is a challenging task due to auto-oxidation of
GSH during cell harvesting and metabolite extraction. Here, we have optimized both the in-situ
derivatization of GSH with NEM and the simultaneous determination of GSH and GSSG by HPLC-UV
and LC-QTOF-MS in cultured cells. The method is rapid and shows high sensitivity, excellent precision,
and nearly complete recovery of both GSH and GSSG in spike-in experiments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/10/7/292/s1,
Figure S1: Comparison of signal-to-noise ratio for 2.5 uM solution of GSSG measured by mass spectrometry in full
scan or MRM mode (2 = 3). Figure S2: Peak area comparison of G5-NEM diastereomers analyzed by HPLC-UV.
Diastereomers eluted at 6.7 min and 7.8 min, respectively. Peak area ratios of the G5-NEM diastereomers in
cultured cell samples are all stably around 1 with an RSD of 3.13%. Figure S3: Exemplary MS spectra of GS-NEM
detected by QTOF-MS in (A) standard sample and (B) pooled cell sample. GS-NEM shows a [M+H]+ ion at
my/z 433 and a fragment ion at m/z 304 due to the loss of Glu. Figure S54: (A) Extracted ion chromatograms of
quasi-molecular ion (1m/z 433.14) of GS-NEM (31.25 uM) detected by mass spectrometry with different parameter
settings. (B) Extracted ion chromatogram of quasi-molecular ion (1/z 433.14) of GS-NEM (250 uM) analyzed by
LC-QTOEF-MS. Detection saturation of GS-NEM was still a problem with each setting. In our experiments, GS-NEM
concentrations detected in cell extracts were mostly higher than 200 uM. However, as shown in Figure S4B,
detection saturation is severe when a GS-NEM solution with a concentration of 250 uM was analyzed, indicating
the necessary dilution of the samples for MS detection. Figure S5: (A) Peak areas of GS-NEM and (B) peak area
ratios of GSSG to GSSG internal standard for ten successive injections of a pooled cell culture sample measured by
HPLC-UV-QTOEF-MS. Figure S6: (A) Peak areas of GS-NEM and (B) peak area ratios of GSSG to GSSG internal
standard (GSSG is) for a pooled cell culture sample measured on 5 successive days by HPLC-UV-QTOFMS (1 = 3
for each day). Figure S7: Peak area of GSSG detected in cell culture samples after derivatization of GSH with
NEM either in the final extract or during cell harvesting by adding NEM to the PBS wash (n = 3). Figure S8:
Optimization of the NEM derivatization procedure. Procedure 1, cell medium was discarded, followed by two
1-min washing steps with PBS containing 1 mM NEM. Procedure 2, cell medium was discarded, followed by
PBS washing twice. Then, 400 pL of 1 mM NEM was added to the cells and incubated at room temperature for
5 min before harvesting the cells in 80% methanol. Procedure 3, cells were harvested with 1 mL of 80% methanol
containing 0.5 mM NEM after PBS washing twice. Procedure 4, 10 uL of 310 mM NEM were added directly
to the cells and incubated for 2 min before discarding the medium and PBS washing, n = 3 for each procedure.
No significant difference in GS-NEM amount was observed between groups (ANOVA, p = 0.59). For GSSG,
significant differences were found between groups (ANOVA, p = 0.0068): 1 versus 2: p = 0.0364; 1 versus 3:
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p =0.0171; 1 versus 4: p = 0.0064. One-way ANOVA and post hoc analysis with Tukey’s test were performed in R
(version 3.5.1). Figure S9: Release of (A) pyruvate and (B) lactate as well as uptake of glucose normalized to (C)
area under the growth curve, and (D) intracellular content of glucose and glucose 6-phosphate (G6P) in unstressed
LS174T parental and MCT1/4 single and double knockout clones cultured for 24 h. Metabolites in methanolic
extracts of both cell culture supernatants (A, B) and cell pellets (D) were analyzed by GC-MS. Two independent
experiments (1 = 6, three for each experiment) were performed. (ANOVA for pyruvate p = 5.1 x 1074, for lactate
secretion p = 9.7 X 107, for glucose uptake p = 1.3 X 1077, for intracellular glucose p = 2.4 x 107° and intracellular
G6P p = 2.8x1075, * p < 0.05, ** p < 0.01, *** p < 0.001, n.s., not significant). For further statistics see Table S2.
GC-MS analysis of lactate, pyruvate, glucose and glucose 6-phosphate, protein content determination, and cell
proliferation rate determination see above experimental section. Figure S10: Intracellular levels of GSH (A and
C) and GSSG (B and D) in LS174T parental and MCT1/4 single and double knockout clones before (unstressed,
n = 6 each) and after treatment with 0.2 mM H,O, for 10 min (n = 3 each). One-way ANOVA (p = 0.0473 for GSH,
unstressed; p = 7.44 X 1077 for GSSG, unstressed; p=1.65x 10~# for GSH, H,0, treated; p=2.04x 107% for GSH,
H,0; treated) and post hoc analysis with Tukey’s test were performed in R (version 3.5.1). * p < 0.05, ** p < 0.01,
*** p < 0.001. Detailed data presented in this figure were summarized in Table S4. Table S1: Analysis of variance
(ANOVA) of GSH/GSSG ratio between MCT-competent and MCT-deficient LS174T cells under normal or H,O,
treatment conditions was performed in R (version 3.5.1). Pairwise comparisons between cell lines under each
condition were performed with Tukey’s post hoc test. A paired t-test (EXCEL 2013) was used to test the impact
of HyO, treatment in each cell line. A p-value of less than 0.05 was statistically significant. n.s., not significant.
Table S2: Analysis of variance (ANOVA) of pyruvate secretion, lactate release, glucose uptake, and intracellular
glucose and G6P content between MCT-competent and MCT-deficient LS174T cells under normal conditions were
performed in R (version 3.5.1). Pairwise comparisons between cell lines under each condition were performed
with Tukey’s post hoc test. A p-value of less than 0.05 was statistically significant. n.s., not significant. Table S3:
Extract concentrations of GSH and GSSG from LS174T cells with/without H,O, treatment. Data are shown in
Figure 6. Table S4: GSH and GSSG amounts in LS174T cells with/without H,O, treatment after normalization
to total protein. Data are presented in Figure S9. Table S5: Analysis of variance (ANOVA) of GSH/GSSG ratios
between HCT116 cell lines was performed in R (version 3.5.1) with Tukey’s post hoc test. A p-value of less than
0.05 was considered statistically significant. n.s., not significant. Supplementary File S1.

