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Abstract: Thiol compounds including predominantly glutathione (GSH) are key components of
redox homeostasis, which are involved in the protection and regulation of mammalian cells. The
assessment of cell redox status by means of in situ analysis of GSH in living cells is often preferable
over established assays in cell lysates due to fluctuations of the GSH pool. For this purpose, we
propose a microplate assay with monochlorobimane (MCB) as an available fluorescent probe for GSH,
although poorly detected in the microplate format. In addition to the new procedure for improved
MCB-assisted GSH detection in plate-grown cells and its verification with GSH modulators, this
study provides a useful methodology for the evaluation of cell redox status probed through relative
GSH content and responsiveness to both supplemented thiols and variation in oxygen pressure. The
roles of extracellular interactions of thiols and natural variability of cellular glutathione on the assay
performance were emphasized and discussed. The results are of broad interest in cell biology research
and should be particularly useful for the characterization of pathological cells with decreased GSH
status and increased oxidative status as well as redox-modulating factors.

Keywords: glutathione status; oxidative status; mammalian cells; monochlorobimane; microplate
assay; redox-modulating factors; LC–MS/MS

1. Introduction

Thiol-containing biomolecules are a key component of protecting antioxidant and reg-
ulatory systems in mammalian cells. The tripeptide glutathione (L-γ-glutamyl-L-cysteinyl-
glycine) is the predominant thiol with an intracellular concentration greatly exceeding that
of sulfur amino acids, including the immediate precursor L-cysteine [1,2]. It has multiple
activities that rely on the reactions of cysteine thiol catalyzed by a series of glutathione-
dependent enzymes. These reactions involve the elimination of reactive oxygen and
nitrogen species (ROS and RNS), inactivation of harmful electrophilic compounds and
α-oxoaldehydes, as well as redox signaling in cells [3].

Intracellular levels of glutathione in reduced form (GSH) and oxidized form (GSSG), as
well as the GSH/GSSG ratio, are crucial parameters of redox homeostasis [4], which regulate
the transition between main cellular processes including proliferation, differentiation,
senescence and programmed death [5]. Regulatory mechanisms of the GSH/GSSG couple
are based on the direct suppression of ROS/RNS-mediated signaling and modulation of
the activity of redox-sensitive proteins via thiol–disulfide conversions of cysteine residues
including the formation of mixed cysteine-glutathione disulfide. The depletion of GSH
due to an abnormal production of ROS/RNS and impaired antiradical defense underlies
a series of pathological conditions such as excessive apoptosis, degeneration and chronic
inflammation [6], as well as tumor transformation [7] and viral propagation [8].
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Therefore, effective assessment of the redox status of mammalian cells viewed through
glutathione content is of paramount importance for fundamental research of cell functioning
and pathogenesis, as well as the discovery of antiradical and redox-modulating drugs
capable of cell protection and functional regulation. Various methods for the detection of
glutathione in vitro and in vivo, particularly based on optical, electrochemical and nuclear
magnetic resonance spectroscopy techniques, have been proposed [9,10]. Nevertheless,
there is still a need for rapid, robust and high-throughput assays for GSH quantification
and assessment of cell redox status.

The assays based on gas/liquid chromatography–mass spectrometric detection [11–13]
or glutathione reductase-assisted optical detection [14,15] are established ones for the anal-
ysis of both GSH and GSSG. The above techniques, however, require cell lysis accompanied
by difficult-to-control autooxidation of the GSH pool, hardly consider rapid redox fluctua-
tions and are also laborious and/or sufficiently expensive for high-throughput tasks. The
luminescence probes provide an important, often preferable, tool for in situ detection of
GSH in whole cells, taking into consideration intrinsic fluctuation and compartmentaliza-
tion of the tripeptide (see the review [16]).

In spite of the unflagging interest in the development of new luminescence probes for
GSH, such as bis-pyrene-Cu(II) complex [17], vinyl-functionalized boron-dipyrromethene
(4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) (BODIPY) [18,19] and sulfinyl naphthalim-
ides [20], monochlorobimane (MCB) remains one of the most selective and available fluo-
rescent dyes for this purpose. It has been widely used to assess physiological variations of
GSH in different types of mammalian cells, mainly using sensitive fluorescence microscopy
techniques [21–25]. The corresponding microplate analysis is complicated by poor detec-
tion of MCB fluorescence in a relatively short-wavelength range. The reported microplate
assay with MCB deals with the detection of GSH depletion by cytotoxic drugs [26] and
does not address the analytical possibilities for the assessment of redox status as well as
recovery of GSH in the cells. Such an assessment is complicated compared to the analysis
of GSH depletion due to cellular mechanisms that control upper GSH level as well as
significant natural fluctuations of both GSH and GSSG, which have not been addressed
often in the literature.

In this work, a substantially improved MCB-based microplate assay was elaborated to
provide convenient and multitasking analysis of GSH in mammalian cells. The assay was
for the first time employed to characterize different redox states in the cells viewed through
GSH content, sensitivity toward exogenous thiols and ambient oxygen concentration in
relation to ROS levels. Practical details concerning the analysis of GSH-modulating factors
were considered, focusing on GSH replenishment and depending on cell redox status. The
results justify the proposed assay as a useful tool for cell biology studies and the screening
of redox-modulating factors.

2. Materials and Methods
2.1. Materials

Reduced glutathione, oxidized glutathione (98%) and 1,4-naphthoquinone (mena-
dione, 97%) were purchased from Acros Organics. Monochlorobimane and MitoSOX Red
Mitochondrial Superoxide Indicator were purchased from Thermo Fisher Scientific. 2′,7′-
dichlorofluorescin diacetate (DCFDA) and L-buthionine-sulfoximine (BSO) were purchased
from Sigma-Aldrich. Milli-Q grade water (Milli-Q® Advantage A10, Merck Millipore,
Darmstadt, Germany) was used to prepare buffers and solutions. HPLC-grade acetonitrile
was purchased from Merck. Cell culture media and reagents were purchased from Paneco
(Moscow, Russia).

2.2. Cell Culture

Human glioma-derived cell lines LN-229 and SNB-19 (ATCC) were used. The cells
were cultured aseptically in DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin at 37 ◦C in humidified
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air atmosphere with 5% CO2. Swiss mouse embryo fibroblast (NIH 3T3) cell lines (ATCC)
were used. 3T3 cells were cultured under the same conditions but in α-MEM with 10% FBS.

2.3. Conditions for MCB Analysis

A 100 mM stock MCB solution in DMSO was used. Hank’s balanced salt solution
(HBSS) additionally supplemented with 10 mM HEPES (pH = 7.4) was used to prepare
working solutions. Final concentrations of the compounds were in the range 1–25 µM
(MCB) and 0.01–10 mM (glutathione).

MCB fluorescence signals were recorded at an excitation wavelength of 380 nm on a
spectrofluorometer FL3-221-NIR (Horiba Jobin Yvon, Kyoto, Japan) using a 1 cm quartz
cuvette (slit 3 nm) and on an Infinite 200 PRO microplate analyzer (Tecan, Männedorf,
Switzerland) using 96-well cell culture polystyrene plate (SPL Life Sciences, Pocheon,
Korea). The MCB signal in adherent cells was detected using the parameters as follows:
‘bottom’ mode, emission wavelength 480 nm, gain 100, integration time 20 µs, number of
flashes 25.

2.4. HPLC Analysis of GSH and Its Adducts

Conjugation of GSH with menadione and MCB was detected by HPLC method using a
Dionex UltiMate 3000 HPLC system (Thermo Scientific, Waltham, MA, USA) and a reverse-
phase Kromasil C18 column. Briefly, GSH at different concentrations (0.01, 0.1, 1 mM) was
incubated with MCB (10 µM) or menadione (200 µM) in HBSS for 1 and 2 h, respectively.
Gradient elution with water/acetonitrile mobile phase was applied at a constant flow rate
of 0.5 mL/min. Eluted menadione and MCB (both free and conjugated) were analyzed by
UV-diode (λ = 260 nm) and fluorescent (λ = 482 nm) detectors, respectively.

