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Monitoring the Glutathione Redox Reaction in Living Human Cells by
Combining Metabolic Labeling with Heteronuclear NMR
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Abstract: The glutathione (GSH) redox reaction is critical for
defense against cellular reactive oxygen species (ROS). How-
ever, direct and real-time monitoring of this reaction in living
mammalian cells has been hindered by the lack of a facile
method. Herein, we describe a new approach that exploits the
GSH biosynthetic pathway and heteronuclear NMR. [U-"CJ-
labeled cysteine was incorporated into GSH in U87 glioblas-
toma cells, and the oxidation of GSH to GSSG by a ROS-
producing agent could be monitored in living cells. Further
application of the approach to cells resistant to temozolomide
(TMZ), an anti-glioblastoma drug, suggested a possible new
resistance mechanism involving neutralization of ROS. This
result was corroborated by the observation of up-regulation of
glutathione peroxidase 3 (GPx3). This new approach could be
easily applied to redox-dependent signaling pathways and drug
resistance involving ROS.

Glutathione (GSH) exists at high concentrations (1-11 mm)
in cells, mostly in the reduced form,"! and is critically
important for defense against reactive oxygen species
(ROS). Oxidation of GSH to the oxidized form (GSSG)
with the concomitant reduction of ROS, as mediated by
glutathione peroxidase (GPx), is at the heart of this defense
system. Since ROS-mediated oxidative stress has been
implicated in the pathophysiologies of many diseases, such
as cancer, liver diseases, and diabetes mellitus,? extensive
research has been performed to measure intracellular GSH
and GSSG concentrations. Conventional methods involve
spectrophotometric determination using dyes such as 5,5'-
Dithiobis[2-nitrobenzoic acid] (DTNB)® or HPLC.") How-
ever, these methods require cell lysis for the extraction of
GSH and GSSG, during which undesired oxidation of GSH to
GSSG could occur. In addition, cell lysis procedures make
real-time monitoring of GSH-to-GSSG conversion impossi-
ble. Advances in fluorescent probes that can respond to
changes in GSH has enabled the detection of GSH in living
cells. These approaches include either protein (e.g. Grxl-
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roGFP)F! or chemical (e.g. ThiolQuant Green)® fluorescent
probes; however, all of them are indirect measurements that
are susceptible to fluorescence quenching or unequal deliv-
ery/expression of probes. More importantly, protein probes
require genetic manipulation of the cells, and chemical probes
involve the introduction of non-natural molecules into cells,
all of which can affect cellular physiology in undesirable and
unexpected ways. Alternatively, nuclear magnetic resonance
(NMR) techniques, which allow non-destructive measure-
ment,[”! can be suitable for the direct detection of GSH in
living cells. A very recent study, in fact, reported direct
measurement of GSH in live yeast cells using NMR and
exogenously added C,,""N-glycine-labeled GSH without
surrogate probes.®! However, this approach is limited to
only a specially designed mutant yeast strain that imports
GSH with a high-affinity transporter and lacks the endoge-
nous GSH biosynthetic machinery to avoid dilution of the
labeled GSH. Since these manipulations are not generally
applicable to mammalian cells that synthesize GSH,"”' the
method is not readily applicable to human cells. Therefore,
a means of direct GSH measurement in living mammalian
cells, one that can contribute to the investigation of redox
status in model systems of human disease, is highly desired. In
the present study, we introduce such a system, which involves
exploiting the GSH biosynthetic pathways in human cells and
real-time 2D heteronuclear NMR. The method is simple and
straightforward and can be applied to other cellular disease
systems.