Author Contributions: X.S.: Methodology, Formal analysis, Investigation, Writing-Original draft, Visualization.
R.S.B.: Investigation, Formal analysis. PH.: Investigation. . M.: Resources. J.P.: Resources, Writing-Review & Editing.
KR.: Resources. PJ.O.: Writing-Review & Editing, Supervision, Funding acquisition. K.D.: Conceptualization,
Writing-Review & Editing, Supervision, Project administration. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Interreg V BY-CZ118.

Conflicts of Interest: The authors have declared that no competing interest exists.

References

1.  Sies, H. Glutathione and its role in cellular functions. Free Radic. Biol. Med. 1999, 27, 916-921. [CrossRef]
Schafer, EQ.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of the glutathione
disulfide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191-1212. [CrossRef]

3. Giustarini, D.; Dalle-Donne, I.; Milzani, A.; Fanti, P.,; Rossi, R. Analysis of GSH and GSSG after derivatization
with N-ethylmaleimide. Nat. Protoc. 2013, 8, 1660-1669. [CrossRef] [PubMed]

4. Rahman, I; Kode, A.; Biswas, S.K. Assay for quantitative determination of glutathione and glutathione
disulfide levels using enzymatic recycling method. Nat. Protoc. 2006, 1, 3159-3165. [CrossRef] [PubMed]

5. Giustarini, D.; Dalle-Donne, I.; Colombo, R.; Milzani, A.; Rossi, R. An improved HPLC measurement for
GSH and GSSG in human blood. Free Radic. Biol. Med. 2003, 35, 1365-1372. [CrossRef]

6. Lipsa, D.; Cacho, C.; Leva, P; Barrero-Moreno, J.; Aguar, P. Development of a HPLC-UV method for the
simultaneous determination of intracellular glutathione species in human cells. J. Anal. Bioanal. Tech. 2015,
6,1-8.