To quantify intracellular GSH content, the cells were grown in 6-well plate for 24 h,
then harvested by trypsinization and counted. The cells (1 × 106) were subsequently
collected by centrifugation, lysed in 100 µL of 1% trifluoroacetic acid (TFA) and frozen at
−80 ◦C, followed by thawing and 10-fold dilution with milli-Q water (to a final volume of
1 mL and a TFA concentration of 0.1%). The samples were additionally sonicated on ice for
3 min and centrifuged at 13,000 × g for 12 min at 4 ◦C. The supernatants were subjected to
reverse-phase HPLC analysis in isocratic mode with a flow rate of 0.5 mL/min at a detection
wavelength of 215 nm. The eluent composition consisted of water/acetonitrile (95:5, v/v),
0.1% TFA and 12 mg/mL of sodium perchlorate NaClO4 [27]. The linear calibration graphs
were obtained by plotting GSH concentration (1–250 µM) against the detected peak area,
which showed a linear relationship (r2 = 0.9911).

2.5. Microplate GSH Detection in Intact and Treated Cells

The cells were seeded in a 96-well plate at a density of 2 × 104 cells per well in the
culture medium and grown overnight. The medium was replaced by HBSS prior to adding
the compounds. The cells were exposed to menadione (25, 50, 100 µM), glutathione (0.01,
0.1, 1, 10 mM) and MCB (5 µM) in HBSS in CO2 incubator. The compounds were added to
the cells in different combinations/treatment orders, as detailed in the Section 3.2. Briefly,
upon co-treatment, menadione was initially added for 1 h followed by addition of GSH
(10×) for 1 h (without removing menadione); staining with MCB was performed in the
presence of modulators. Upon sequential treatment, the cells were sequentially exposed
to pure solutions of menadione, GSH and MCB (each compound was added for 1 h after
removal of previous one).

In addition, the cells were cultured in the presence of BSO (0.4–200 µM) in the culture
medium for 24 h followed by the exposure to GSH and/or MCB for 1 h in HBSS. To
assess the mechanism of GSH internalization, the cells were exposed to GSH in HBSS with
adjusted pH values (7.4 and 5.0) and in the presence of active transport inhibitors cocktail
(0.065 mg/mL NaN3, 0.1 mg/mL NaF).
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As a measure of intracellular GSH level, the relative increment of MCB fluorescence
between 60 min (I60) and 0 min (I0) of cell staining with the probe was calculated in each
well separately (n = 6) using the formula: (I60-I0)/I0.

To assess the effect of oxygen tension, the cells were cultured for 5 h in Bactrox Hypoxia
Chamber (Shel Lab, Cornelius, OR, USA) at both O2 and CO2 concentrations of 5% and
temperature of 37 ◦C. Any exposure of the cells to ambient atmosphere during staining
and analysis with MCB was avoided.

2.6. ROS Assessment

LN-229 and SNB-19 cells were collected by trypsinization and washed with and
suspended in HBSS at a density of 106 cells/mL. The cells were stained with 5 µM MitoSOX
or 20 µM DCFDA for 20 min at 37 ◦C to analyze mitochondrial and cytoplasmic ROS,
respectively. The analysis was performed on a Guava EasyCyte 8HT flow cytometer
(Millipore, Darmstadt, Germany).

2.7. LC–MS/MS Analysis of GSH/GSSG Ratio

The cells were seeded in 6-well plates (5 × 105 cells per well), cultured for 24 h and
then harvested as follows. The cells were trypsinized, pelleted and lysed with 1% TFA
solution or directly scraped with 1% TFA solution; both extractions were conducted on ice
for 10 min. The cell lysates were frozen at −80 ◦C, thawed and diluted with mQ water to
obtain a final cell density of ca. 1 × 106 cells/mL and TFA concentration of 0.1%. GSH and
GSSG standards in TFA solutions were used.

Liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis in multiple
reaction monitoring (MRM) mode was performed to quantify GSH and GSSG in the cells.
The analysis was performed using an Infinity 1290 HPLC system (Agilent, Santa Clara,
CA, USA) combined with a QTRAP 6500 triple quadrupole mass spectrometer (ABSciex,
Singapore) equipped with an electrospray ionization source (ESI). Reverse-phase chromato-
graphic separation of the samples was conducted using a Discovery HS C18 column (3 µm,
5 cm × 2.1 mm, Supelco, Bellefonte, PA, USA) with mobile phases consisting of A (99.9%
water, 0.1% formic acid) and B (94.9% acetonitrile, 5% water, 0.1% formic acid). Elution mode
was as follows (phase B, %): 0–0.5 min—0%, 0.5–2.5 min—0→50%, 2.5–2.6 min—50→99%,
2.6–3.6 min—99%, 3.6–3.8 min—99→0%, 3.8–5.0 min—0%. The flow rate was 0.4 mL/min,
and the temperature was 40 ◦C. Negatively charged ions were generated using a Turbo
Spray Ion Drive as an ESI with the optimized parameter settings as follows: spray voltage
4500 V, nebulizer gas pressure 60 psi, auxiliary gas pressure 60 psi, curtain gas pressure
35 psi, temperature 500 ◦C. The quantifier/qualifier ions m/z, declustering potential and
collision energy were optimized using an automated ‘Compound optimization’ algorithm
of the Analyst 1.6.2 software (ABSciex). The MRM transitions were: m/z 305.9→272.0,
m/z 305.9→143.0 (GSH), m/z 611.0→306.0 and m/z 611.0→271.9 (GSSG). The analytes
were quantified according to the peak area of corresponding MRM transition using a
MultiQuant 3.0.2 software (AB Sciex). LC–MS-grade solutions were used for the analysis.

2.8. Statistical Analysis

The data were presented as mean ± standard error (n = 6), unless otherwise indicated.
Statistical significance was determined by one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison post-test (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. Establishment of Microplate Assay

3T3 mouse embryonic fibroblasts were used as model mammalian cells sensitive to
redox-modulating factors [28–30]. The cells were grown in polystyrene 96-well microplates
and maintained as a subconfluent monolayer to achieve sufficient cell density while avoid-
ing contact-induced cell quiescence. The MCB fluorescence was acquired from the stained
cells in HBSS at λem = 486 nm (Figure 1A) without any shift in the emission wavelength
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compared to quartz cuvette. The intracellular signal of GSH was measured as a relative
increment of the MCB fluorescence between 60 and 0 min of incubation separately in each
of the six wells ((I60–I0)/I0) (Figure 1B). The proposed procedure allowed us to account
for signal variability related to background fluorescence of the plate material, extracellu-
lar MCB as well as for some variation in the density of plated cells, providing accurate
and more consistent detection of MCB fluorescence in the cells. Saturation of the signal
was observed at an MCB concentration of 5 µM, which was chosen to perform the assay
(Figure 1C). The duration of cell staining with MCB was confined to 60 min, which ensured
a linear increase of the signal (Figure 1D) and was not accompanied by a decrease in cell
viability (Figure 1E).
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Figure 1. Optimization of MCB detection in 3T3 fibroblasts grown in 96-well plates. (A) Fluores-
cence emission spectra of 5 µM MCB in adhered 3T3 fibroblasts in HBSS (λex = 380 nm, ‘bottom’
mode). (B) Representative fluorescence values for MCB-stained cells (AU) collected from six wells.
(C) Concentration dependence of MCB signal (60 min incubation). (D) Time dependence of MCB
signal (5 µM MCB). (E) Viability of MCB-treated cells according to MTT assay (relative to viability of
untreated cells = 100%). Mean values ± SEM (n = 6) are shown.

