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Abstract

Reduced glutathione (GSH) is an intracellular molecule essential for many aspects of cell physiology
and defense. Determination of GSH has been used to identify potential anti-cancer drugs and for the
assessment of drug toxicity via generation of oxidative stress. The described protocol was designed
to modify existing protocols for the fluorescent detection of intracellular GSH in a high throughput
96-well microplate format. Dibromobimane was used to label intracellular GSH, and an additional
dye, Hoechst 33342 was used to measure cell density for data normalization. Cell density curves
were performed using HEK 293T cells to determine the optimal starting cell density, (< 8.0 x 10%
cells/well) for fluorescent analysis. Fluorescent dyes were also analyzed for compatibility and
spectral overlap. The method was further validated by exposing HEK 293T cells to GSH modulating
agents; tert-butylhydroguinone a potent inducer of GSH, and L-buthionine-(SR)-sulfoximine a potent
inhibitor of GSH. This study provides a fast, simple method for the high throughput screening of
GSH in a widely available 96-well format. It also addresses the pitfalls associated with fluorescent
compounds in cell culture and proper data normalization.
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Introduction

Glutathione (GSH) is a low molecular weight molecule considered to be the first line of cellular
defense in mammalian cells (1). Composed of three amino acids, cysteine is the moiety capable
of reacting with oxygen radicals and other electrophilic compounds. In addition to its
antioxidant activities, GSH also participates in other processes including xenobiotic
metabolism, gene regulation, intracellular signal transduction, and homeostasis of the cellular
redox state (2,3). GSH is the most abundant intracellular non-protein thiol followed by cysteine;
a substrate in the GSH synthetic pathway. Ultimately, changes in GSH can indicate a global
antioxidant, or redox change in cells and has led researchers to monitor its levels; particularly
in the context of induction of antioxidant systems, or assessment of oxidative stress.
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Traditional methods for measuring GSH have involved biochemical assays dependent on the
reaction of compounds with GSH such as 5,5’-dithio-bis-2-nitrobenzoic acid (4), or o-
phthalaldehyde (5) that readily form chromophoric or fluorescent compounds, respectively,
measurable by ultraviolet/visible or fluorescent spectroscopy. This method is considered
reliable and highly quantitative; however, the preparation of tissue or cellular samples requires
an investment of time and effort before measurement of GSH can be accomplished.

High performance liquid chromatography (HPLC) is an additional method for measuring GSH
and is considered the most quantitative. HPLC utilizes a variety of systems including
electrochemical (6) or fluorescent detection, the latter being a lengthier process requiring
derivatization prior to analysis (7). Despite the quantitative aspect of HPLC, there is a large
reliance on sample preparation to account for, and in some cases depending on sample size and
run times, analysis can take 12 to 24 h to complete. In addition, analysis by HPLC can require
increased costs for running and maintaining the instrument.

An alternatively accepted method for GSH measurement is to label intracellular thiols with
fluorescent bimane compounds and analyze cells via fluorescent activated cell sorting (FACS)
(8,9). FACS analysis of GSH does not demand as much time and can be simpler than
biochemical methods; however, there are limitations. Sample preparation can require fewer
steps than the aforementioned assays, yet ultimately the preparation requires the extraction and
resuspension of cells before analysis can occur. Similar to HPLC, the availability of FACS
instrumentation can also be problematic due to the initial costs and maintenance required for
operation of the instrument. The sensitivity of FACS is another limitation to consider if the
instrument is not equipped with the proper excitation or emission filters. Accurate measurement
at optimal wavelengths is essential for FACS especially when using compounds with similar
emission spectra.

Microplate readers are another technique for measuring fluorescent signals and can offer high
throughput sample analysis by using a 96 or 384-well format. A large advantage of high
throughput assays is that screening of several compounds or conditions can be performed in
the same plate, thereby decreasing the variability encountered when separate cell culture dishes
are analyzed. Fluorescent bimane dyes have also been previously characterized for use in the
microplate format; however, an inherent problem with cell culture in the microplate format is
that loss of cells can occur as a consequence of physical stressors such as media addition or
removal. Thus, accuracy of the signal obtained could be skewed as a result of cell loss. The
presence of an additional dye can be used in order to normalize each well to the cellular density
actually contained therein, and allow for a more accurate assessment of the target endpoint.