7. Hakuna, L.; Doughan, B.; Escobedo, J.O.; Strongin, RM. A simple assay for glutathione in whole blood.
Analyst 2015, 140, 3339-3342. [CrossRef]

8. Wang, X,; Chi, D,; Song, D.; Su, G.; Li, L.; Shao, L. Quantification of Glutathione in Plasma Samples by HPLC
Using 4-Fluoro-7-nitrobenzofurazan as a Fluorescent Labeling Reagent. J. Chromatogr. Sci. 2012, 50, 119-122.
[CrossRef] [PubMed]

9.  Nolin, T.D.; McMenamin, M.E.; Himmelfarb, J. Simultaneous determination of total homocysteine, cysteine,
cysteinylglycine, and glutathione in human plasma by high-performance liquid chromatography: Application to
studies of oxidative stress. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2007, 852, 554-561. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0891-5849(99)00177-X
http://dx.doi.org/10.1016/S0891-5849(01)00480-4
http://dx.doi.org/10.1038/nprot.2013.095
http://www.ncbi.nlm.nih.gov/pubmed/23928499
http://dx.doi.org/10.1038/nprot.2006.378
http://www.ncbi.nlm.nih.gov/pubmed/17406579
http://dx.doi.org/10.1016/j.freeradbiomed.2003.08.013
http://dx.doi.org/10.1039/C5AN00345H
http://dx.doi.org/10.1093/chromsci/bmr039
http://www.ncbi.nlm.nih.gov/pubmed/22298761
http://dx.doi.org/10.1016/j.jchromb.2007.02.024
http://www.ncbi.nlm.nih.gov/pubmed/17336168

Metabolites 2020, 10, 292 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Bravo-Veyrat, S.; Hopfgartner, G. High-throughput liquid chromatography differential mobility spectrometry
mass spectrometry for bioanalysis: Determination of reduced and oxidized form of glutathione in human
blood. Anal. Bioanal. Chem. 2018, 410, 7153-7161. [CrossRef]

Fahrenholz, T.; Wolle, M.M.; Kingston, H.M.; Faber, S.; Kern, ].C., 2nd; Pamuku, M.; Miller, L.; Chatragadda, H.;
Kogelnik, A. Molecular speciated isotope dilution mass spectrometric methods for accurate, reproducible
and direct quantification of reduced, oxidized and total glutathione in biological samples. Anal. Chem. 2015,
87,1232-1240. [CrossRef] [PubMed]

Blahova, L.; Kohoutek, J.; Lebedova, J.; Blaha, L.; Vecera, Z.; Buchtova, M.; Misek, I.; Hilscherova, K.
Simultaneous determination of reduced and oxidized glutathione in tissues by a novel liquid
chromatography-mass spectrometry method: Application in an inhalation study of Cd nanoparticles.
Anal. Bioanal. Chem. 2014, 406, 5867-5876. [CrossRef] [PubMed]

Moore, T.; Le, A.; Niemi, A.-K.; Kwan, T.; Cusmano-Ozog, K.; Enns, G.M.; Cowan, TM. A new LC-MS/MS
method for the clinical determination of reduced and oxidized glutathione from whole blood. . Chromatogr. B
Anal. Technol. Biomed. Life Sci. 2013, 929, 51-55. [CrossRef] [PubMed]

Giustarini, D.; Colombo, G.; Garavaglia, M.L.; Astori, E.; Portinaro, N.M.; Reggiani, F.; Badalamenti, S.;
Aloisi, A.M.; Santucci, A.; Rossi, R.; et al. Assessment of glutathione/glutathione disulphide ratio and
S-glutathionylated proteins in human blood, solid tissues, and cultured cells. Free Radic. Biol. Med. 2017, 112,
360-375. [CrossRef]

Giustarini, D.; Galvagni, F; Tesei, A.; Farolfi, A.; Zanoni, M.; Pignatta, S.; Milzani, A.; Marone, ILM.;
Dalle-Donne, I; Nassini, R.; et al. Glutathione, glutathione disulfide, and S-glutathionylated proteins in cell
cultures. Free Radic. Biol. Med. 2015, 89, 972-981. [CrossRef] [PubMed]

Florholmen-Kjeer, A.; Lysa, R.A.; Fuskevag, O.-M.; Goll, R.; Revhaug, A.; Mortensen, K.E. A sensitive method
for the analysis of glutathione in porcine hepatocytes. Scand. J. Gastroenterol. 2014, 49, 1359-1366. [CrossRef]
[PubMed]