3.2. Assay Verification Using GSH Modulators
3.2.1. Co-Treatment Conditions

3T3 fibroblasts were treated with GSH as a modulator of cellular GSH and menadione
as a GSH depletor [31] separately (Figure 2A) and in the mixture (Figure 2B), followed by
the addition of MCB. The cells were exposed to MCB without removing the modulating
compounds from the extracellular solution in order to assess their equilibrium effect on
the GSH level. MCB fluorescence was noticeably increased by supplemented GSH at
a concentration as low as 0.01 mM (Figure 2A). Menadione (0.025–0.1 mM) induced a
concentration-dependent decrease of the signal (Figure 2A); the effect of menadione was
prevented by co-supplemented GSH (0.01–1 mM) (Figure 2B). The reproducibility of the
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detected changes of the MCB signal in the treated cells was confirmed in independent
experiments (Figure S1).
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Figure 2. Effect of (A) supplemented GSH or menadione (MD) and (B) their mixture on MCB signal
in 3T3 fibroblasts. The cells were treated with the modulators for 1 h and stained with MCB for
additional 1 h (in the presence of modulators). For co-treatment, the cells were pre-exposed to MD
followed by addition of GSH. Mean ± SEM (n = 6, * p < 0.05, *** p < 0.001 vs. Ctrl) are shown; Ctrl is
the signal of MCB alone.

HPLC analysis showed that co-incubation of menadione and GSH in HBSS was ac-
companied by their conjugation (due to the formation of S-conjugate [32]) in proportion to
the concentration of GSH (0.01–1 mM). This reveals the extracellular binding of menadione
by GSH, which should affect the intracellular GSH-depleting effect under co-treatment
conditions, although being a relevant cell protective mechanism of supplemented thiols
against GSH depletors [33]. The conjugation of MCB with GSH also occurred in the so-
lution, though requiring the presence of excess thiols (1 mM) (Figure S2). Nevertheless,
even at lower concentrations, GSH increased MCB fluorescence per se (Figures S2 and S3),
indicating that the probe can be activated non-enzymatically besides the adduct formation
catalyzed by glutathione-S-transferase isoenzymes [22]. To assess the effect of extracellu-
lar interactions on the MCB-assisted detection of cellular GSH, the analysis was further
performed upon a sequential addition of the compounds to the cells.

3.2.2. Sequential Treatment Conditions

3T3 fibroblasts were treated sequentially to avoid extracellular GSH–MCB interactions,
which likely occur at increased GSH concentrations. Sequential exposure of the cells to GSH
and MCB (after removing GSH) was not accompanied by an increase in cellular GSH in a
wide concentration range of supplemented GSH. This suggests that the aforementioned
increase of MCB signal upon cell co-treatment with GSH (0.01/0.1 mM) and the probe
(Figure 2A) is supported by transient equilibrium between extra- and intracellular GSH.
Furthermore, sequential cell treatment with 1 and 10 mM GSH resulted in a noticeable
decrease in cellular GSH, presumably due to some redox imbalance in the cells in the
presence of excessive GSH concentrations (Figure 3A).
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Figure 3. MCB signals in 3T3 fibroblasts under sequential 1 h treatment with GSH modulators.
(A) Sequential exposure to GSH or GSSG and MCB. (B) Sequential exposure to menadione, plain
HBSS (optionally) and MCB. (C) Sequential exposure to menadione, GSH and MCB. Mean ± SEM
(n = 6, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Ctrl) are shown.

To account for menadione–GSH extracellular binding, the cells were sequentially
exposed to pure solutions of menadione, GSH and MCB (each for 1 h). Control sequential
treatment with menadione and MCB or with menadione, blank HBSS (1 h) and MCB
provided comparable MCB signals (Figure 3B), suggesting that the GSH-depleting effect of
menadione persists at least for 1 h after its withdrawal. Therefore, a compound of interest
can be applied in this time interval (instead of blank HBSS) to reveal its GSH-restoring
ability. Under these conditions, 1 and 10 mM GSH effectively replenished cellular GSH
after depletion with menadione (Figure 3C).

In addition, the effect of BSO as a specific inhibitor of GSH biosynthesis [25,34] was
studied. BSO induced a well-defined dose-dependent decrease of GSH in the cultured cells
with a half-maximal effective concentration (EC50) of 2.8 ± 0.1 µM (Figure 4A, 24 h). The
GSH level in the BSO-treated cells was restored by post-treatment with 1 and 10 mM GSH
(Figure 4B), further confirming that supplemented GSH allows for the replenishment of
specifically depleted GSH pools in 3T3 fibroblasts.
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3.3. Assessment of GSH Status in Glioblastoma Cells

Human glioblastoma cell lines LN-229 and SNB-19 were additionally assessed using the
proposed assay. The cells were characterized by different GSH levels (i.e., LN-229 < SNB-19),
both lower than in 3T3 fibroblasts, as revealed by the MCB fluorescence increment for the
intact cells (Figure 5, Ctrl).
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The GSH status in the glioblastoma cells was in accordance with cytoplasmic and
mitochondrial ROS levels, which were substantially increased in LN-229 cells (Figure 6A,B).
LN-229 cells exhibited a much higher sensitivity toward supplemented GSH (10 mM),
which induced drastic elevation of cellular GSH by a factor of 2.6 (Figure 5A), and this
effect was accompanied by some increase in the ROS level (Figure 6C). The GSH-treated
SNB-19 cells showed a lower increase of the GSH level (ca. 1.5-fold, Figure 5B) and a lack
of significant ROS overproduction (Figure 6D).
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Figure 6. Distribution of (A) DCFDA and (B) MitoSOX fluorescence in intact LN-229 (filled curve)
and SNB-19 (unfilled curve) cells according to flow cytometry (mean channel fluorescence for each
curve is indicated). Mean signals of the probes after 1 h treatment of (C) LN-229 and (D) SNB-19 cells
with GSH. Mean ± SEM (n = 3, ** p < 0.01, *** p < 0.001 vs. Ctrl) are shown.

Some acidification of the extracellular solution did not enhance the effect of supple-
mented GSH on the glioblastoma cells as could be expected in the case of some passive
diffusion of the anionic tripeptide across the cell plasma membrane. Abolishment of
this effect by NaN3/NaF (Figure 5) was observed, providing evidence for the involve-
ment of an energy-dependent transport process in the intracellular penetration of GSH (or
its metabolites).

3.4. Effect of Oxygen Concentration

The assay performance was additionally verified using a hypoxic chamber, considering
an important role of O2 partial pressure in the cell redox state [35–37]. 3T3 fibroblasts and
LN-229 cells with greatly different GSH content were simultaneously cultured in a CO2
incubator (20% O2) or hypoxic chamber (5% O2) for 5 h, followed by the detection of GSH.
The measurements were aimed at evaluating the effect of a short-term decrease in O2
concentration rather than modeling living tissue conditions. Under 5% O2, 3T3 fibroblasts
were characterized by a more than 30% decrease in cellular GSH (compared to that for
20% O2), whereas the GSH level was maintained in LN-229 cells (Figure 7A). Parallel
HPLC analysis showed a similar effect of O2 pressure reduction on the cellular GSH to
that observed by the MCB assay (Figure 7B vs. Figure 7A). Furthermore, the HPLC data
confirmed a markedly increased GSH level in 3T3 cells over LN-229 cells, although there
was lower difference in the GSH level between these two cell lines. These results (Figure 7)
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can be explained by a potential prooxidant impact of the 20% O2 level (compared to the 5%
O2 level found in some normal tissues [38]), causing ROS overproduction in responsive
mammalian cells [35–37,39]. Therefore, attenuation of such a prooxidant O2 tension could
expectedly alter the GSH–ROS equilibrium, leading to a compensatory decrease of GSH
biosynthesis in 3T3 cells. The increased oxidative status of LN-229 cells should render them
less sensitive to O2 change (Figure 7).