To detect GSH directly in mammalian cells, we used [U-
BC]-labeled cysteine, which can enter cells and be subse-
quently converted into y-Glutamylcysteine (y-GluCys) and
GSH in U87 human brain cancer (glioblastoma) cells (Fig-
ure 1 A).l Such cysteine-labeled GSH can be selectively and
directly detected against other non-labeled peaks by using
PC-isotope-edited heteronuclear single-quantum coherence
(HSQC) NMR. One desirable feature of our approach is that
the J-coupling between the two adjacent *C atoms of cysteine
can be used to unambiguously differentiate GSH synthesized
from the added cysteine and pre-existing GSH (Figure 1B).
The cysteine-fed cells were harvested and placed in an NMR
tube, and HSQC spectra of the live cells were obtained by
using the procedures described in our recent paper!"!! in the
Supporting Information “Methods” section. We also con-
firmed that the cells were over 95 % viable in the NMR tube
after the experiments (Figure S1 in the Supporting Informa-
tion). The cysteine-labeling approach enabled efficient label-
ing of GSH in live U87 cells, as shown by the HSQC NMR
spectrum ("H 8=2.96 ppm, *C 6 =28.3 ppm; Figure 1C).
With the splitting of the signal along the *C axis (ca. 36 Hz,
see inset) owing to the above-mentioned J-coupling, and the
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Figure 1. Biosynthetic GSH labeling and its detection by 2D

HSQC NMR in live cells. A) The glutathione biosynthetic pathway in
human cells. B) J-coupling between adjacent *C atoms in cysteine.

C) Intracellular GSH (black box: "H 6 =2.96 ppm, *C § =28.3 ppm)
detected by "H-""C HSQC NMR in live U87 cells. The black expanded
region is for GSH peaks. The blue and red dashed boxes represent the
expected peak areas corresponding to cysteine and GSSG, respectively.

low natural abundance of *C (1% ), we could easily detect the
GSH synthesized from the added cysteine against the back-
ground of GSH signals from the endogenous pool or non-
labeled cysteine. In addition, there were no visible signals for
the residual cysteine (‘"H 6 =3.05 ppm, *C 6 =27.8 ppm) or
cystine ("H 6 =3.18 ppm, “*C 6 =40.5 ppm), thus confirming
the high efficiency of the labeling approach. The GSSG
signals were close to the noise level, which is consistent with
the reported physiological ratios between GSH and GSSG in
cells (GSH is normally more than 100 times more abundant
than GSSG)!! and the ratio measured using a DTNB-based
commercial kit ((GSH]/[GSSG] ~ 149).

With successful labeling and the observation of the GSH
signals from live cells, we tested whether the approach could
be used to monitor GSH oxidation by ROS in live cells. We
treated U87 cells with tert-butylhydroperoxide (TBH),! an
inducer of intracellular ROS, and monitored the generation of
GSSG by 'H-*C HSQC NMR. GSSG, which was close to
noise before TBH treatment (Figure2A), was much
increased afterwards (Figure 2 B). Again, the splitting pattern
along the “C axis confirmed that the detected GSSG was
generated solely from the “C cysteine-labeled GSH. In
addition, we were able to obtain the absolute concentration of
GSSG (Figure S2) by using alpha-ketoglutarate as an internal
standard, as well as the isotope incorporation ratio (see

