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Abstract

We developed a sensitive and specific liquid chromatography–electrospray mass spectrometric (HPLC–ESI-MS) assay for
the simultaneous determination of reduced and oxidized glutathione (GSH and GSSG) in peripheral blood mononuclear cells
(PBMC). Following derivatization with N-ethylmaleimide to prevent GSH auto-oxidation, addition of thiosalicylic acid as
internal standard, and protein precipitation with cold acetonitrile, the samples were injected into a diol column, eluted with
acetonitrile–1% aqueous acetic acid (25:75) and detected by the ESI-MS system. The optimized method exhibited a good
detection limit for both analytes (0.01 and 0.05 mM for GSH and GSSG, respectively). Good linearity was reached in the
0.01–20 mM range for GSH and 0.05–20 mM for GSSG. The mean recoveries of GSH and GSSG were 98.5–100.6% and
105.8–111.5%, respectively. The run-to-run repeatability for retention time and peak area was RSD% 0.06 and 1.75 for GSH
and 0.18 and 2.50 for GSSG. The optimized method was applied to GSH and GSSG assay in PBMC analyzing 20 healthy
individuals.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction involved in the free radical scavenging system
contributing to endogenous defences against oxida-

The tripeptide L-g-glutamyl-L-cysteinyl-glycine, tive and nitrosative stress [3–5]. GSH, as a substrate
reduced glutathione or GSH, is the major low-molec- of glutathione-peroxidases (GSH-Px) of various
ular-mass thiol compound present in mammalian natures, removes oxidizing species, producing gluta-
cells [1,2]. It is a fundamental intracellular reductant thione disulfide (GSSG) [6]. The crucial role of GSH

in the removal of peroxides relies on the lack of the
toxicity associated with cysteine, making the com-
pound a suitable cellular thiol reservoir [7]. Several
papers have dealt with the close connection between*Corresponding author. Tel.: 139-658-543-721; fax: 139-658-
the thiol redox state and cell proliferation demon-543-740.

E-mail address: picardo@ifo.it (E. Camera). strating that GSH is involved in DNA and protein
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synthesis, aminoacid transport, several signal trans- GSH and GSSG is also needed because the amount
duction pathways (some transcription factors may be of GSH may decrease and that of GSSG may
either oxidized or reduced, according to the redox increase in response to oxidative stress. The mutual
status of cells), gene expression and the control of variations of GSH and GSSG concentrations are
apoptosis [8–12]. Physiologically, the intracellular expressed by the GSSG/GSH ratio, considered to be
glutathione is present in the reduced state in most one of the markers of oxidative stress [24].
tissues, accounting for more than 99% of the total Analytical methods used so far for the analysis of
amount. GSH, maintained in its reduced form by a GSH and GSSG, in different biological matrices,
NADH-dependent reductase, is actually the central include high-performance liquid chromatography
component of a network of antioxidants and related (HPLC) coupled with post-column derivatization and
enzymes participating in the recovery of other anti- spectrofluorimetric detection [25,26], fluorimetric
oxidant activities [13,14]. Therefore, its determi- [27–30], ultraviolet absorbance [31,32], and electro-
nation provides useful information regarding the chemical detection modes [33]. Recently, oxidation
redox and detoxification status of cells [10]. Various and reduction of GSH and GSSG have been studied
oxidative injuries may affect the intracellular con- by thermospray liquid chromatography–mass spec-
centration of GSH and several studies have demon- trometry, exposing the compounds to hydrogen
strated a depletion of the reduced form during the peroxide and mercaptoethanol [34]. ESI-MS tech-
inflammatory process or after exposure to pro-oxid- nique is also helpful for the analysis of low-molecu-
ants such as UV radiation [15,16]. Moreover, an lar-mass, including GSH, and their S-nitroso com-
impairment in the recycling of GSH renders cells pounds [35]. Moreover, dansylated GSH and GSSG
particularly sensitive to ionizing radiation [17,18]. In have been characterized by narrow bore liquid
particular, UV irradiation of biological systems chromatography/ESI-MS [36]. Gas chromatography
induces several modifications, mostly due to the coupled with mass spectrometry (GC–MS) methods
generation of reactive oxygen species (ROS), and have also been proposed for the determination of
causes the depletion of intracellular antioxidants, GSH from biological samples and they rely on the
GSH being one of the first targets. Exposure to UV, preparation of volatile derivatives of the thiol-
however, is one of the therapeutic approaches to the containing compounds [37]. More recently, among
treatment of immune-related skin diseases (e.g. the separative techniques, capillary electrophoretic
psoriasis) and correlation between the generation of (CE) techniques have been reported for the simulta-
oxidative stress and improvement of clinical mani- neous determination of GSH and GSSG from differ-
festations has been suggested [19]. ent cell types and from sub-cellular particles [38–