Antioxidants 2022, 11, x FOR PEER REVIEW 10 of 17 
 

3.4. Effect of Oxygen Concentration 
The assay performance was additionally verified using a hypoxic chamber, consid-

ering an important role of O2 partial pressure in the cell redox state [35–37]. 3T3 fibroblasts 
and LN-229 cells with greatly different GSH content were simultaneously cultured in a 
CO2 incubator (20% O2) or hypoxic chamber (5% O2) for 5 h, followed by the detection of 
GSH. The measurements were aimed at evaluating the effect of a short-term decrease in 
O2 concentration rather than modeling living tissue conditions. Under 5% O2, 3T3 fibro-
blasts were characterized by a more than 30% decrease in cellular GSH (compared to that 
for 20% O2), whereas the GSH level was maintained in LN-229 cells (Figure 7A). Parallel 
HPLC analysis showed a similar effect of O2 pressure reduction on the cellular GSH to 
that observed by the MCB assay (Figure 7B vs. Figure 7A). Furthermore, the HPLC data 
confirmed a markedly increased GSH level in 3T3 cells over LN-229 cells, although there 
was lower difference in the GSH level between these two cell lines. These results (Figure 
7) can be explained by a potential prooxidant impact of the 20% O2 level (compared to the 
5% O2 level found in some normal tissues [38]), causing ROS overproduction in responsive 
mammalian cells [35–37,39]. Therefore, attenuation of such a prooxidant O2 tension could 
expectedly alter the GSH–ROS equilibrium, leading to a compensatory decrease of GSH 
biosynthesis in 3T3 cells. The increased oxidative status of LN-229 cells should render 
them less sensitive to O2 change (Figure 7). 

 
  

Figure 7. (A) MCB signals in intact 3T3 fibroblasts and LN-229 glioblastoma cells cultured under 
20% and 5% oxygen levels for 5 h. (B) Corresponding reverse-phase HPLC chromatogramms of 
GSH in cell lysates (1 × 106 cells per 1 mL) and found GSH concentrations. Mean ± SEM (n = 6, *** p 
< 0.001) are shown. 

4. Discussion 
Few studies assess cellular GSH using the microplate method with the MCB probe 

[26,40,41], despite its importance for fundamental, toxicological and pharmacological re-
search [7,8,42]. This is due to a decreased sensitivity of the detection of MCB fluorescence 
in the cells grown on polystyrene plates, thus requiring optimization of the analysis for a 
particular task. The MCB signal optimized here in a subconfluent cell monolayer was only 
2–2.5 times higher than the background signal (Figure 1A). Such a signal increment ob-
served for 3T3 fibroblasts with an increased GSH level seems to be the maximal for the 
microplate format assay. 

To the best of our knowledge, there is a single report on the optimization of an MCB-
based microplate assay for GSH-depleting compounds [26]. It proposes to assess the 
change of MCB fluorescence per 1 min recorded during a 10 min detection period as an 
analytical signal. In our study, the relative increment of the MCB signal (I60–I0)/I0 (Figure 
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and 5% oxygen levels for 5 h. (B) Corresponding reverse-phase HPLC chromatogramms of GSH in
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are shown.

4. Discussion

Few studies assess cellular GSH using the microplate method with the MCB probe [26,40,41],
despite its importance for fundamental, toxicological and pharmacological research [7,8,42].
This is due to a decreased sensitivity of the detection of MCB fluorescence in the cells
grown on polystyrene plates, thus requiring optimization of the analysis for a particular
task. The MCB signal optimized here in a subconfluent cell monolayer was only 2–2.5 times
higher than the background signal (Figure 1A). Such a signal increment observed for
3T3 fibroblasts with an increased GSH level seems to be the maximal for the microplate
format assay.

To the best of our knowledge, there is a single report on the optimization of an MCB-
based microplate assay for GSH-depleting compounds [26]. It proposes to assess the change
of MCB fluorescence per 1 min recorded during a 10 min detection period as an analytical
signal. In our study, the relative increment of the MCB signal (I60–I0)/I0 (Figure 1B) was
measured as a more sensitive parameter. The measurements were performed separately in
each well for an extended number of wells (n = 6) to account for well-to-well variability
and increase reproducibility of the analysis.

According to the optimized assay conditions, 5 µM of MCB was sufficient to saturate
the plated cells during 60 min of incubation (Figure 1D). This MCB concentration is one
order lower than the previously reported ones (50 µM [25], 40 µM [26]) and should be
preferable in terms of selectivity. It also ensures extended linear dependence of the MCB
signal on cell staining time up to 60 min, which should better account for signal variations
due to fluctuations in temperature and gas composition, among other conditions upon cell
manipulations.

The proposed assay revealed a clear difference in the GSH level in mammalian cells
studied, i.e., 3T3 > SNB-19 > LN-229 cells. To further characterize the redox state of the
cells, their responsiveness toward supplemented GSH was assessed as an established GSH-
replenishing compound [43–45]. In spite of its relatively poor cellular uptake compared to
GSH esters [28], the added GSH at millimolar concentrations was effective in changing cel-
lular GSH. The effect of supplemented GSH was energy-dependent (Figure 5) in accordance
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with the established mechanism of GSH uptake as a result of extracellular degradation by
γ-glutamyl transpeptidase and dipeptidases into amino acids carried by membrane trans-
porters [42,45]. Our data suggest that supplemented GSH preferably increases the GSH
level in cells with an originally decreased GSH status. In ‘GSH-rich’ 3T3 fibroblasts, added
GSH was even capable of decreasing this level (Figure 3A), presumably in association
with reduction stress under excessive GSH involving oxygen-dependent overproduction
of ROS [42]. Notably, these cells were rendered sensitive to GSH replenishment after the
specific inhibition of γ-glutamylcysteine synthetase by BSO (Figure 4) or treatment with
menadione (Figures 2 and 3), which depletes GSH both via S-conjugation and superoxide
radical production [31,46,47]. Thus, the treatment of 3T3 fibroblasts with menadione (1 h
in HBSS) or BSO (24 h in culture medium) in situ generates the cells with impaired GSH
status, which could be used to assess GSH-replenishing compounds.

Furthermore, using human glioblastoma cells, it was shown that supplemented GSH
is capable of increasing cellular GSH in proportion to the oxidative status of the cells
(LN-229 > SNB-19). The latter status can be assessed through the detected GSH level
(Figure 5) and confirmed by cytoplasmic and mitochondrial ROS production (Figure 6).
These data further support the usefulness of the proposed assay for the characterization
of the redox state of mammalian cells, which should determine their sensitivity to GSH-
modulating factors. In addition, the results show that profound elevation of cellular GSH
may cause ROS overproduction, as observed for LN-229 cells (Figure 6C) attributed to some
unbalanced GSH pools, and these also demonstrate the double-faced nature of antioxidants.

The role of the O2 level as a modulating factor for cellular GSH was emphasized
using the assay. In particular, ‘GSH-rich’ 3T3 fibroblasts responded to a brief decrease of
O2 pressure from 20% to 5% by lowering cellular GSH, whereas ‘GSH-poor’ LN-229 cells
remained unresponsive (Figure 7). These results are explained by the observations that 20%
O2 pressure (often referred to as a ‘normoxic’ [38]) may mediate ROS overproduction in
mammalian cells [36,38,43,48]. As previously shown, skin fibroblasts [35,48] and mesenchy-
mal stem cells [36] cultured under 20% O2 feature an increased oxidative status (over the
cells cultured under ≤5% O2), strongly affecting proliferation, differentiation, senescence
phenotype and metabolic activity of the cells. Therefore, attenuation of O2 tension in 3T3
fibroblasts pre-adapted to 20% O2 is expected to induce some ROS inhibition along with a
compensatory decrease in GSH as a major redox buffer in accordance with the previous
data for HSF [48]. Raised oxidative status of LN-229 cells seemingly renders them weakly
sensitive to O2 concentration in contrast to 3T3 cells (Figure 7).