Sutton, T.R.; Minnion, M.; Barbarino, F.; Koster, G.; Fernandez, B.O.; Cumpstey, A.F.; Wischmann, P.;
Madhani, M.; Frenneaux, M.P; Postle, A.D.; et al. A robust and versatile mass spectrometry platform
for comprehensive assessment of the thiol redox metabolome. Redox Biol. 2018, 16, 359-380. [CrossRef]
[PubMed]

Tomin, T.; Schittmayer, M.; Birner-Gruenberger, R. Addressing glutathione redox status in clinical samples
by two-step alkylation with N-ethylmaleimide isotopologues. Metabolites 2020, 10, 71. [CrossRef]

Shaik, LH.; Mehvar, R. Rapid determination of reduced and oxidized glutathione levels using a new
thiol-masking reagent and the enzymatic recycling method: Application to the rat liver and bile samples.
Anal. Bioanal. Chem. 2006, 385, 105-113. [CrossRef]

Garcia, S.C.; Schott, K.; Charao, M.; Moro, A.; Bulcao, R.; Grotto, D.; Valentini, J.; Bohrer, D.; Cardoso, S.;
Pomblum, V. Quantification of reduced glutathione by HPLC-UV in erythrocytes of hemodialysis patients.
Biomed. Chromatogr. 2008, 22, 460-468. [CrossRef]

Sun, X.; Heinrich, P.; Berger, R.S.; Oefner, PJ.; Dettmer, K. Quantification and (13)C-Tracer analysis of total
reduced glutathione by HPLC-QTOFMS/MS. Anal. Chim. Acta 2019, 8, 127-137. [CrossRef] [PubMed]
Marchig, I.; Le Floch, R.; Roux, D.; Simon, M.P.; Pouyssegur, ]. Genetic disruption of lactate/H+ symporters
(MCTs) and their subunit CD147/BASIGIN sensitizes glycolytic tumor cells to phenformin. Cancer Res. 2015,
75,171-180. [CrossRef] [PubMed]

Doherty, ].R.; Yang, C.; Scott, K.E.; Cameron, M.D; Fallahi, M.; Li, W.; Hall, M.A.; Amelio, A.L.; Mishra, ].K,;
Li, F; et al. Blocking lactate export by inhibiting the Myc target MCT1 Disables glycolysis and glutathione
synthesis. Cancer Res. 2014, 74, 908-920. [CrossRef] [PubMed]

Hong, C.S.; Graham, N.A.; Gu, W.; Espindola Camacho, C.; Mah, V.; Maresh, E.L.; Alavi, M.; Bagryanova, L.;
Krotee, P.A.L.; Gardner, B.K,; et al. MCT1 Modulates Cancer Cell Pyruvate Export and Growth of Tumors
that Co-express MCT1 and MCT4. Cell Rep. 2016, 14, 1590-1601. [CrossRef] [PubMed]

Anastasiou, D.; Poulogiannis, G.; Asara, ].M.; Boxer, M.B,; Jiang, ].K.; Shen, M.; Bellinger, G.; Sasaki, A.T,;
Locasale, ].W.; Auld, D.S,; et al. Inhibition of pyruvate kinase M2 by reactive oxygen species contributes to
cellular antioxidant responses. Science 2011, 334, 1278-1283. [CrossRef]

Gruning, N.M.; Du, D.; Keller, M.A.; Luisi, B.F.; Ralser, M. Inhibition of triosephosphate isomerase by
phosphoenolpyruvate in the feedback-regulation of glycolysis. Open Biol. 2014, 4, 130232-130242. [CrossRef]


