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Abstract

We describe a new, fast (6 min) and reliable method to measure reduced or oxidized glutathione (GSH) or (GSSG) in whole blood. The
method is based on a LC/MS measurement in positive electrospray ionization mode after a chromatographic separation on a specific column
which does not need any counter-ion in the mobile phase, improving the sensitivity of detectiopl $abfple of whole blood is sufficient
for analysis. We demonstrate that the lack of an alkylating agent during the sample preparation brings out an underestimation of GSH and an
artefactual production of GSSG, corresponding to 2—3% of GSH. The simultaneousNisthgf-maleimide and a strong deproteinising acid
prevents these two drawbacks. This efficient and new method of preparation and analysis lets us show that, unexpectedly, GSH is stable in whole
blood for some hours and that deproteinised samples can be stored without GSH loss for at least threex28aks-#0°C. The reference
interval, measured on 22 volunteers, on blood samples collected either with heparin or with EDTA, is 1830M for GSH and 0.62.M
for GSSG. The within-run precision of this method, wjtglutamyl-glutamic acid as an internal standard, evaluated in three successive series
(n = 30), lies between 2.1 and 4.8% for a GSH level at 580 or 1MN80The one step sample preparation we propose seems well suited for
GSH routine measurements in hospital laboratories and avoids any underestimation of GSH, a now well accepted biomarker of oxidative stress.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction thermore, recent data suggested that, in fact, GSSG could
be only a sample preparation artif§2t4,16]

Interest in methods for measuring reduced and oxidized |n this study, we described a simple, rapid, reliable and
glutathione, two interconvertible forms=ig. 1) has been  specific method for the determination of GSH in whole
heightened by awareness of the key role of these com-plood based on an HPLC-ESI-MS technique which com-
pounds in protective mechanisms against oxidative stress.hined both the specificity and selectivity of chromatographic
The majority of assays involved the separation of these separation and mass spectrometric detection. The interest in
compounds or their derivatives from a complex biolog- measuring GSH in whole blood was that the sample prepara-
ical matrix by HPLC followed by UV absorption, fluo-  tion was easy and quick in comparison with the preparation
rescent or electrochemical detectifi+-4]. Some authors  of washed red blood cells (RBC), the standard procedure.
have reported the quantification of GSH by spectrometry Furthermore, this quick one-step sample preparation avoided
derivative[5], of GSSG by bioluminescend6] and, more  artifactual GSSG production and was well suited for hospi-
recently, by capillary zone electrophoregig or liquid tal laboratories because samples could be processed easily,

chromatography—electrospray ionisation-mass spectrometry24 h a day, before storage for further analysis.
(LC/ESI/MS) [8,9]. Many factors can explain the varying

values obtained for blood GSH and GSSG: preanalytical

processing, sample preparation conditions with, for exam- 2 Materials and methods
ple, the type of acid used and the presence or not of an

alkylating agent, and the analytical meth¢dgl0-15] Fur- 2.1. Chemicals and reagents

* Corresponding author. Tel:33-472-110623; faxs-33-472-110675. GSH, GSSGyy glutamyl-glutamic acid+ glu—glu) and
E-mail address: jean-paul.steghens@chu-lyon.fr (J.-P. Steghens). EDTA were obtained from Sigma (St. Louis, MO, USA),
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Fig. 1. The structure of the two interconvertible forms of glutathione: the
thiol-reduced (GSH) and the disulfide-oxidized (GSSG) forms. In the two
forms, the peptide bond linking the amino-terminal glutamate and the
cysteine residue is through thecarboxyl group of glutamate and makes
it resistant to current proteases.

ammonium acetate (molecular biology grade) from Cal-
biochem (San Diego, CA, USA), sulfo salicylic acid (SSA)
dihydrate andN-ethylmaleimid (NEM) from Aldrich. All
other chemicals and solvents were of analytical grade. Aque-
ous solutions were made with pure water.

2.2. Preparation of calibration standards and reagents

GSH and GSSG calibrator solutions were prepared as
follows: GSH (20mM) in 8.5mM acetic acid and GSSG
(2 mM) in water. Both were stored at80°C. Working stan-
dard solutions of GSH (250, 500, 1000 and 20M0) and
GSSG (6.25, 12.5, 25, 50 and 1,0M) were prepared daily
by diluting the calibrator solutions with aJklPO, buffer,
500 mM adjusted at pH 8.9 with NaOH.