Our data also show that the assay is readily applicable to be performed in a hypoxia
chamber and prove the O2 level as a potential factor affecting the assay performance.
Interestingly, according to the annual dynamics in the area, partial density of atmospheric
O2 noticeably decreases during the transition from winter to summer months (Figure S4),
similarly to the meteorological data for other cities [49]. Repetitive analysis of the cells
showed that the GSH level in 3T3 fibroblasts but not in LN-229 cells was also significantly
lowered in spring–summer compared to the winter period (data not shown). Based on the
above observations, this phenomenon could be associated with a seasonal change of O2
pressure (probably in association with other factors).

Altogether, this study for the first time proposes an elaborated MCB-based microplate
assay for the assessment of redox status in mammalian cells probed through initial GSH
levels and their changes in response to exogenic GSH and O2 pressure. The proposed
assay should be of wide interest in physiological and pharmacological in vitro studies,
and it particularly allows the identification of cell lines/cultures with decreased GSH
status, potentially sensitive to GSH-modulating factors, as cellular models of degenerative
diseases [50–52]. We believe that the assay can be regarded as a useful tool to supplement
other methods for glutathione analysis in the cells.

This discussion additionally emphasizes the role of significant variability of cellular
GSH resulting from natural metabolic fluctuations and/or assay conditions. The GSH
level in 3T3 fibroblasts was earlier shown to be associated with proliferative rate, cell
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cycle parameters and telomerase activity, and it was noticeably altered upon extended
cell culture [30,53]. In particular, up to a fourfold change in this level was reported upon
active growth of 3T3 cells in culture [53]. Furthermore, the existing studies also provide
controversial GSH/GSSG ratios in the cultured cells. Table S1 summarizes correspond-
ing GSH/GSSG values for different fibroblast cells. Notably, for 3T3 cells, the reported
GSH/GSSG ratio varies from ca. 10 to 400 (Table S1). Taken into account that the overall
GSH/GSSG ratio in mammalian cells is usually≥100 [54], much lower values should result
from inaccuracies in glutathione quantification. This especially concerns GSSG detection,
since GSH autooxidation in the cell lysate may result in a considerable overestimation of
GSSG, leading to a decreased GSH/GSSG ratio. To overcome this overestimation, GSH
can be quenched by thiol-alkylating agents [55–57]. Effective analysis of underivatized
GSH/GSSG in cell samples under acidic conditions was also proposed [58].

The reported HPLC or HPLC–MS-based protocols for simultaneous analysis of GSH
and GSSG in cell lysates generally provide increased ratios, namely comparable to or over
100. According to these analyses, the estimated GSH/GSSG ratio in lymphocytes from
20 healthy individuals varied from 42 to 432 [57], whereas for 16 human cell lines/cultures
it was in the range from 156 to 868 [55]. Among the latter cell library, the cells with increased
GSH level generally were not characterized by an increased GSH/GSSG ratio, and no clear
relationships between the ratio and normal-to-cancerous phenotypes could be revealed
from these data [55]. Moreover importantly, during 24 h culture, the GSH/GSSG ratio
in 3T3-L1 cells showed a physiological sinusoid-like fluctuation with a difference of ca.
2.6 times between the lowest (150) and the highest (400) values [59]. Together, these data
suggest that the characterization of cell redox status via GSH/GSSG values per se might
be complicated. This further supports the importance of microplate methods to probe this
status in situ as well as careful maintenance of the conditions for cell growth, which are
often not properly addressed.

Nevertheless, additional HPLC–MS/MS analysis was applied to assess the GSH/GSSG
ratio in 3T3 and glioblastoma cells under analogous conditions to those used for the MCB-
assisted assay. The analysis is based on previous protocols, which allow for the inhibition
of GSH autooxidation in TFA solutions [27,58]. Furthermore, the direct MRM detection
of underivatized GSH and GSSG in negative ionization mode was optimized (Section 2.5,
Figures S5–S7) to avoid partial reduction of GSSG in the ion source commonly observed for
disulfide compounds in positive ionization mode [60].

According to the obtained data (Table 1), 3T3 fibroblasts exhibit relatively high
GSH/GSSG ratios of 161 (pre-trypsinized cells) and 265 (scraped cells), which are within
the range reported for continuous 24 h HPLC analysis of 3T3-L1 cells [59], also supporting
the lack of significant GSH oxidation in the cell samples. LN-229 cells were characterized
by significantly lower ratios compared to 3T3 cells, generally in accordance with decreased
GSH status and increased oxidative status of the former cells revealed by the MCB-based
assay. The results also show that additional cell trypsinization prior to lysis is accompanied
by a considerable decrease of the GSH/GSSG ratio in both types of cells, presumably due
to a disturbing effect on the plasma membrane and/or GSH leakage, further supporting
the importance of using specified conditions for the analysis of cell redox parameters.

Table 1. GSH/GSSG ratios in cell lysates (1 × 106 cells in 0.1% TFA) according to HPLC–MS/MS
analysis (Section 2.7). Mean ± SD are shown (n = 3, ** p < 0.01, *** p < 0.001 vs. LN-229 cells;
### p < 0.001 vs. pre-trypsinized cells).

Samples 3T3 Fibroblasts LN-229 Cells

Pre-trypsinized 161 ± 9 ** 127 ± 4
Scraped 265 ± 14 ***,### 193 ± 7 ###
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5. Conclusions

Despite being one of the most popular fluorescent probes for GSH, MCB is difficult to
detect in the microplate format. A reliable in situ assessment of GSH modulation in living
cells is of considerable interest in research related to redox homeostasis, GSH-replenishing
and cytoprotective therapy. To achieve this goal, we have developed a substantially
improved MCB-based assay for GSH, which takes into consideration significant fluctuations
in GSH content in cultured mammalian cells and potential extracellular reactions of thiols.
The assay allowed for the characterization of the GSH status/oxidative status of the cells
according to their MCB signals and responsiveness to GSH-modulating factors. Important
conditions to assess GSH replenishment in the cells were revealed using supplemented
GSH as a model thiol and promising therapeutic agent [43]. The proposed assay should be
of broad interest for studying cell redox parameters and GSH modulators, and it can be
extended to be used with newly developing fluorescent probes for cellular thiols.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11020391/s1, Table S1: Reported GSH/GSSG ratio values
in different fibroblast cells; Figure S1: Effect of supplemented GSH or menadione and their mixture
on MCB signal in 3T3 fibroblasts; Figure S2: Reverse-phase HPLC chromatograms of menadione and
MCB incubated with GSH; Figure S3: Fluorescence emission spectra of MCB in the presence of GSH;
Figure S4: Annual dynamics of partial density of oxygen in Kazan; Figure S5: Negative ion spectra
generated in flow injection analysis of GSH and GSSG; Figure S6: Product ion spectra obtained from
GSH and GSSG parent ions; Figure S7: Calibration graphs for GSH and GSSG.

Author Contributions: Conceptualization, T.I.A.; investigation, R.A.I., M.Z. and A.V.L.; writing—original
draft, R.A.I. and T.I.A.; methodology, P.R.A. and T.I.A.; writing—review and editing, M.Z., P.R.A. and
T.I.A. All authors have read and agreed to the published version of the manuscript.

Funding: The study was funded by the Russian Science Foundation according to the research project
no. 20-73-10105.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article and
Supplementary Materials.