Imbalance in the redox system has been associated 41]. Finally, GSH can be determined, without sepa-
with the impairment of cellular immune functions ration, by spectrophotometric techniques [42]. These
and cytokine production and the intracellular level of methods often suffer from poor sensitivity and
reduced glutathione has been reported as relevant in selectivity and may require time-consuming sample
the initiation and progression of some lymphoid cells pre-treatments such as derivatization with fluorescent
function, such as synthetic activity, proliferative reagents. Furthermore, most of the methods cannot
capacity, and modality of cell death [20–23]. There- detect GSSG, which is thus indirectly quantified by
fore, the development of a sensitive and selective means of the GSH-reductase enzyme or reducing
method for the simultaneous assaying of reduced and agents.
oxidized glutathione in immune-competent cells is In this study, we defined a method for the de-
extremely useful, especially in monitoring several termination of both GSH and GSSG levels in human
auto-immune diseases or immune-targeted therapies. lymphocytes based on a HPLC–ESI-MS technique
Contrarily to that for GSH, GSSG determination is that couples both the high selectivity of the chro-
difficult because of its very low concentration and matographic separation system and the high sen-
ease of spontaneous oxidation of GSH to GSSG in sitivity and specificity of the mass spectrometric
biological extracts. Simultaneous determination of detector.
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2. Experimental deprived from plasma and washed twice with cold
NaCl isotonic solution. Cell suspensions were

2.1. Chemicals and reagents depleted of platelets and contaminating erythrocytes
by treatment with an isotonic solution of NH Cl. The4

L-Glutathione (GSH, reduced form, N-(N-L-g- selected PBMC were lysed in cold aqueous solution
glutamyl-L-cysteinyl)glycine, F.W. 307.33), gluta- of N-ethylmaleimide (NEM 10 mM) and kept on ice
thione disulfide (GSSG, oxidized form, L-g- for 20 min. After centrifugation, the supernatant was
glutamyl-L-cysteinyl-glycine disulfide, F.W. 612.6), tested for protein content by Bradford assay and 200
N-ethylmaleimide (NEM, F.W. 125.1), thiosalicylic ml of the remaining cell lysate were added of 100 ml
acid (TSA, F.W. 154.2), ammonium chloride and of TSA 200 mM. The mixture was kept on ice for
Bradford reagent were purchased from Sigma other 20 min to allow the derivatization of TSA.
(St. Louis, MO, USA); acetic acid and acetonitrile Two hundred and fifty (250) ml of cold CH CN were3

HPLC-grade from Merck (Darmstadt, Germany), added to precipitate the proteins, and the final
water HPLC-grade from Carlo Erba (Milano, Italy), volume of 1000 ml was reached adding ultrapure
sterile solution of sodium chloride 0.9% from water. After centrifugation at 10 000 g for 5 min, the
Pharmacia (Milano, Italy). Lithium ethylenedi- supernatant was injected into the HPLC–MS system.
aminotetracetate was already contained in the ready-
to-use tubes for venous blood collection (Becton 2.3. Instrumentation
Dickinson Vacutainer systems Europe, Meylan-
cedex, France). The lymphocyte isolation solution 2.3.1. LC–MS apparatus
Ficoll-PaqueE Research Grade was purchased from The analyses were performed with a Hewlett-
Amersham Pharmacia Biotec. AB (Uppsala, Packard (Palo Alto, CA, USA) HPLC–Electrospray
Sweden). MS system. The series 1100 HPLC system consisted

of a G1322A series degasser, a G1311A series
2.2. Standard solutions and sample preparation quaternary pump and a G1313A series autosampler.

