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The Kénig reaction is commonly used for the detection of cyanide and its derivatives, including thiocyanate
and selenocyanate. We found that this reaction can be used to quantify glutathione fluorometrically, and
applied it to the simultaneous determination of reduced and oxidized glutathiones (GSH and GSSG) using
a conventional LC system with isocratic elution. The limits of detection were 6.04 nM and 9.84 nM for
GSH and GSSG, respectively, and the limits of quantification were 18.3 nM and 29.8 nM, respectively. We
also determined GSH and GSSG levels in PC12 cells exposed to paraquat, an oxidative stressor, and
observed a decrease in GSH/GSSG ratio, as expected. Total GSH levels quantified by this method and by
the conventional colorimetric method with 5,5'-dithiobis(2-nitrobenzoic acid) were comparable. Our
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Introduction

Reduced glutathione (GSH, vy-i-glutamyl-i-cysteinylglycine) is
a tripeptide abundantly present in cells. The main role of GSH is
to ameliorate intracellular oxidative stress. GSH is oxidized to
glutathione disulfide (GSSG) via a direct reaction with intra-
cellular oxidants or enzymatic reactions with glutathione
peroxidase and glutathione S-transferase. Intracellular GSH
exists at concentrations of 0.5-10 mM, whereas intracellular
GSSG concentrations are much lower under physiological
conditions, which are 5-50 puM.' However, an increase in
intracellular GSSG is observed when cells are exposed to
oxidative stress. Hence, the GSH/GSSG ratio can be used as
a biomarker of intracellular oxidative stress. Oxidative stress is
related to aging and various diseases, such as cancer, diabetes,
cardiovascular diseases, neurodegenerative diseases, and
chronic kidney diseases.*>* Toxic substances including paraquat
and certain metals are known to induce oxidative stress.**> The
determination of intracellular GSH and GSSG levels is impor-
tant to elucidate the pathology of various diseases and the
toxicity of various substances.

The enzymatic recycling assay with 5,5 -dithiobis(2-
nitrobenzoic acid) (DTNB),® also called Ellman's reagent, is
widely used as the simplest method for determining GSH and
GSSG levels, and can be performed using a commercially
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available kit. However, this method does not allow for the
simultaneous determination of GSH and GSSG levels, and is
also prone to false-positive errors because DTNB is not specific
to GSH and reacts with other thiol groups, such as cysteine and
protein thiols.” The simultaneous determination of intracellular
GSH and GSSG levels using liquid chromatographic (LC) tech-
niques with fluorescence detection (FLD),® electrochemical
detection (ECD),” or mass spectrometry (MS)**** has been re-
ported. These techniques, however, have disadvantages: in the
FLD method, GSH was derivatized with monobromobimane on
a pre-column, and GSSG was derivatized with o-phthalaldehyde
on a post-column. Hence, two detectors with the column-
switching system are required to detect them simultaneously.
The ECD method detects not only GSH but also other electro-
chemically active compounds, such as thiols, sugars, and cate-
chol amines contained in the biological matrix; thus, obtaining
a clear chromatogram by LC-ECD is more difficult than by LC-
FLD or LC-MS. As for the MS method, LC-MS analysis of GSH
and GSSG is highly sensitive, but access to LC-MS is limited
owing to the high costs. Therefore, it is worthwhile to develop
a novel technique to overcome these disadvantages.

Generally, cyanide (CN™) and its derivatives such as thiocy-
anate (SCN™) and selenocyanate (SeCN ™) are detected using the
Konig reaction. The reaction consists of three steps (Scheme 1).
First, cyanide, thiocyanate, and selenocyanate are chlorinated
by a chlorinating reagent, such as chloramine T, and the chlo-
rinated compound, cyanogen chloride, generates glutaconic
aldehyde via a pyridine ring-opening reaction; the reaction
between the aldehyde and a coupling reagent generates
a derivatized compound. Among various coupling reagents,

This journal is © The Royal Society of Chemistry 2023
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barbituric acid in particular allows for the high-sensitivity
detection and quantification of cyanide and its derivatives via
the generation of a fluorescent compound.®™ Interestingly,
glycine is also converted into cyanogen chloride by a chlori-
nating reagent.'* We envisioned that the Konig reaction could
be applied to the simultaneous determination of GSH and GSSG
having a glycine residue at their C-termini. Here we report the
simultaneous detection of intracellular GSH and GSSG by this
highly specific reaction.