Acknowledgments: This work is part of the Kazan Federal University (KFU) strategic academic
leadership program. A.V.L. acknowledges the subsidy allocated to Kazan Federal University for the
state assignment in the sphere of scientific activities # 0671-2020-0058. Marina V. Esmeteva (Institute
of Fundamental Medicine and Biology, KFU) is acknowledged for research assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. McBean, G.J. Cysteine, Glutathione, and Thiol Redox Balance in Astrocytes. Antioxidants 2017, 6, 62. [CrossRef]
2. Banerjee, R. Redox outside the box: Linking extracellular redox remodeling with intracellular redox metabolism. J. Biol. Chem.

2012, 287, 4397–4402. [CrossRef] [PubMed]
3. Dringen, R.; Gutterer, J.M.; Hirrlinger, J. Glutathione metabolism in brain metabolic interaction between astrocytes and neurons

in the defense against reactive oxygen species. Eur. J. Biochem. 2000, 267, 4912–4916. [CrossRef] [PubMed]
4. Cao, L.; Waldon, D.; Teffera, Y.; Roberts, J.; Wells, M.; Langley, M.; Zhao, Z. Ratios of biliary glutathione disulfide (GSSG) to

glutathione (GSH): A potential index to screen drug-induced hepatic oxidative stress in rats and mice. Anal. Bioanal. Chem. 2013,
405, 2635–2642. [CrossRef] [PubMed]

5. Lv, H.; Zhen, C.; Liu, J.; Yang, P.; Hu, L.; Shang, P. Unraveling the Potential Role of Glutathione in Multiple Forms of Cell Death in
Cancer Therapy. Oxid. Med. Cell. Longev. 2019, 2019, 3150145. [CrossRef] [PubMed]

6. Biswas, S.K.; Rahman, I. Environmental toxicity, redox signaling and lung inflammation: The role of glutathione. Mol. Asp. Med.
2009, 30, 60–76. [CrossRef]

7. Franco, R.; Schoneveld, O.J.; Pappa, A.; Panayiotidis, M.I. The central role of glutathione in the pathophysiology of human
diseases. Arch. Physiol. Biochem. 2007, 113, 234–258. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox11020391/s1
https://www.mdpi.com/article/10.3390/antiox11020391/s1
http://doi.org/10.3390/antiox6030062
http://doi.org/10.1074/jbc.R111.287995
http://www.ncbi.nlm.nih.gov/pubmed/22147695
http://doi.org/10.1046/j.1432-1327.2000.01597.x
http://www.ncbi.nlm.nih.gov/pubmed/10931173
http://doi.org/10.1007/s00216-012-6661-8
http://www.ncbi.nlm.nih.gov/pubmed/23377112
http://doi.org/10.1155/2019/3150145
http://www.ncbi.nlm.nih.gov/pubmed/31281572
http://doi.org/10.1016/j.mam.2008.07.001
http://doi.org/10.1080/13813450701661198


Antioxidants 2022, 11, 391 14 of 16

8. Aquilano, K.; Baldelli, S.; Ciriolo, M.R. Glutathione: New roles in redox signaling for an old antioxidant. Front. Pharmacol. 2014,
5, 196. [CrossRef]

9. Monostori, P.; Wittmann, G.; Karg, E.; Turi, S. Determination of glutathione and glutathione disulfide in biological samples: An
in-depth review. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2009, 877, 3331–3346. [CrossRef]

10. Rae, C.D.; Williams, S.R. Glutathione in the human brain: Review of its roles and measurement by magnetic resonance
spectroscopy. Anal. Biochem. 2017, 529, 127–143. [CrossRef]

11. Hamad, A.; Elshahawy, M.; Negm, A.; Mansour, F.R. Analytical methods for determination of glutathione and glutathione
disulfide in pharmaceuticals and biological fluids. Rev. Anal. Chem. 2019, 38, 20190019. [CrossRef]

12. Wang, Q.; Lu, C. Liquid Chromatography-Mass Spectrometry (LC-MS) Quantification of Reactive Metabolites. In Transporters and
Drug-Metabolizing Enzymes in Drug Toxicity, 3rd ed.; Wiley: Hoboken, NJ, USA, 2021; pp. 207–233.

13. Forgacsova, A.; Galba, J.; Mojzisova, J.; Mikus, P.; Piestansky, J.; Kovac, A. Ultra-high performance hydrophilic interaction
liquid chromatography—Triple quadrupole tandem mass spectrometry method for determination of cysteine, homocysteine,
cysteinyl-glycine and glutathione in rat plasma. J. Pharm. Biomed. Anal. 2019, 164, 442–451. [CrossRef] [PubMed]

14. Steele, M.L.; Fuller, S.; Maczurek, A.E.; Kersaitis, C.; Ooi, L.; Munch, G. Chronic inflammation alters production and release of
glutathione and related thiols in human U373 astroglial cells. Cell. Mol. Neurobiol. 2013, 33, 19–30. [CrossRef] [PubMed]

15. Rousar, T.; Kucera, O.; Lotkova, H.; Cervinkova, Z. Assessment of reduced glutathione: Comparison of an optimized fluorometric
assay with enzymatic recycling method. Anal. Biochem. 2012, 423, 236–240. [CrossRef]

16. Jung, H.S.; Chen, X.; Kim, J.S.; Yoon, J. Recent progress in luminescent and colorimetric chemosensors for detection of thiols.
Chem. Soc. Rev. 2013, 42, 6019–6031. [CrossRef]

17. Hu, Y.; Heo, C.H.; Kim, G.; Jun, E.J.; Yin, J.; Kim, H.M.; Yoon, J. One-photon and two-photon sensing of biothiols using a
bis-pyrene-Cu(II) ensemble and its application to image GSH in the cells and tissues. Anal. Chem. 2015, 87, 3308–3313. [CrossRef]

18. Zhang, L.Y.; Tu, F.Q.; Guo, X.F.; Wang, H.; Wang, P.; Zhang, H.S. A new BODIPY-based long-wavelength fluorescent probe for
chromatographic analysis of low-molecular-weight thiols. Anal. Bioanal. Chem. 2014, 406, 6723–6733. [CrossRef]

19. Liu, H.; Song, W.; Zhang, S.; Chan, K.S.; Guo, Z.; Shen, Z. A ratiometric fluorescent probe for real-time monitoring of intracellular
glutathione fluctuations in response to cisplatin. Chem. Sci. 2020, 11, 8495–8501. [CrossRef]

20. Zong, H.; Peng, J.; Li, X.R.; Liu, M.; Hu, Y.; Li, J.; Zang, Y.; Li, X.; James, T.D. A fluorogenic probe for tracking GSH flux in
developing neurons. Chem. Commun. 2020, 56, 515–518. [CrossRef]

21. Schebb, N.H.; Faber, H.; Maul, R.; Heus, F.; Kool, J.; Irth, H.; Karst, U. Analysis of glutathione adducts of patulin by means
of liquid chromatography (HPLC) with biochemical detection (BCD) and electrospray ionization tandem mass spectrometry
(ESI-MS/MS). Anal. Bioanal. Chem. 2009, 394, 1361–1373. [CrossRef]

22. Chatterjee, S.; Noack, H.; Possel, H.; Keilhoff, G.; Wolf, G. Glutathione levels in primary glial cultures: Monochlorobimane
provides evidence of cell type-specific distribution. Glia 1999, 27, 152–161. [CrossRef]

23. Barhoumi, R.; Bailey, R.H.; Burghardt, R.C. Kinetic analysis of glutathione in anchored cells with monochlorobimane. Cytometry
1995, 19, 226–234. [CrossRef]

24. Stevenson, D.; Wokosin, D.; Girkin, J.; Grant, M.H. Measurement of the intracellular distribution of reduced glutathione in
cultured rat hepatocytes using monochlorobimane and confocal laser scanning microscopy. Toxicol. In Vitro 2002, 16, 609–619.
[CrossRef]