The precipitating solution was made by mixing 3d0f
a solution A containing NEM, EDTA ang glu—glu (in wa-
ter/methanol, 85/15 (v/v)) with 501 of SSA; the final con-
centrations in the precipitating solution were 20 mM, 2 mM,
250uM and 2% (w/v) for NEM, EDTA;y glu—glu and SSA,
respectively. The solution A was aliquoted and stored at
—20°C for 2 months.

OH
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2.3. Sample collection

Blood was collected on an anticoagulant, heparin or
EDTA. Reference intervals were determined from 22
healthy volunteers from our laboratory (14 women, 8 men,
aged 21-51 years) who had given their informed consent.

2.4, HPLC-MSanalysis

Analytical HPLC-MS separations were performed with
a Thermo Finnigan liquid chromatograph (pump P 4000,
thermostated autoinjector AS 3000 and a Navigator Aqua
mass spectrometer detector (equipped with a diverting valve
between the column and the detector) on a 150xi2mm
Stability BSC 17 (um particle size) column (Cluzeau
Info Labo, Sainte Foy la Grande, 33220 France). The flow
rate was 0.2 ml/min with the cartridge kept at“45in a
column oven. The Stability BSC 17 stationary phase was a
new patented silica-based mixed mode (anionic and reverse
phase) supportHig. 2) which enabled ionic species like
GSH and GSSG to be separated without any counter-ion in
the mobile phase.

The mobile phase was ammonium acetate 7.5mM (fi-
nal concentration) adjusted to pH 2.4 with acetic acid, and
50% (v/v) of methanol. The wash phase was 1000 mM am-
monium acetate in water/methanol/acetonitrile (20/40/40,
v/viv). The standards and samples were kept aClL the
autosampler, and the injection volume wagl5Detection
was carried out with a single quadrupole mass spectrome-
ter in ESH-. The probe was set at 228 and 2.5kV with
an entrance cone voltage at 15V for GSHglu—glu and
GSNEM and 30V for GSSG. These parameters were de-
fined by infusion then checked by LC/MS. Chromatograms
were recorded in single ion monitoring mod¥ ¢ H)*™ at
m/z = 277.3 (y glu—glu), 308.3 (GSH), 433.7 (GSNEM)
and 614.1 (GSSG) for 6 min and integrated with Xcalibur
software (version 2.51).

3. Results
3.1. LC/MS separation

Optimisation of the LC/MS conditions was obtained in
two steps: first, optimisation of the mobile phase by defin-
ing the right equilibrium between the pH and the ionic con-
tent of the phaseT@ble 1 (bearing in mind that infusion
experiments had shown that a pH at around 2.5 was the
most sensitive for MS detection) and, second, increase in the

CHj,

: | |
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Fig. 2. Diagram depicting the silica-based mixed mode anion exchanger of the BSC 17 stationary phase.
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Table 1
Influence of the composition of the mobile phase on the retention times (RT) of the reduced glutathione (GSNEM), the internal gtghdayid)(and
the oxidized glutathione (GSSG) on a BSC17 column

Mobile phase RT (min)
GSNEM v glu—glu GSSG

pH®D 2.9, NH4@ = 10mM, M® = 50% 35 3.8 6.9
pH® 2.8, NH,® =5mM, M® = 50% 45 5.7 11.5
pH® 2.6, Nt4@ =5mM, M® =50% 3.3 3.7 5.7
pH® 2.6, NH4@ =5mM, M® = 45% 3.2 né 5.2
pHD 2.6, Nt4@ =5mM, M® = 40% 3.2 né 5.0
pH® 2.6, NH;@ =2.5mM, M® = 50% 3.8 43 6.4

(1): the pH is adjusted with pure acetic acid; (2): NHinal ammonium acetate concentration; (3): M, methanol content (v/v); (4): nd, not determined.

methanol content to improve volatility without disturbing GSSG= 1.25uM, not far from the limit of detection. All

the chromatographic resolution. In the conditions described the S/N ratio were calculated with a smoothing filter at 3.
above, GSNEM;y glu—glu and GSSG were eluted at 2.9,