Experimental
Reagents

Chloramine T, reduced and oxidized glutathiones, hydrochloric
acid, pyridine, sodium cyanide, sodium thiocyanate, and thre-
onine were obtained from Nacalai Tesque (Kyoto, Japan).
Glycine, serine, 5-sulfosalicylic acid dihydrate, and tyrosine
were obtained from FUJIFILM Wako Pure Chemical Corpora-
tion (Osaka, Japan). Barbituric acid and paraquat were obtained
from Tokyo Chemical Industry (Tokyo, Japan). Purified water
was prepared by a Milli-Q system (Merck, Darmstadt, Germany).

Optimization of the Konig reaction

To investigate the relationship between the detection sensitivity
and the chlorinating temperature, 100 pM GSH and 100 pM
GSSG aqueous solutions were injected into a flow injection
system similar to the system described in “HPLC conditions”
(except that the column was not connected) at various chlori-
nating temperatures in the range of 30-80 °C.

Acquisition of absorption and fluorescence emission spectra

One hundred microliters of 100 uM GSH, 100 uM GSSG, or 10
UM cyanide aqueous solution was mixed with 400 pL of 75 mM
acetate buffer (pH 5.0) and 100 pL of 0.03% chloramine T
aqueous solution or H,0, and the reaction mixture was incu-
bated for 10 min at 80 °C. Following this, 100 puL of the pyridine-
barbituric acid reagent consisting of 5% (w/v) barbituric acid,
15% (v/v) pyridine, and 3% (v/v) hydrochloric acid or H,O was
added, and the reaction mixture was incubated for 10 min at
room temperature. Absorption and fluorescence emission
spectra were analyzed by a SpectraMax iD3 microplate reader
(Molecular Devices, San Jose, CA, USA).

cN Chloramine T Pyridine o o
Sen J\%\/[L
SeCN- H H
(o] (o]
Barbituric acid HN NG X NH
(o] N (o) o N (o]
H H

Fluorescent compound
Ex. 583 nm, Em. 607 nm

Scheme 1 Reaction flow of the Koénig reaction. The fluorescent
compound is produced by the third reaction with barbituric acid.
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Fig. 1 Temperature-dependent improvement of sensitivity in the
detection of GSH and GSSG. 100 uM GSH and GSSG aqueous solutions
were injected into the flow injection system.

HPLC conditions

The HPLC system and the operating conditions (Fig. S1T) were
modified from those previously reported.'®"” Briefly, the system
consisted of a Shimadzu LC-20 series (Shimadzu, Kyoto, Japan)
comprising a degasser, pumps for delivering the mobile phase
and the post-column derivatizing reagents, an autosampler,
a fluorescence detector, the first reaction coil for chlorination
(3000 x 0.5 mm i.d.) in a column oven, and the second reaction
coil for the pyridine-barbituric acid reaction (15 000 x 0.25 mm
i.d.). A Scherzo SM-C18 column (3 pm, 150 x 4.6 mm i.d.,
Imtakt, Kyoto, Japan) was operated at room temperature and
was isocratically eluted with 75 mM acetate buffer (pH 5.0) at
a flow rate of 0.5 mL min~'. A chloramine T solution and
pyridine-barbituric acid reagent were pumped into the reaction
coil at a flow rate of 0.1 mL min~". The post-column running
time was 2.4 min. The reactant was monitored on-line at 583 nm
excitation and 607 nm emission wavelengths. The injection
volume was 20 pL in each experiment. Data acquisition and
processing were performed using LabSolutions 5.97 software
(Shimadzu). The analyte concentrations were quantified by the
absolute calibration method with the peak area.

Limit of detection (LOD), limit of quantification (LOQ), and
linearity

Serially diluted GSH and GSSG solutions (GSH: 0.05-50 uM,
GSSG: 0.05-10 uM) were used to evaluate the LOD, LOQ, and
linearity of the method. LOD and LOQ were calculated as 3.3
and 10 times the standard deviations of peak areas, respectively,
of the lowest calibrant concentration (0.05 uM) divided by the
slope of the calibration curves. Each experiment was repeated
five times.

Cell culture

Rat pheochromocytoma cells (PC12 cells) were obtained from
RIKEN Cell Bank (Tsukuba, Japan). PC12 cells were cultured on
a collagen-coated dish in Dulbecco's modified Eagle's medium
(FUJIFILM Wako Pure Chemical) supplemented with 10% horse
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Fig. 2 Typical chromatograms of reduced and oxidized glutathiones (GSH and GSSQG), glycine (Gly), and cyanide and thiocyanate (CN~, and
SCN7). (A) 5 uM GSH and 5 uM GSSG, (B) 0.1 uM Gly, (C) 0.1 uM CN™ and 0.1 uM SCN~. Column: Scherzo SM-C18 (3 um, 150 x 4.6 mm i.d.).