www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

through the activity of O°-methylguanine DNA methyltrans-
ferase (MGMT), which reverses the methylation process.!'”
However, a very recent study suggested that the therapeutic
mechanism of TMZ might also involve oxidative stress and
ROS generation.“ﬁ] In this case, effective neutralization of
ROS would also contribute to the resistance. In terms of the
GSH species, ROS neutralization corresponds to the gener-
ation of GSSG through GSH oxidation. Therefore, we
hypothesized that the ROS-neutralizing mechanism involving
the conversion of GSH into GSSG might be more active in
TMZ-resistant U87 cells than in their TMZ-sensitive counter-
parts. We tested this hypothesis by measuring the GSSG levels
in both TMZ-resistant U87 (U87R) and TMZ-sensitive
parent U87 (U87) cells using our NMR approach. The
U87R cells were produced by growing US87 cells in the
presence of low concentrations of TMZ (Figure S3)."! The
GSSG levels remained barely detectable regardless of
whether the cells were treated with TMZ in the U87 cells,
whereas they significantly increased upon TMZ treatment in
the US7R cells (Figure 3 A). The method also enabled real-
time monitoring of the GSSG levels in live cells upon TMZ
treatment. The GSSG levels in the U87R cells increased and
then returned to a lower level over time upon TMZ treat-
ment, whereas they remained essentially the same in the U87
cells (Figure 3B). Therefore, the resistance of U87R cells to
TMZ seems, at least in part, to be related to GSH-to-GSSG
oxidation through the reduction of TMZ-generated ROS,
which does not operate well in U87 cells. Given that the
GSSG levels eventually returned to values close to the pre-
treatment values, the U87R cells seemed to possess the ability
to maintain redox homeostasis after neutralizing the TMZ-
generated ROS. This highlights the importance of real-time
detection of GSSG, since a steady-state measurement at time
points after around 42 minutes would have missed the initial
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Figure 3. Real-time GSSG changes in U87 and U87R cells following
TMZ treatment. A) Comparison of GSSG levels in U87 (upper) and
U87R (lower) cells before (left) and after (right) TMZ treatment. The
red dashed boxes indicate the GSSG signal regions. B) Real-time
monitoring of the GSSG level in U87 (black square) and U87R (red
triangle) cells following treatment with 40 um TMZ. The GSSG concen-
tration was obtained by using alpha-ketoglutarate as an internal
control and calibration with LC-MS and cell-volume calculation (see
the Supporting Information). The error bars represent standard devia-
tions.

increase. The generally higher levels of GSSG in the U87R
cells compared to the U87 cells also suggest that US7R cells
are more active in neutralizing ROS with the generation of
GSSG. This more-efficient reduction of ROS is consistent
with the more-negative glutathione redox potentials of US7R
cells than U87 cells, as measured by both our NMR method
and a DTNB-based commercial kit (Figure S4).

We next further explored the mechanistic aspect of the
enhanced production of GSSG in U87R cells. We measured
the enzyme level of glutathione peroxidase (GPx), which is
involved in the production of GSSG from GSH accompanied
by reduction of ROS. Since glutathione peroxidase 1 (GPx1)
is the most well-known GPx isotype, we measured its mRNA
levels in U87 and U87R cells by real-time PCR. However, the
cells did not exhibit statistically different levels of the enzyme
(p=0.21; Figure S5). While searching the literature for
a particular GPx isotype that might be responsible for drug
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Figure 4. GPx3 expression levels in U87 and U87R cells. A) Western
blots for glutathione peroxidase 3 (GPx3). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control. B) The bars
show the mean band intensities of the protein levels normalized to
GAPDH, and the error bars represent standard deviations.

resistance, we found a study showing that resistance to
cisplatin, an anticancer drug with an ROS-related cytotoxic
mechanism, can develop when GPx3 is upregulated.'
Therefore, we measured the expression levels of GPx3 in
U87 and U87R cells and found that it was much more highly
expressed in U87R than in U87 cells (Figure 4). This result
strongly suggests that more-efficient ROS detoxification by
GPx3, and the concurrent oxidation of GSH to GSSG
contributes to the resistance of U87 cells to TMZ. This
drug-resistance mechanism of ROS neutralization actually
has been reported for other DNA-targeting anticancer drugs
such as cisplatin and doxorubicin.'®!) Although the detailed
therapeutic mechanism differs between these drugs, with
cisplatin being a DNA-crosslinking agent and doxorubicin
a DNA-intercalating reagent, they share downstream effects
of ROS generation. Therefore, the DNA-alkylating TMZ
might also share a similar resistance mechanism despite the
difference in its therapeutic DNA-targeting mechanism.

In conclusion, we developed an easy and generally
applicable approach for direct estimation of GSH oxidation
in live human cells by using biosynthetic cysteine incorpo-
ration and heteronuclear NMR. This method was applied to
finding a possible new mechanism of TMZ resistance in brain
cancer cells. Our approach can be easily extended to other
types of drug resistance involving ROS, as well as many
signaling pathways modulated by cellular redox status.
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