3.4 and 4.4 min, respectivel¥ig. 3). On the lowest calibra-  3.2. Choice of conditions for sample preparation

tion point, the mean signal-to-noise ratio, on two successive

measurements, was 280 for GSH (250 picomoles injected) Preliminary tests on remaining blood samples (af-
and 80 for GSSG (6.25 pmol injected). It decreased to 12 atter assessing acid—base status), deproteinised either with
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Fig. 3. A typical LC/MS chromatogram, recorded in the SIM mode, of the lowest calibration point showing: in A, the upper trace, the GSNEM peak
detected at m/= 4337 and retention time 2.9 min and, in the inset, the corresponding calibration curve (with each calibration point injected in duplicate,
even if the symbols are not visible), in the middle trace (B), the internal standagluglu) at a retention time of 3.4 min amd/z = 277.3, in C (the

lower trace), the chromatogram of GSSG at a-R%.4min andm/z = 614.1, with its calibration curve in the inset (each calibration point in duplicate).
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Fig. 4. An example of the correlation between GSH and artefactual GSSG contents measured in 16 blood samples, deproteinised with MPA 5% and ir
the absence of NEM.

metaphosphoric acid (MPA, 5%) or with MPA NEM, mean GSSG content measured in the spiked samples was
showed that the mean value £ 30 in six series) for GSH  6.81+ 0.55uM. The mean value of GSSG detected in na-
was 1219uM with NEM and 761uM without NEM. In- tive samples was.04 4+ 0.22 .M, a value not far from the
terestingly, GSSG was barely detectable in the presence oflimit of detection of the system, as the mean S/N ratio at
NEM whereas its mean value was 281 without NEM. m/z = 6141 was between 5 and 6 for the 20 samples.
Moreover, in the absence of NEM, GSSG was correlated
with the GSH content (16 samples in two seridsy( 4), as 3.3. Comparison of GSH and GSSG measured in whole
described previously by many authors who did not use any plood and RBC
alkylating agent for sample preparatif®4,14,17] These
results strongly suggested that a portion of the thiols was  The optimised LC/MS method was applied to 20 samples,
oxidized during deproteinisation, and MPA alone was not gjther as RBC or as whole blood.
sufficient to prevent GSH oxidation. This was confirmed by  RBC were washed three times in saline before hemolysis
another experiment: the recovery of GSH added to blood in pure water, and the hemoglobin (Hb) concentration was
samples treated with MPA and heated 1 min at ¥DQto measured with a hemocytometer. Thenu$0f each hemo-
inactivate enzymes involved in GSH metabolism) was lower |ysed preparation was used as sample instead of whole blood,
than expected. Thus, even heating in an acid medium wasas described above, for GSH and GSSG measurement.
not able to hinder GSH oxidation. In whole blood, mean GSSG was 0.Qill/g Hb,

In a second phase, as MPA needed to be prepared dailjvhereas in RBC it was 0.8W/g Hb.
and as it has been shown that the protein content of samples
deproteinised with MPA was higher than with other acids 34 \wthin-run imprecision and recovery
[11], we tried to change it for SSA (1 or 2% final concentra-
tion). We compared GSH and GSSG values in six series of  g|504 samples/( = 3) were prepared, diluted and in-

blood samples treated with each acid. Values for GSH andjgcted 10 times, in three different series. The within-run CV
GSSG were highly correlated (data not shown, linear regres-,. aach series was between 2.1 and 4.8%.

. _ 2 _ X i
sion y (SSA) = 1.0484x (MPA) —38173,r° = 0.96). _ To evaluate the recovery, aliquots of blood were spiked
On account of these data, the sample preparation, now inith known amounts of GSH or GSSG and measured along
use, was obtained by adding gDof blood to 200u of pre- with the spiking amount as described above. Results were

cipi_tatir_wg solution. 'I_'he sample was vortex-mixed for_15 S, given inTable 2

derivatised for 30 min at room temperature and centrifuged

(14,000x g, 3min). The supernatant was diluted 5-fold in

water before injection. The calibrator solutions were treated Table 2

under the same conditions but with a derivatisation time ex- Recovery of added GSH and GSSG to blood samplésnumber of
tended to 60 min. as their reaction rate was slower than tha,[samples, S.D., standard deviation of the mean amount recovered
of blood samples. It was easy to check the time necessary foN ~ Expected (M) Recovered (M) Recovery (%) S.D.¢M)
full conversion of GSH into GSNEM in standards or sam- GsH addition

ples by recording the decrease in the GSH peak /at = 7 316 324 102 67
3083 at regular time intervals. 7 391 417 106 89
10 283 288 101 33

In order to confirm the dramatic efficiency of NEM com-
bined with an acid to prevent any GSH oxidation in whole GSSG addition
blood, two series of 10 samples were spiked with G.R5 16 49 47 96 0.7
of GSSG, derivatised and diluted as described above. The o 80 103 35
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Fig. 5. An example of the stability of the GSH content in seven whole blood samples, kept at room temperature and under agitation for 150 min (every
30min an aliquot is drawn and processed as described in the text).