This work describes a modification to previously published protocols for measuring GSH. It
is amethod designed for a high throughput assay to measure cellular GSH levels using 96-well
microplates and a bimane compound, dibromobimane, that is fluorescently activated upon
conjugation with thiol groups. The method is performed in combination with a viable nuclear
stain, Hoechst 33342. Hoechst 33342 staining allows GSH levels to be normalized to the cell
density contained in the well, thereby providing a more accurate value. Along with the high
throughput capacity of this assay, there is the benefit of a shorter time interval between addition
of target and reference compounds, and subsequent fluorescent measurement. By reducing
time intervals, there is a decreased chance of non-specific labeling to occur, which decreases
the potential for increased signal artifacts.
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Materials & Methods

Cell culture

HEK 293T cells purchased from American Type Culture Collection were grown in flat
bottomed, tissue culture treated 96-well microplates (Costar, Corning Inc., Corning, NY, USA)
at 37° C, 5% CO, under the following media conditions; 1X Dulbecco’s Modification of
Eagle’s Medium with 4.5 g/L glucose and L-glutamine, 10% fetal bovine serum, 1 mM sodium
pyruvate, 1X non-essential amino acids, 1000 international units penicillin — 1 mg/mL
streptomycin, 50 pg/mL gentamicin sulfate; all media reagents were purchased from CellGro®
technologies (Mediatec Inc., Herndon, VA, USA). HEK 293T cells were plated at starting
densities between 5.0 x 103 — 2.0 x 10° per well, (n = 6 wells per cell density) in a final volume
of 200 pL media and grown for a period of 16 hr.

Nuclear & GSH labeling

Media containing 1.5 pg/mL Hoechst 33342 (Molecular Probes, Carlsbad, CA, USA) was
gently added at a volume of 100 pL to each well yielding a final concentration of 0.5 pg/mL
Hoechst 33342/well and incubated for 30 min at 37° C. Plates were then drained of media by
inversion and gentle shaking; any residual media at this point was removed by blotting the
plate on bench paper. A stock solution of 4 mM dibromobimane (CAS # 68654-25-1; Sigma-
Aldrich, St. Louis, MO, USA) suspended in 100% sterile-filtered dimethyl sulphoxide (Sigma-
Aldrich, St. Louis, MO, USA) was made immediately prior to Hoechst 33342 media removal
and diluted to a final concentration of 40 uM in sterile phosphate buffered saline, pre-warmed
to 37° C. The dibromobimane was gently added to a final volume of 200 pL/well and incubated
at 37° C for 30 min. (9,10).

Fluorescent measurement

Fluorescence was measured using a SPECTRAmMax®© Gemini XS fluorescent plate reader
(Molecular Devices, Sunnyvale, CA, USA) at the following wavelengths: [Hoechst 33342
Ex, = 340, Em, = 450], [dibromobimane Ex; = 393, Em, = 477]. Fluorescent values were
quantified using SOFTmax® PRO version 3.1.2 software (Molecular Devices, Sunnyvale, CA,
USA).

Raw fluorescent results reported as fluorescent arbitrary units (F.A.U.) were obtained by first
subtracting the mean blank value from all wells [F.A.U.experimental — F-A.U.pjank]- Final results
for GSH levels were reported as the ratio of dibromobimane normalized to Hoechst 33342
[dibromobimane F.A.U./ Hoechst 33342 F.A.U.]. For the validation studies cells were grown
as described above and exposed to GSH modulating compounds. Following a 24 hr exposure
of either 25uM tert-butylhydroquinone (tBHQ) or 100 uM L-buthionine-(SR)-sulfoximine
(BSO), cells were stained and measured for GSH content as described above.