25. Keelan, J.; Allen, N.J.; Antcliffe, D.; Pal, S.; Duchen, M.R. Quantitative imaging of glutathione in hippocampal neurons and glia in
culture using monochlorobimane. J. Neurosci. Res. 2001, 66, 873–884. [CrossRef] [PubMed]

26. Capek, J.; Hauschke, M.; Bruckova, L.; Rousar, T. Comparison of glutathione levels measured using optimized monochlorobimane
assay with those from ortho-phthalaldehyde assay in intact cells. J. Pharmacol. Toxicol. Methods 2017, 88, 40–45. [CrossRef]
[PubMed]

27. Zoughaib, M.; Luong, D.; Garifullin, R.; Gatina, D.Z.; Fedosimova, S.V.; Abdullin, T.I. Enhanced angiogenic effects of RGD, GHK
peptides and copper (II) compositions in synthetic cryogel ECM model. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 120, 111660.
[CrossRef]

28. Markovic, J.; Mora, N.J.; Broseta, A.M.; Gimeno, A.; de-la-Concepcion, N.; Vina, J.; Pallardo, F.V. The depletion of nuclear
glutathione impairs cell proliferation in 3t3 fibroblasts. PLoS ONE 2009, 4, e6413. [CrossRef]

29. Kim, A.; Zhong, W.; Oberley, T.D. Reversible modulation of cell cycle kinetics in NIH/3T3 mouse fibroblasts by inducible
overexpression of mitochondrial manganese superoxide dismutase. Antioxid. Redox Signal. 2004, 6, 489–500. [CrossRef]

30. Borras, C.; Esteve, J.M.; Vina, J.R.; Sastre, J.; Vina, J.; Pallardo, F.V. Glutathione regulates telomerase activity in 3T3 fibroblasts.
J. Biol. Chem. 2004, 279, 34332–34335. [CrossRef]

31. Kim, Y.J.; Shin, Y.K.; Sohn, D.S.; Lee, C.S. Menadione induces the formation of reactive oxygen species and depletion of GSH-
mediated apoptosis and inhibits the FAK-mediated cell invasion. Naunyn Schmiedebergs Arch. Pharmacol. 2014, 387, 799–809.
[CrossRef]

32. Lam, L.K.; Zhang, Z.; Board, P.G.; Xun, L. Reduction of benzoquinones to hydroquinones via spontaneous reaction with
glutathione and enzymatic reaction by S-glutathionyl-hydroquinone reductases. Biochemistry 2012, 51, 5014–5021. [CrossRef]
[PubMed]

http://doi.org/10.3389/fphar.2014.00196
http://doi.org/10.1016/j.jchromb.2009.06.016
http://doi.org/10.1016/j.ab.2016.12.022
http://doi.org/10.1515/revac-2019-0019
http://doi.org/10.1016/j.jpba.2018.10.053
http://www.ncbi.nlm.nih.gov/pubmed/30447532
http://doi.org/10.1007/s10571-012-9867-6
http://www.ncbi.nlm.nih.gov/pubmed/22847551
http://doi.org/10.1016/j.ab.2012.01.030
http://doi.org/10.1039/c3cs60024f
http://doi.org/10.1021/ac504372w
http://doi.org/10.1007/s00216-014-8013-3
http://doi.org/10.1039/D0SC02889D
http://doi.org/10.1039/C9CC07753G
http://doi.org/10.1007/s00216-009-2765-1
http://doi.org/10.1002/(SICI)1098-1136(199908)27:2&lt;152::AID-GLIA5&gt;3.0.CO;2-Q
http://doi.org/10.1002/cyto.990190306
http://doi.org/10.1016/S0887-2333(02)00042-5
http://doi.org/10.1002/jnr.10085
http://www.ncbi.nlm.nih.gov/pubmed/11746414
http://doi.org/10.1016/j.vascn.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28642085
http://doi.org/10.1016/j.msec.2020.111660
http://doi.org/10.1371/journal.pone.0006413
http://doi.org/10.1089/152308604773934251
http://doi.org/10.1074/jbc.M402425200
http://doi.org/10.1007/s00210-014-0997-x
http://doi.org/10.1021/bi300477z
http://www.ncbi.nlm.nih.gov/pubmed/22686328


Antioxidants 2022, 11, 391 15 of 16

33. Rossi, R.; Milzani, A.; Dalle-Donne, I.; Giannerini, F.; Giustarini, D.; Lusini, L.; Colombo, R.; Di Simplicio, P. Different metabolizing
ability of thiol reactants in human and rat blood: Biochemical and pharmacological implications. J. Biol. Chem. 2001, 276,
7004–7010. [CrossRef] [PubMed]

34. Mellado, M.; Contreras, R.A.; Gonzalez, A.; Dennett, G.; Moenne, A. Copper-induced synthesis of ascorbate, glutathione and
phytochelatins in the marine alga Ulva compressa (Chlorophyta). Plant Physiol. Biochem. 2012, 51, 102–108. [CrossRef] [PubMed]

35. Alaluf, S.; Muir-Howie, H.; Hu, H.L.; Evans, A.; Green, M.R. Atmospheric oxygen accelerates the induction of a post-mitotic
phenotype in human dermal fibroblasts: The key protective role of glutathione. Differentiation 2000, 66, 147–155. [CrossRef]

36. Boregowda, S.V.; Krishnappa, V.; Chambers, J.W.; Lograsso, P.V.; Lai, W.T.; Ortiz, L.A.; Phinney, D.G. Atmospheric oxygen inhibits
growth and differentiation of marrow-derived mouse mesenchymal stem cells via a p53-dependent mechanism: Implications for
long-term culture expansion. Stem Cells 2012, 30, 975–987. [CrossRef]

37. Trepiana, J.; Meijide, S.; Navarro, R.; Hernandez, M.L.; Ruiz-Sanz, J.I.; Ruiz-Larrea, M.B. Influence of oxygen partial pressure on
the characteristics of human hepatocarcinoma cells. Redox Biol. 2017, 12, 103–113. [CrossRef]

38. McKeown, S.R. Defining normoxia, physoxia and hypoxia in tumours-implications for treatment response. Br. J. Radiol. 2014,
87, 20130676. [CrossRef]

39. Halliwell, B. Cell culture, oxidative stress, and antioxidants: Avoiding pitfalls. Biomed. J. 2014, 37, 99–105. [CrossRef]
40. Sebastia, J.; Cristofol, R.; Martin, M.; Rodriguez-Farre, E.; Sanfeliu, C. Evaluation of fluorescent dyes for measuring intracellular

glutathione content in primary cultures of human neurons and neuroblastoma SH-SY5Y. Cytometry Part A J. Int. Soc. Anal. Cytol.
2003, 51, 16–25. [CrossRef]

41. Flampouri, E.; Mavrikou, S.; Mouzaki-Paxinou, A.C.; Kintzios, S. Alterations of cellular redox homeostasis in cultured fibroblast-
like renal cells upon exposure to low doses of cytochrome bc1 complex inhibitor kresoxim-methyl. Biochem. Pharmacol. 2016, 113,
97–109. [CrossRef]

42. Xiao, W.; Loscalzo, J. Metabolic Responses to Reductive Stress. Antioxid. Redox Signal. 2020, 32, 1330–1347. [CrossRef] [PubMed]
43. Gaucher, C.; Boudier, A.; Bonetti, J.; Clarot, I.; Leroy, P.; Parent, M. Glutathione: Antioxidant Properties Dedicated to Nanotech-

nologies. Antioxidants 2018, 7, 62. [CrossRef] [PubMed]
44. Venglarik, C.J.; Giron-Calle, J.; Wigley, A.F.; Malle, E.; Watanabe, N.; Forman, H.J. Hypochlorous acid alters bronchial epithelial

cell membrane properties and prevention by extracellular glutathione. J. Appl. Physiol. 2003, 95, 2444–2452. [CrossRef] [PubMed]
45. Hanigan, M.H. Gamma-glutamyl transpeptidase: Redox regulation and drug resistance. Adv. Cancer Res. 2014, 122, 103–141.