The electrospray interface was connected to a single
2.2.1. Standard solutions quadrupole G1946A series mass spectrometer. The

A 30.73 mg sample of GSH and 61.26 mg of HPLC–MS system was controlled, and data were
GSSG were dissolved in 10 ml of 0.2% (w/v) acetic processed, using a chemstation software Hewlett-
acid in ultrapure water in order to prepare 10 mM Packard for the HPLC system, electrospray interface
stock solutions. TSA stock solution was obtained and mass spectrometer. HPLC vials, 100 ml glass
dissolving 15.42 mg of the powder in a mixture inserts and PTFE screw caps were obtained from
solution of ultrapure acetonitrile–2% acetic acid Hewlett-Packard.
(9:1). The analytical column used for LC separations

Standard GSH, GSSG and TSA were prepared (25032 mm) was packed with a Nucleosil 100-7 OH
weekly diluting stock solutions at the desired con- stationary phase with a particle size of 7 mm (column
centrations with 0.2% acetic acid solution. NEM n. 8065552, Macherey-Nagel GmbH & Co. KG,

¨stock solution was made dissolving 250 mg of Duren, Germany).
powder in 100 ml ultrapure water. Diluted solutions
were stored in aliquots at 2208. 2.3.2. LC–MS experimental conditions

In order to optimize the MS signal, ESI-MS
2.2.2. Cell preparation and extraction spectra were achieved by flow injection analysis

For the development and validation of the assay, (FIA) of 10 mM solutions of GSH, GSSG, and TSA.
blood was drawn from 20 healthy volunteers. Ten ml of standard solutions were injected auto-
Peripheral blood mononuclear cells were obtained matically and driven by a 500 ml /min flow-rate of
through Ficoll gradient separation of 5 ml whole the mobile phase (acetonitrile–1% acetic acid solu-
blood, collected in Li EDTA containing vacutainers, tion (25:75). The following electrospray parameters2
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were kept constantly during the analysis: drying gas,
N (Nitrogen), flow 12 l /min, drying gas tempera-2

ture 3508C, nebulizer pressure 40 p.s.i.g. Whereas the
capillary and the fragmentor voltages were 14500
and 170 V, respectively, in positive polarity mode
and 24500 and 270 V, respectively, in negative
polarity mode. The quadrupole temperature was
1008C.

Chromatographic experiments (LC–ESI-MS) were
carried out using a mobile phase composed of
acetonitrile–1% acetic acid solution (25:75). The
flow-rate was 500 ml /min and the total run time was
20 min. Ten ml of samples were injected into the
HPLC column and eluted in the isocratic mode.

3. Results and discussion

3.1. Mass spectrometric analysis optimization

For the LC–ESI-MS analysis of GSH and GSSG
(without derivatization) we selected a diol stationary
phase and, as mobile phase, a mixture of
acetonitrile–1% acetic acid (25:75). The chromato-
graphic conditions used allowed us to achieve the
separation of both analytes in less than 15 min.

Fig. 1. Electrospray-positive ion spectra (mass /charge range m /
Under these operating conditions the two compounds z5100–650), generated by flow injection analysis (FIA) of 10
were positively charged due to their chemico- mM GSH (A) and GSSG (B). In A and B are reported the

structures of GSH and GSSG, respectively. For experimentalphysical properties. In fact, GSH and GSSG belong
conditions see text.to the oligopeptide family, with both basic and acidic

sites that may undergo protonation or deprotonation,
respectively, depending on the actual pH of the
environment. In a HPLC–ESI-MS system, the selec- showed a base peak at m /z 308.1 corresponding to