http://dx.doi.org/10.1007/s00216-018-1318-x
http://dx.doi.org/10.1021/ac503933t
http://www.ncbi.nlm.nih.gov/pubmed/25519489
http://dx.doi.org/10.1007/s00216-014-8033-z
http://www.ncbi.nlm.nih.gov/pubmed/25069883
http://dx.doi.org/10.1016/j.jchromb.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23660247
http://dx.doi.org/10.1016/j.freeradbiomed.2017.08.008
http://dx.doi.org/10.1016/j.freeradbiomed.2015.10.410
http://www.ncbi.nlm.nih.gov/pubmed/26476010
http://dx.doi.org/10.3109/00365521.2014.964757
http://www.ncbi.nlm.nih.gov/pubmed/25279941
http://dx.doi.org/10.1016/j.redox.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29627744
http://dx.doi.org/10.3390/metabo10020071
http://dx.doi.org/10.1007/s00216-006-0375-8
http://dx.doi.org/10.1002/bmc.954
http://dx.doi.org/10.1016/j.aca.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31409462
http://dx.doi.org/10.1158/0008-5472.CAN-14-2260
http://www.ncbi.nlm.nih.gov/pubmed/25403912
http://dx.doi.org/10.1158/0008-5472.CAN-13-2034
http://www.ncbi.nlm.nih.gov/pubmed/24285728
http://dx.doi.org/10.1016/j.celrep.2016.01.057
http://www.ncbi.nlm.nih.gov/pubmed/26876179
http://dx.doi.org/10.1126/science.1211485
http://dx.doi.org/10.1098/rsob.130232

Metabolites 2020, 10, 292 15 of 15

27.

28.

29.

30.

31.

32.

33.

Contreras-Baeza, Y.; Sandoval, P.Y.; Alarcon, R.; Galaz, A.; Cortes-Molina, E; Alegria, K.; Baeza-Lehnert, F.;
Arce-Molina, R.; Guequen, A.; Flores, C.A ; et al. Monocarboxylate transporter 4 (MCT4) is a high affinity
transporter capable of exporting lactate in high-lactate microenvironments. J. Biol. Chem. 2019, 294,
20135-20147. [CrossRef]

Stincone, A.; Prigione, A.; Cramer, T.; Wamelink, M.M.; Campbell, K.; Cheung, E.; Olin-Sandoval, V.;
Gruning, N.M,; Kruger, A.; Taugeer Alam, M.; et al. The return of metabolism: Biochemistry and physiology
of the pentose phosphate pathway. Biol. Rev. Camb. Philos. Soc. 2015, 90, 927-963. [CrossRef] [PubMed]
Ye, D.; Guan, K.L.; Xiong, Y. Metabolism, Activity, and Targeting of D- and L-2-Hydroxyglutarates.
Trends Cancer 2018, 4, 151-165. [CrossRef]

Yan, H.; Parsons, D.W,; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.;
Riggins, G.J.; et al. IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 2009, 360, 765-773. [CrossRef]
Dang, L.; White, D.W.; Gross, S.; Bennett, B.D.; Bittinger, M.A.; Driggers, E.M.; Fantin, V.R.; Jang, H.G.;
Jin, S.; Keenan, M.C.; et al. Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 2009, 462,
739-744. [CrossRef] [PubMed]

Berger, R.S. Development and Application of Analytical Tools to Study the Origin, Fate and Impact of the
Oncometabolite 2-Hydroxyglutarate and its Lactone. Ph.D. Thesis, University of Regensburg, Regensburg,
Germany, 2019.

Guidance for Industry: Bioanalytical Method Validation; U.S. Department of Health and Human Services, Food
and Drug Administration, Center for Drug Evaluation and Research (CDER), Center for Veterinary Medicine
(CVM): Rockville, MD, USA, 2018.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1074/jbc.RA119.009093
http://dx.doi.org/10.1111/brv.12140
http://www.ncbi.nlm.nih.gov/pubmed/25243985
http://dx.doi.org/10.1016/j.trecan.2017.12.005
http://dx.doi.org/10.1056/NEJMoa0808710
http://dx.doi.org/10.1038/nature08617
http://www.ncbi.nlm.nih.gov/pubmed/19935646
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Chromatography and Mass Spectrometry 
	Method Validation 
	Cell Harvesting 
	GSH and GSSG Determination in Monocarboxylate Transporter Deficient Cells 
	GSH and GSSG Determination in Isocitrate Dehydrogenase Wild Type and Mutant Cells 

	Experimental 
	Chemicals and Reagents 
	Stock Solutions 
	Cell Culture and Sample Preparation 
	HPLC-UV-QTOFMS Analysis of GSH and GSSG 
	Method Validation 
	Figures of Merit 
	Stability of GS-NEM 
	Recovery 

	Data Analysis and Statistics 

	Conclusions 
	References