Statistical analysis

Statistical analysis involved the use of one-way ANOVA with student Newman-Keuls post-
test for GSH modulating agents; Dunnet’s post-test was used for assessment of signal overlap
between dibromobimane and Hoechst 33342.

Results & Discussion

Cultures of HEK293T cells were set up in 96-well microplates in a range between 5.0 x 103 —
2.0 x 10° cells/well. The objective was to determine the response of Hoechst 33342 over a

range of cell densities. As seen in Figure 1A and Table 1, the Hoechst signal showed a linear
response up to 8.0 x 10% cells/well. Cultures started at densities above that value had both an
increase in the S.E.M (Figure 1A), and a decrease in the r2 value of the linear response (Table
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1). Increasing the starting density from 8.0 x 104 to 1.0 x 10° cells/well results in an attenuation
of r2value from 0.9948 down to 0.7880, a trend that continued to yield a lower r2 with increased
starting cell density.

This experiment sets up some important parameters for both cell type and assay conditions:
(a) optimizing the starting cell density for the experiment; (b) determining the response of the
experimental and reference stains; and (c) determining if any signal overlap exists between the
experimental and reference stains.

As shown in Figure 1A and Table 1 the Hoechst 33342 dye is only effective up to a starting
cell density of 8.0 x 10% cells/well for HEK 293T cells as indicated by the loss of linearity with
higher starting cell densities. Cultures were then analyzed using the excitation wavelength for
dibromobimane (393nm) and the emission wavelength for Hoechst 33342 (450nm).

Hoechst 33342 showed no signal when exposed to the dibromobimane excitation wavelength
(393nm), thereby ensuring no signal overlap was occurring between the two stains at that
particular excitation wavelength (Figure 1A). A similar scan was performed on the
dibromobimane by using the excitation wavelength for Hoechst 33342 (340nm) and scanning
at the emission wavelength for dibromobimane (477nm) to determine if the dibromobimane
was creating a signal overlap while measuring the Hoechst 33342 dye (Figure 1B). As seen in
Figure 1B, there is some response of dibromobimane at the Hoechst 33342 excitation
wavelength (340nm). When analyzed in comparison to the mean value for the blank wells, the
dibromobimane signal excited at the Hoechst 33342 wavelength (340nm) did not differ
statistically until the cell density was higher than 8.0 x 10% cells/well, as determined by one-
way ANOVA using a Dunnet’s post-hoc test. This finding further supports the idea that the
maximum starting cell density should be no greater than 8.0 x 10* cells/well for this particular
cell type based on (a) the loss of linearity of the Hoechst 33342 signal (Figure 1A), and (b) the
increase in signal overlap between dyes at the higher cell densities (Figure 1B).

Contrary to the Hoechst 33342 in Figure 1A, dibromobimane is linear up to the maximum
starting cell density of 2.0 x 10° cells/well (Figure 1B). This reinforces the importance of
normalizing data, as demonstrated by the linear response of the dibromobimane. By measuring
dibromobimane alone, it is possible that the results could yield inaccurate values if the cell
density in the well does not remain constant throughout the experiment. A previous study
demonstrated the use of GSH probes in a 96-well format; however, it was unclear what type
of normalization, if any was performed (10). During these types of assays, the opportunity
exists for loss of cell density due to cell death, or physical agitation during media addition or
removal. Figure 1C shows the dibromobimane signal normalized by the Hoechst 33342 signal
over increased starting cell densities (values calculated as F.A.U. dibromobimane/ F.A.U.
Hoechst 33342). The range of starting cell densities between 6.0 x 10* cells/well and 1.5 x
10° cells/well yielded a balanced measurement of GSH levels. However, taking into account
the Hoechst 33342 plot in Figure 1A, and the change in the r? values indicated in Table 1,
starting cell densities greater than 8.0 x 104 cells/well could be problematic.