1 1tion of the mobile phase composition is of paramount [M1H] , a parent peak at m /z 330.0 to [M1Na] ,
importance because it must offer an acceptable and additional peaks at m /z 179.1 and m /z 233.1 the
compromise between good chromatographic elution latter consistent with the loss of the glycine moiety.
and separation, analytes ionization and efficient GSSG exhibited a base peak at m /z 129.9 and the
desolvatation of charged species in the MS detector. parent peaks at m /z 307.2 and at m /z 613.2 corre-

21 1In order to verify the usefulness of the chosen mobile sponding to [M12H] and to [M1H] respective-
phase for an optimal ESI-MS response, 10 ml of 10 ly. Fig. 2 shows the ESI–Mass spectra of (A) GSH
mM GSH and GSSG were injected separately onto and (B) GSSG in the negative ion mode by FIA
the MS detector using either negative or positive analysis. Under these conditions, GSH formed the
detection modes. This technique is well known as negatively charged species with m /z 306.1, resulting

1flow injection analysis (FIA). from the loss of H , and m /z 328.2 corresponding to
2Fig. 1 displays the ESI-mass spectra of (A) GSH [MNa22H] . In acidic conditions, GSSG showed a

and (B) GSSG in the positive ion mode by using slight propensity to lose proton(s), since its abun-
FIA analysis. dance, obtained by negative detection mode, was

As can be observed from the ion tracks, GSH much lower than the positive polarity, however, it
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conditions, the positive ionization mode, and the
extraction and derivatization procedures.
Thiosalycilic acid proved to be the best as internal
standard under the conditions used, and as GSH it
possesses an -SH group prone to derivatization by
NEM, forming the TSA-NEM adduct. Fig. 3A shows
the chromatogram of the separation of a mixture of
GSH, TSA NEM derivatives, and GSSG using the
ESI-MS detector in the positive ion mode. As can be
observed in Fig. 3B, a base peak at m /z 433.2

1([M1H] ), and a minor peak with m /z 455.4
1corresponding to [M1Na] document the adduct

formation of GSH with NEM. The TSA-NEM
adduct spectrum consisted of a base peak at m /z
261.9 and a peak at m /z 302.8, the first consistent

1with [MH2(H O)] , and the second with2
1[M1Na] (see Fig. 3C). The mass spectrum of the

peak at 14.42 min (GSSG) was the same as shown in
Fig. 1B. The experimental conditions used permitted
the separation of the two analytes and the internal
standard within a reasonable time without interfer-
ence with the derivatizing agent (NEM excess, 1.67
min).

Experiments performed in the negative ion MS
detection mode were not satisfactory due to the very
low GSSG signal. Therefore the positive ionFig. 2. Electrospray-negative ion spectra (mass /charge range m /
detection mode was selected for further studies.z5100–650) generated by flow injection analysis (FIA) of 10 mM

(A) GSH, and (B) GSSG. For chemical structures of GSH and The kinetic of derivatization of GSH and TSA
GSSG refer to Fig. 1A and B, respectively. For experimental with NEM was followed by FIA of freshly prepared
conditions see text. reaction mixture, detecting the disappearance of the

1free compound (m /z 308.1, [GSH1H] , free TSA is
not positively chargeable at the operating conditions)

was still possible to identify two peaks, the base at and an increase in the peak derivatives (m /z 433.2
1m /z 305.1 and a secondary one at m /z 611.1, and 261.9, [GSH-NEM1H] and [TSA-NEM1H-

22 2 1corresponding to [M22H] and [M2H] , respec- (H O)] , respectively). In the presence of a large2

tively. Thus, comparing the results reported in Figs. excess of NEM (NEM/GSH molar ratio 100/1),
1 and 2, we can remark that the best response of the after only 20 min the reaction was complete since the
two analytes is given in the positive polarity. m /z 308.1 ion was no longer detected. The TSA-

However, in order to avoid using strong acidic NEM adduct, was also formed within 20 min. As a
solutions, to prevent the autoxidation of GSH in the consequence, the GSH and TSA -SH group protec-
sample pretreatment, condition that can generate tion realized by NEM derivatization satisfied two
ionization difficult to control, we investigated the requirements: autoxidation prevention for both com-
possibility of protecting the thiol group of the pounds, and the possibility of detecting TSA in the
compound studied. In this regard, we considered positive mode due to the addition of a basic group to
N-ethylmaleimide (NEM) as derivatizing agent, that the molecule. Therefore, TSA-NEM can be consid-
selectively reacts with the -SH group, as indicated in ered a suitable internal standard for the quantitative
the literature [24]. Moreover, several attempts were analysis of GSH-NEM and GSSG using the HPLC–
made to find an internal standard suitable for LC ESI-MS system described above.