[CrossRef] [PubMed]
46. Takahashi, K.; Shibata, T.; Oba, T.; Ishikawa, T.; Yoshikawa, M.; Tatsunami, R.; Takahashi, K.; Tampo, Y. Multidrug-resistance-

associated protein plays a protective role in menadione-induced oxidative stress in endothelial cells. Life Sci. 2009, 84, 211–217.
[CrossRef] [PubMed]

47. Mauzeroll, J.; Bard, A.J.; Owhadian, O.; Monks, T.J. Menadione metabolism to thiodione in hepatoblastoma by scanning
electrochemical microscopy. Proc. Natl. Acad. Sci. USA 2004, 101, 17582–17587. [CrossRef]

48. Sgarbi, G.; Gorini, G.; Costanzini, A.; Barbato, S.; Solaini, G.; Baracca, A. Hypoxia decreases ROS level in human fibroblasts. Int. J.
Biochem. Cell Biol. 2017, 88, 133–144. [CrossRef]

49. Kuzmenko, N.V. Seasonal Variations in Atmospheric Pressure, Partial Oxygen Density, and Geomagnetic Activity as Additional
Synchronizers of Circannual Rhythms. Biophysics 2019, 64, 599–609. [CrossRef]

50. Angelova, P.R.; Abramov, A.Y. Interaction of neurons and astrocytes underlies the mechanism of Abeta-induced neurotoxicity.
Biochem. Soc. Trans. 2014, 42, 1286–1290. [CrossRef]

51. Angelova, P.R.; Barilani, M.; Lovejoy, C.; Dossena, M.; Vigano, M.; Seresini, A.; Piga, D.; Gandhi, S.; Pezzoli, G.; Abramov,
A.Y.; et al. Mitochondrial dysfunction in Parkinsonian mesenchymal stem cells impairs differentiation. Redox Biol. 2018, 14,
474–484. [CrossRef]

52. Deas, E.; Cremades, N.; Angelova, P.R.; Ludtmann, M.H.; Yao, Z.; Chen, S.; Horrocks, M.H.; Banushi, B.; Little, D.; Devine, M.J.;
et al. Alpha-Synuclein Oligomers Interact with Metal Ions to Induce Oxidative Stress and Neuronal Death in Parkinson’s Disease.
Antioxid. Redox Signal. 2016, 24, 376–391. [CrossRef] [PubMed]

53. Markovic, J.; Borras, C.; Ortega, A.; Sastre, J.; Vina, J.; Pallardo, F.V. Glutathione is recruited into the nucleus in early phases of cell
proliferation. J. Biol. Chem. 2007, 282, 20416–20424. [CrossRef]

54. Schafer, F.Q.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of the glutathione disul-
fide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191–1212. [CrossRef]

55. Giustarini, D.; Galvagni, F.; Tesei, A.; Farolfi, A.; Zanoni, M.; Pignatta, S.; Milzani, A.; Marone, I.M.; 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]

56. Wu, J.; Chernatynskaya, A.; Pfaff, A.; Kou, H.; Cen, N.; Ercal, N.; Shi, H. Extensive Thiol Profiling for Assessment of Intracellular
Redox Status in Cultured Cells by HPLC-MS/MS. Antioxidants 2022, 11, 24. [CrossRef]

57. Camera, E.; Rinaldi, M.; Briganti, S.; Picardo, M.; Fanali, S. Simultaneous determination of reduced and oxidized glutathione in
peripheral blood mononuclear cells by liquid chromatography–electrospray mass spectrometry. J. Chromatogr. B Biomed. Sci. Appl.
2001, 757, 69–78. [CrossRef]

http://doi.org/10.1074/jbc.M005156200
http://www.ncbi.nlm.nih.gov/pubmed/11096069
http://doi.org/10.1016/j.plaphy.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22153245
http://doi.org/10.1046/j.1432-0436.2000.660209.x
http://doi.org/10.1002/stem.1069
http://doi.org/10.1016/j.redox.2017.02.004
http://doi.org/10.1259/bjr.20130676
http://doi.org/10.4103/2319-4170.128725
http://doi.org/10.1002/cyto.a.10003
http://doi.org/10.1016/j.bcp.2016.06.002
http://doi.org/10.1089/ars.2019.7803
http://www.ncbi.nlm.nih.gov/pubmed/31218894
http://doi.org/10.3390/antiox7050062
http://www.ncbi.nlm.nih.gov/pubmed/29702624
http://doi.org/10.1152/japplphysiol.00002.2003
http://www.ncbi.nlm.nih.gov/pubmed/14514700
http://doi.org/10.1016/B978-0-12-420117-0.00003-7
http://www.ncbi.nlm.nih.gov/pubmed/24974180
http://doi.org/10.1016/j.lfs.2008.11.021
http://www.ncbi.nlm.nih.gov/pubmed/19111752
http://doi.org/10.1073/pnas.0407613101
http://doi.org/10.1016/j.biocel.2017.05.005
http://doi.org/10.1134/S0006350919040080
http://doi.org/10.1042/BST20140153
http://doi.org/10.1016/j.redox.2017.10.016
http://doi.org/10.1089/ars.2015.6343
http://www.ncbi.nlm.nih.gov/pubmed/26564470
http://doi.org/10.1074/jbc.M609582200
http://doi.org/10.1016/S0891-5849(01)00480-4
http://doi.org/10.1016/j.freeradbiomed.2015.10.410
http://www.ncbi.nlm.nih.gov/pubmed/26476010
http://doi.org/10.3390/antiox11010024
http://doi.org/10.1016/S0378-4347(01)00081-0


Antioxidants 2022, 11, 391 16 of 16

58. Carroll, D.; Howard, D.; Zhu, H.; Paumi, C.M.; Vore, M.; Bondada, S.; Liang, Y.; Wang, C.; St Clair, D.K. Simultaneous quantitation
of oxidized and reduced glutathione via LC-MS/MS: An insight into the redox state of hematopoietic stem cells. Free Radic. Biol.
Med. 2016, 97, 85–94. [CrossRef] [PubMed]

59. Vigilanza, P.; Aquilano, K.; Baldelli, S.; Rotilio, G.; Ciriolo, M.R. Modulation of intracellular glutathione affects adipogenesis in
3T3-L1 cells. J. Cell. Physiol. 2011, 226, 2016–2024. [CrossRef]

60. Stocks, B.B.; Melanson, J.E. In-Source Reduction of Disulfide-Bonded Peptides Monitored by Ion Mobility Mass Spectrometry.
J. Am. Soc. Mass Spectrom. 2018, 29, 742–751. [CrossRef]

http://doi.org/10.1016/j.freeradbiomed.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27212018
http://doi.org/10.1002/jcp.22542
http://doi.org/10.1007/s13361-018-1894-1

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture 
	Conditions for MCB Analysis 
	HPLC Analysis of GSH and Its Adducts 
	Microplate GSH Detection in Intact and Treated Cells 
	ROS Assessment 
	LC–MS/MS Analysis of GSH/GSSG Ratio 
	Statistical Analysis 

	Results 
	Establishment of Microplate Assay 
	Assay Verification Using GSH Modulators 
	Co-Treatment Conditions 
	Sequential Treatment Conditions 

	Assessment of GSH Status in Glioblastoma Cells 
	Effect of Oxygen Concentration 

	Discussion 
	Conclusions 
	References