To further scrutinize this assay, cell cultures were set up at a starting density of 7.0 x 104 cells/
well. Sixteen hrs later, cells were exposed to compounds shown to modulate cellular GSH
levels; 25 uM tBHQ an inducer of GSH synthesis (11), and 100 uM BSO an inhibitor of GSH
synthesis (12). Figure 2 demonstrates the importance of normalizing the dibromobimane
fluorescent signal, rather than assuming equal cell density.

Figure 2A shows the changes in dibromobimane signal in control, and cells exposed to BSO
for 24 hrs. The data is displayed prior to Hoechst 33342 normalization and carries the
assumption of equal starting cell density (Figure 2A). Although the results of this experiment
display the expected outcome, (reduced GSH), the degree of reduction is less than levels
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reported using biochemical or HPLC methods (9,12). Normalization of the dibromobimane
signal with the Hoechst 33342 signal yielded values more in accord with the published effects
of BSO (Figure 2C). Treatment of cells with tBHQ has been reported to lead to an increase in
levels of GSH; however, Figure 2B shows a reduction in GSH levels in the cells exposed to
25 mM tBHQ for 24 hrs. Once normalized to the Hoechst 33342 dye, the data showed increased
GSH levels (Figure 2C); which were comparable with previous publications using tBHQ
(11,13).

This method demonstrates a high throughput assay for determining changes in cellular GSH
in a semi-quantitative manner. It combines the use of well-characterized fluorescent stains,
ultimately allowing the measurement of the endpoint (GSH), and cell density in the same well
of a standard microplate. This technique can be useful in screening compounds capable of
modulating GSH; a strategy often used in the identification of potential chemotherapeutic
compounds. It can also be used in the assessment of cytotoxicity for multiple compounds in
one plate, as decreased GSH is often associated with conditions of oxidative stress and can
therefore serve as a reliable marker of compromised cell status.

The assay can be utilized with immortalized cell lines, and more importantly with primary cell
cultures (14), where limitations on the starting tissue and/or cell number may be an issue. The
high throughput format allows for the screening of multiple fluorescent compounds, however,
proper compound selection is an important parameter to consider due to signal overlap as a
potential confounder for this type of assay. Finally, this assay addresses the pitfalls that may
occur in 96-well microplate assays if the normalization to cell density is not performed.
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Figure 1.

Measurement of fluorescent signal for Hoechst 33342 and dBBr in HEK293T cells as a function
of increased starting cell density. (A) Hoechst 33342 signal at [A¢x340 nm, A¢m450 nm; open
circles O], and at [Aex 393 NM, Ae450 nm; closed circles o] in HEK293T cells (B)
Dibromobimane signal at [Aex 393 Nm, Agm 477 Nm; open circles O], and at [Ax340 NM, Agm
477 nm; closed circles o] in HEK293T cells. (C) Changes in dBBr fluorescence normalized
to the Hoechst 33342 as a function of increasing cell density in HEK293T cells; dBBr
fluorescent arbitrary units (F.A.U.) were normalized by the Hoechst 33342 F.A.U. of the same
well. Values were calculated by the following formula; [dBBr F.A.U./Hoechst F.A.U.] and
reported as mean + SEM.
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Figure 2.

Changes in GSH status of HEK293T cells exposed to GSH modulating agents. A) HEK293T
cells exposed to 100uM BSO or B) 25uM tBHQ for 24 hours. C) Normalized values of dBBr
from A and B, indicative of the GSH levels in the cells. All values are reported as mean = SEM.
* Indicates a significant fluorescent difference from control at p < .05.
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Linear Regression Summaries of Cell Density and Hoechst 33342 Response

Hoechst 33342 Response to Cell Density
Ex 340nm; Em 450nm

Cell Density
r2

Range Slope

5 to 20,000 1.37 x 10702 0.9986
5 to 40,000 1.07 x 10792 0.9846
5 to 60,000 1.05 x 10702 0.9943
5 to 80,000 1.00x 10702 0.9948
5 to 100,000 6.87 x 10793 0.7880
5 to 125,000 5.26 x 10703 0.7127
5 to 150,000 3.85x 10703 0.5904
5t0200,000  4.08x10%  0.7366

n = 6 wells per density
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