74 E. Camera et al. / J. Chromatogr. B 757 (2001) 69 –78

Fig. 3. (A) LC–ESI-MS analysis of a 20 mM solution of GSH-NEM (3.54 min), TSA-NEM (5.94 min) and GSSG (14.42 min) with the
positive ion mode mass spectrum of GSH-NEM (B) and TSA-NEM (C) (the positive ion mode mass spectrum of GSSG was the same
reported in Fig. 1 B). In B and C are reported the structures of GSH-NEM and TSA-NEM derivatives, respectively. Experimental
conditions: stationary phase, Nucleosil 100-7 diol (25032 mm); mobile phase, acetonitrile–1% acetic acid solution (25:75) in isocratic
elution, 500 ml /min flow-rate. The chromatogram was acquired in the scan mode in the mass /charge range 100–650. For other experimental
conditions see text.
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(LOD) was assessed at 0.01 mM for GSH-NEM and
at 0.05 mM for GSSG with a calculated signal-to-
noise ratio .3. While the limit of quantitation
(LOQ) was 0.05 mM and 0.2 mM for GSH-NEM and
GSSG, respectively (signal-to-noise ratio.10). Fig.
4 depicts calibration curves of the GSH-NEM deriva-
tive and GSSG achieved by analyzing mixtures
containing the two compounds and the internal
standard, I.S. (TSA-NEM) in the 0.01–20 mM and
0.05–20 mM concentration ranges for GSH-NEM
and GSSG, respectively (the TSA concentration was
20 mM). The calibration curves were linear in the
concentration ranges studied with correlation co-
efficients r.0.9999 for GSH-NEM and r.0.999 for
GSSG, as obtained plotting the peak areas ratioFig. 4. Calibration curves of GSH-NEM derivative and GSSG

achieved by analyzing mixtures containing the two analytes and (sample / I.S.) vs. analyte concentration. However, the
the internal standard (I.S., TSA-NEM 20 mM) by LC–ESI-MS. correlation coefficients were also satisfactory plotting
The separated LC zones were detected by selected ion(s) moni- peak areas vs. analyte concentrations.
toring mode (SIM) (m /z 433.2 and 455.1 for GSH-NEM, 261.9

Very good results were obtained for run-to-runand 301.8 for TSA-NEM and 307.2 and 613.0 for GSSG). For
repeatability of retention time, peak area and con-other experimental conditions see Fig. 3 and text. S.E.5Standard

Error. centration of GSH-NEM, TSA-NEM and GSSG.
The data shown in Table 1 were achieved by

3.2. Validation of the LC–ESI-MS method injecting a standard solution containing 10 mM of
GSH and GSSG and 20 mM of internal standard after

For validation of the LC–ESI-MS method we derivatization with NEM six times, in order to test
studied several experimental parameters such as limit the within-day variation of retention time, peak area
of detection (LOD), limit of quantitation (LOQ), and peak area ratios (sample / I.S.).
linearity, recovery, stability and repeatability. The Day-to-day variation of the method was assessed
separated LC zones were detected by selected ion(s) by analyzing two standard mixtures containing 5 and
monitoring mode (SIM) (m /z 433.2 and 455.4 for 10 mM of both GSH and GSSG and 20 mM of TSA in-
GSH-NEM, 261.9 and 302.8 for TSA-NEM and jected on different days (n56). Day-to-day accuracy
307.2 and 613.2 for GSSG). The limit of detection for the standard solution at the concentration of

Table 1
aRetention time, peak area and peak area ratio (sample / I.S.) repeatability in GSH and GSSG analysis