The mean recovery was 103% for GSH and 100% for  Therefore, in our conditions, such caution seemed unnec-
GSSG but the standard deviation of the recovered amountessary and a simpler procedure was sufficient to fulfil correct
of GSH was higher than that of GSSG. As the amount conditions for GSH measurement.
of GSSG added was much lower than that of GSH, the
variability induced by GSH spiking was not due to ana- 3.6. GSH stability in deproteinised samples stored at —20
lytical imprecision but seemed more likely to be related or —80 °C
to thiol exchange between GSH and proteins in the sam-
ple. This exchange explained why a high NEM (>20 mM, Blood samples from 22 healthy volunteers were col-
data not shown) content was necessary during the sampldected into two Vacutainér tubes containing either hep-

preparation. arin or EDTA as anticoagulant. They were deproteinised
as already described and stored -a20 or —80°C for
3.5. GSH stahility in whole blood before processing 1 month.

An aliquot was periodically removed to determine the
GSH was assayed on seven blood samples from healthyGSH concentration.
volunteers, processed immediately after drawing or kept The stability was similar at-20 and—80°C, whatever
at room temperature, under agitation, and reprocessedthe anticoagulant used, and samples could be stored for at
at time-intervals of 30min for 2h. GSH concentrations least four weeks without significant lossig. 6).
were stable Kig. 5) for at least 2h. This contrasted with
former data which have shown decreased concentrations3.7. Reference intervals
of GSH within minutes of collectior{12,17-19] which
could be prevented either by blood collection with reduc-  These were measured on 22 samples from healthy volun-
ing agents and/or by transporting samples from the ward teers from the laboratory staff (womem,= 14 and men,
on ice. n = 8) with a mean age of 35 (21-51 years).
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Fig. 6. GSH stability in multiple aliquots of 22 samples processed and store®GitC for 1 month (follow-up of the highest samplel}, the mean
content of the 22 samplesh(, and of the lowest sampleX)).
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The mean value was 13#118uM, in agreement with we could not quantify but only detect GSSG onH0of
recent datg14,20,21]but higher than many other authors whole blood, even under our LC/MS conditions. However,

[3,10,22] GSSG was easily quantified when it was actually present,
for example, in hepatic microsomes (data to be published
elsewhere).

4. Discussion and conclusion Regarding GSSG, its contenfull/g Hb) was around

seven-fold higher in RBC than in whole blood; as the Hb

The new method we describe is fast, easy to handle andcontent was around 60 g/l for hemolysates instead of 100 g/l
benefits from the advantages of a highly specific detec- for whole blood, the GSSG amount was around 15-fold
tion method. To obtain the best results, care must be takenhigher in hemolysates than in whole blood. That is why
first to obtain a whole resolution between GSNEM and this higher GSSG in RBC seems to be due to the washing
the internal standard to ensure a correct quantification of steps.
the 1S. Secondly, after each series of samples, the column The reference interval was similar with blood collected
must be washed for some hours (more easily, overnight)on heparin or EDTA and the stability was not differ-
at room temperature with the wash phase at a flow rate ofent when the derivatised samples were stored-20 or
50l/min. Under these conditions, more than 2500 samples —80°C.
can be analyzed on the same column and, as the chromato- As LC/MS is not yet current equipment in many hospital
graphic separation is fast and reproducible, it is easy to mul- laboratories, it could be interesting to change NEM for a
tiply tests to find out the right conditions for the sample fluorescent equivalent and to ensure the transferability of
preparation. our method with fluorescent detection although, of course,

In the absence of an alkylating agent, we were able to re- for GSH alone.
produce the results often described previously, i.e. a mean
GSH content in whole blood of around 100M with an
oxidized GSSG corresponding to 2-3% of the GSH con- Acknowledgements
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