Mobile phase: 75 mM acetate buffer (pH 5.0).

Table 1 LOD, LOQ, and linearity of the present method

Linearity (uM,

Compound LOD (nM) LOQ (nM) R® > 0.999)
GSH 6.04 18.3 0.05-50
GSSG 9.84 29.8 0.05-10
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Fig.3 Typical chromatograms of GSH and GSSG in PC12 cell samples.
(A) Unspiked, (B) spiked with 40 uM GSH and 10 uM GSSG.

serum (BioWest, Nuaillé, France) and 5% fetal bovine serum
(Biosera, Nuaillé, France) at 37 °C under 5% CO, atmosphere.

Paraquat exposure

PC12 cells were seeded on a collagen-coated 6-well plate at 1.0 x
10° cells per well and incubated overnight. The cells were
exposed to paraquat at concentrations of 250 and 500 pM for

3428 | Anal. Methods, 2023, 15, 3426-3431

24 h. After the incubation the cells were collected to quantify
intracellular GSH and GSSG. This experiment was repeated
three times.

Sample preparation

A cell pellet was suspended in 200 pL of 1% (w/v) 5-sulfosalicylic
acid solution and placed on ice for 10 min after stirring on
a vortex mixer. The mixture was centrifuged at 10 000xg for
10 min at 4 °C. The supernatant was diluted with the same
volume of H,0O and filtered through a membrane filter (pore
size: 0.45 um). The filtrate was injected into the HPLC system,
and was also analyzed by the glutathione quantification kit
based on the DTNB method (Dojindo Laboratories, Kumamoto,

Japan).

Statistical analysis

Tukey's tests were used to compare GSH/GSSG ratios among
three groups including control, 250, and 500 uM of paraquat
exposure. Pearson's correlation analysis was performed to
compare quantified values between by the HPLC and the DTNB
methods. Statistical analyses were performed using JMP Pro
16.2.0 software (JMP Statistical Discovery LLC, Cary, NC, USA).

Results and discussion
Detection of GSH and GSSG by the Konig reaction

The reaction was dependent on the reaction temperature
(Fig. 1). Although the sensitivity of the reaction was expected to
increase further at temperatures above 80 °C, we set 80 °C as the
optimum temperature for the chlorination to avoid bubbles
generated at excessively high temperatures. The ratio of the
peak heights of GSH and GSSG was close to 1: 2, the theoretical
ratio at the high temperature conditions since GSSG has twice
glycines than GSH. These results indicated that the chlorination
reaction was a key step for the fluorescence detection of gluta-
thiones. Indeed, the HPLC system in the absence of chloramine
T or pyridine-barbituric acid reagent failed to detect glutathi-
ones (data not shown). This also suggested that the detection of
glutathiones requires both post-column reagents, as in the case
of the cyanide detection. The absorption and fluorescence
emission spectra of GSH and GSSG reacted with these reagents

This journal is © The Royal Society of Chemistry 2023
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Table 2 Precision and accuracy of the present method using PC12 cell samples (n = 5)

Concentration

Observed (mean

+ Accuracy (%
Compound Spiked (uM) SD, uM) Precision (%RSD) of target)
GSH 0 44.8 £ 1.4 3.08 —
40 78.7 £ 2.5 3.21 84.8
GSSG 0 0.609 £ 0.066 10.9 —
1 1.57 £ 0.04 2.79 96.0
10 10.3 £ 0.2 2.39 96.5
350 - SR that of cyanide. Considering glycine is converted to cyanide by
| chlorination,' we speculate that the glycine residues of GSH
300 1 p <0.0001 and GSSG are decomposed to generate cyanide which subse-
- 1 quently undergo the K6nig reaction (Schemes S1t and 1).
S
S 200 Separation of GSH and GSSG
éwo The SM-C18 column enabled good separation with isocratic
& elution. Typical chromatograms are shown in Fig. 2. The
e 100 retention times of GSH and GSSG were 7.8 min and 9.9 min,
respectively. They were also separated from other expected
50 detectable compounds, ie., glycine, cyanide and thiocyanate
o (Fig. 2B and C). The peak observed at 5.6 min in Fig. 2A was

Control

250 uM PQ 500 uM PQ

Fig. 4 Effect of paraquat on intracellular GSH/GSSG ratio. GSH/GSSG
ratios were calculated by quantifying GSH and GSSG in PC12 cells co-
incubated with 0, 250, or 500 uM paraquat (PQ) for 24 h. Data are
presented as mean + S.D. (n = 3). Tukey's tests were performed.