Injection GSH-NEM TSA-NEM GSSG
Number 7 7 7R.T. (min) P.A. (310 ) A /A R.T. (min) P.A. (310 ) R.T. (min) P.A. (310 ) A /AS I.S. S IS

1 3.60 3.27 0.98 5.93 3.34 14.42 1.09 0.33
2 3.60 3.35 0.98 5.93 3.42 14.44 1.12 0.33
3 3.60 3.42 0.98 5.93 3.49 14.49 1.04 0.30
4 3.60 3.29 0.98 5.93 3.36 14.43 1.11 0.33
5 3.60 3.32 0.97 5.93 3.42 14.44 1.09 0.32
6 3.60 3.27 0.97 5.94 3.36 14.42 1.11 0.33

Mean 3.60 3.32 0.98 5.93 3.36 14.44 1.09 0.32
Std. Dev. 0.00 0.06 0.00 0.00 0.06 0.03 0.03 0.01
RSD% 0.06 1.75 0.40 0.03 1.67 0.18 2.50 3.72

R.T.5retention time; P.A.5peak area; A /A 5peak area ratio (Sample / I.S.).S I.S.
a For experimental conditions see text.



76 E. Camera et al. / J. Chromatogr. B 757 (2001) 69 –78

Table 25 mM was found to be 102.2 and 104.1% for the
Levels of GSH and GSSG in lymphocytes from 20 healthyconcentration of GSH and GSSG, respectively,
individuals

whereas that for the standard solution at the con-
GSH GSSGcentration of 10 mM was found to be 99.6 and

a a100.3%, respectively. The precision of the day-to- mM nmol /mgP mM nmol /mgP

day analyses, expressed as RSD%, was calculated as 1 13.960.08 69.0 0.05660.004 0.28
1.6 and 2.1% for GSH and GSSG concentration, 2 7.2760.05 53.2 0.05260.002 0.38

3 7.9960.06 79.5 0.12860.009 1.27respectively, in the 5 mM standard solution, and 1.9
4 9.0260.08 92.8 0.21460.015 2.20and 2.9%, respectively, in the 10 mM standard
5 28.960.19 74.5 0.59860.029 1.54solution.
6 18.660.09 54.0 0.06160.004 0.18

The recovery of the method was verified analyzing 7 14.960.08 68.4 0.14260.009 0.65
lymphocyte lysate samples after the addition of three 8 4.7560.02 64.3 0.08960.006 1.21

9 12.560.08 97.9 0.21260.011 1.66known amounts of GSH and GSSG standard solu-
10 31.860.20 94.8 0.41860.019 1.24tions and subjected to the previously described
11 4.7560.03 26.1 0.05460.002 0.30derivatization procedure. The theoretical concentra-
12 22.460.15 91.8 0.32460.017 1.33

tions of the spiking GSH and GSSG standards were 13 12.960.09 98.8 0.22960.014 1.75
1, 5 and 10 mM. For each point of the recovery 14 7.0660.05 63.2 0.05860.004 0.52

15 9.3460.07 81.2 0.12760.007 1.10testing we analyzed three aliquots coming from
16 8.0860.05 91.2 0.11260.005 1.26different subjects. The mean recovery and the stan-
17 3.4560.03 39.9 0.05260.002 0.60dard deviations for the three spiking amounts of
18 13.660.10 93.9 0.13460.006 0.92

GSH were 99.3%64.9, 98.5%64.3, 100.6%63.8, 19 24.160.14 56.1 0.05460.003 0.13
respectively, and those for GSSG were 20 14.260.08 98.1 0.05360.002 0.37
105.8%610.1, 108.2%69.6 and 111.5%68.6, a Analytes concentration in supernatants prepared as described
respectively. in the experimental section. The values are reported as means of

three determinations6Std. Dev.