~
o
y
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Fig. 5 Correlation between the present method and the DTNB
method. Total GSH concentration in the same sample was quantified
by the present method (x-axis) and the DTNB method (y-axis). Pear-
son's correlation analysis was performed.

were similar to those of cyanide; the absorption and fluores-
cence emission spectra were not obtained in the absence of
either or both reagents (Fig. S2 and S3+t). These results suggest
that the derivatization procedure of GSH and GSSG is similar to

This journal is © The Royal Society of Chemistry 2023

believed to originate in contaminants from glycine or its
derivatives, such as cysteinylglycine, in the GSH and GSSG
reagents.

Evaluation of LOD, LOQ, and linearity

The coefficients of determination of the calibration curves for
the quantification of GSH and GSSG were higher than 0.999 in
the range of 0.05-50 pM for GSH and 0.05-10 pM for GSSG,
indicating good linearity (Tables 1 and S11). LOD and LOQ
values were calculated using the calibration curves to be
6.04 nM and 18.3 nM for GSH, respectively, and 9.84 nM and
29.8 nM for GSSG, respectively (Table 1). The LOQ values of the
present method were superior to those of previously reported
LC-MS methods (Table S27). The precisions and accuracies were
0.44-3.69% and 80.6-104.8%, respectively (Table S37). These
results validate the usefulness of our method for determining
GSH and GSSG levels.

Application to cell samples

Typical chromatograms of PC12 cell samples are shown in
Fig. 3. GSH and GSSG were separately eluted at the retention
times of 7.7 min and 9.7 min, respectively. Although a large
fluorescence peak possibly due to glycine appeared at 5.6 min, it
did not seem to affect the GSH elution, as the resolution
between this peak and the GSH peak was 2.7. The precisions
were 2.39-10.9%, and the accuracies were 84.8-96.5% (Table 2).
We determined GSH and GSSG levels and calculated GSH/GSSG
ratios in PC12 cells exposed to paraquat. As expected, a dose-
dependent decrease in GSH/GSSG ratio was observed (Fig. 4).
These results suggest that the method developed in the present
study is applicable to biological samples such as cultured cells,

Anal. Methods, 2023, 15, 3426-3431 | 3429
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Fig. 6 Detection of serine (Ser), threonine (Thr), and tyrosine (Tyr) using the present method. (A) 5 uM Ser, (B) 5 uM Thr, and (C) 5 uM Tyr.

and can be used to evaluate the effect of oxidative stress on
intracellular GSH and GSSG concentrations. In terms of accu-
racy, the present method is comparable to the most conven-
tional GSH determination method using DTNB (Fig. 5).
Pearson's correlation analysis revealed a high correlation
between the two methods, with a correlation coefficient of
0.9970 and a p-value less than 0.0001. The slope of the regres-
sion curve was almost equal to 1, suggesting that values ob-
tained using the present method correlated well with those
obtained by the DTNB method. The DTNB method cannot be
used to directly determine GSSG concentration, i.e., GSSG must
be reduced with glutathione reductase first, and the concen-
tration obtained as the total GSH concentration. In other words,
the measurement must be repeated twice for GSH and GSH plus
GSSG. In contrast, our method allows for the simultaneous
determination of GSH and GSSG levels in one HPLC run, which
is a great advantage over the conventional method.

Other detectable compounds

We performed the Konig reaction with other proteinous amino
acids and found that in addition to glycine and glutathiones,
serine, threonine, and tyrosine can also be detected by the
present method (Fig. 6). Serine and threonine were eluted at
almost the same retention time as glycine. The first large peak at
around 5.6 min in Fig. 3 may thus be attributed to not only
glycine but also serine and threonine. The detailed mechanisms
of the formation of the fluorescent compound with these amino
acids are still unclear, and the reaction conditions have yet to be
optimized. Nevertheless, our method based on the Konig reac-
tion is applicable to the analysis of serine, threonine, and
tyrosine, with adequate separation and detection conditions.

Conclusions

We have developed a method for the simultaneous determina-
tion of GSH and GSSG levels using the Konig reaction. This is
the first application of the Konig reaction to the quantification
of compounds other than cyanide and its derivatives. The
fluorescence detection method enabled the high-sensitivity
quantification of glutathiones, especially GSSG whose intracel-
lular levels are low. The developed method is expected to
contribute to the elucidation of the relationship between
oxidative stress and biological systems.
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