3.3. Assay of GSH and GSSG in peripheral blood
mononuclear cells

Fig. 5 shows the chromatogram of the GSH and
The optimized LC–ESI-MS method described GSSG assay in the PBMC sample from a healthy

above was applied to peripheral blood mononuclear volunteer treated as reported in the experimental
cells (PBMC) to monitor GSH and GSSG content. section.
Samples of 20 healthy volunteers were collected,
treated as described in the experimental section, and
analyzed, revealing the presence of both GSH and
GSSG. The average level found for GSH and GSSG
was 74.4621.2 nmol /mg of proteins and 0.960.6
nmol /mg of proteins respectively. Table 2 reports
the concentrations of GSH and GSSG in the super-
natants obtained as described in the sample prepara-
tion section, expressed as mM, and the concentration
of the same analytes in the cell lysates, corrected for
the protein content and expressed as nmol /mg
proteins. The amount of GSH measured in PBMC
was in accordance with values reported in the

Fig. 5. Reconstituted chromatogram of the assay of GSH-NEMliterature [22], whereas the detected levels of GSSG
and GSSG in biological sample (PBMC) obtained by LC–ESI-

in supernatants were comprised between the LOD MS. See Fig. 4 for the ions selected for the analysis of the LC.
and the LOQ assessed for this analyte, with the The conditions of the chromatographic separations are reported in
exception of sample 5. the text and in Fig. 3.
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Table 3
Stability of GSH and GSSG in 5 mM standard solution and sample extracts at different storage temperatures (expressed as percentage of

avariation with respect to the analyte concentration at time50).

24 h 48 h 72 h 120 h 168 h

GSH GSSG GSH GSSG GSH GSSG GSH GSSG GSH GSSG
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Room T8 std 5 mM 101.20 97.46 91.38 79.06 88.58 70.06 81.96 60.47 78.96 59.49
PBMC 1 96.37 99.78 89.62 88.89 84.88 77.78 79.74 88.89 74.50 66.67
PBMC 2 79.95 100.10 63.95 91.67 63.12 91.67 61.04 83.33 60.47 66.67

148C std 5 mM 99.40 100.06 99.80 99.60 99.20 99.60 99.20 97.60 92.83 91.42
PBMC 3 97.72 100.04 94.60 97.75 98.57 100.00 94.68 93.26 82.03 85.39
PBMC 4 100.57 99.88 100.76 100.00 100.38 100.00 101.38 100.00 90.06 81.82

2208C std 5 mM 100.20 101.80 99.60 101.40 100.60 99.80 99.40 95.79 99.60 97.39
PBMC 5 98.04 98.02 99.05 100.00 99.46 97.03 96.01 97.03 93.99 96.04
PBMC 6 100.55 103.60 102.26 105.41 100.28 103.60 104.52 107.21 94.77 97.30

a PBMC 1–65peripheral blood mononuclear cells samples from patients 1–6. For the experimental conditions refer to the text.

3.4. Stability than 15 min and the composition of the mobile phase
(acetonitrile–1% acetic acid, 25:75) was compatible

To test the stability of the GSH-NEM derivative with the detection system. The method described
and GSSG, three groups, each constituted by a 5 mM provides the specificity associated with the ESI-MS
standard solution and two extracted from two differ- detection mode, enhanced by an excellent and
ent donors, were maintained: the first at room reproducible chromatographic separation and a
temperature, the second at 148C and at 2208C the constant ionization pattern of GSH and TSA NEM
third, up to 7 days. Table 3 reports the amounts of adducts and GSSG, as proven by the slight inter-day
GSH and GSSG determined in the three groups and and intra-day variability of both retention time and
shows the effect of the different storage temperature peak areas. Moreover, the great sensitivity displayed
on the stability of the standard solutions and the offers the possibility of disposing even small
extracted samples. As can be observed in Table 3, amounts of biological specimens. A good level of
the six samples analyzed exhibited a very good sensitivity is particularly critical for the detection of
stability of the GSH and GSSG compounds up to 24 GSSG which is physiologically present only in very
h at any studied temperature with the exception of low amounts, accounting for nearly 1% of the GSH
sample PBMC 2. Increasing the storage period, we levels. Due to these aspects of specificity, repro-
can observe a decrease of GSH and GSSG con- ducibility and sensitivity, associated with a valid
centration that was less evident at 2208C. extraction procedure, the assay developed has been

demonstrated itself to be applicable to complex
matrices such as biological samples.

4. Conclusions
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