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a b s t r a c t

Glutathione exists in biological samples in the reduced form (GSH), as its disulfide (GSSG) and as a mixed
disulfide (GSSR) with thiols (RSH). GSH is the most abundant low-molecular-mass thiol and plays impor-
tant roles as a cofactor and as a main constituent of the intracellular redox status. Due to its own sulfhydryl
(SH) group, GSH reacts readily with o-phthaldialdehyde (OPA) to form a highly stable and fluorescent
isoindole derivative (GSH-OPA), which allows for sensitive and specific quantitative determination of
GSH in biological systems by HPLC with fluorescence (FL) detection. In the present article we report on
the utility of the novel, strongly disulfide bond-reducing thiol N-acetyl-cysteine ethyl ester (NACET) for the
specific quantitative analysis of GSH and GSSG in the cytosol of red blood cells (RBC) as GSH-OPA deriva-
tive with FL (excitation/emission 338/458 nm) or UV absorbance (338 nm) detection. Unlike in aqueous
solution, the derivatization of GSH in RBC cytosol yielded two closely related derivatives in the absence
of NACET and only the GSH-OPA derivative in the presence of NACET. The HPLC method was optimized
and validated for human RBC and applied to measure GSH and GSSG in RBC of healthy subjects. Basal
GSH and GSSG concentrations were determined to be 2340 ± 350 �M and 11.4 ± 3.2 �M, respectively, in

RBC of 12 healthy young volunteers (aged 23–38 years). The method was also applied to study the effects
of nitrite on the glutathione status in intact and lysed human RBC. Nitrite at mM-concentrations caused
instantaneous and considerable GSSG formation in lysed but much less pronounced in intact RBC. GSH
externally added to lysed RBC inhibited nitrite-induced methemoglobin formation. Our findings suggest

elate
00 �m
that nitric oxide/nitrite-r
could be of the order of 6

. Introduction

In living organisms, glutathione exists in its reduced form, i.e.,
SH (the tripeptide �-glutamyl-cysteinyl-glycine), as its disulfide,

.e., GSSG, and as a mixed disulfide, i.e., GSSR, with low-molecular-
ass (LMM) and high-molecular-mass (HMM) thiols (RSH). GSH is

he most abundant LMM thiol in all types of cells including red
lood cells (RBC) [1,2]. GSH plays many important physiological

oles. For instance, GSH is a cofactor/substrate for many enzymes
ncluding GSH S-transferases and GSH peroxidases, and is a main
onstituent of the intracellular redox status [1,2]. GSH, GSSG and
SSR also occur in human blood plasma; however, their concentra-

� This paper is part of the special issue “Analysis of Thiols”, I. Dalle-Donne and
. Rossi (Guest Editors).
∗ Corresponding author. Tel.: +49 511 532 3959; fax: +49 511 532 2750.

E-mail address: tsikas.dimitros@mh-hannover.de (D. Tsikas).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2009.06.043
d consumption rate of GSH, and presumably that of NADH and NADPH,
ol/day in RBC of healthy subjects.

© 2009 Elsevier B.V. All rights reserved.

tions, notably those of GSH, are about three orders of magnitude
lower than in cytoplasm [3–6]. The concentration of the individual
glutathione species in different conditions, e.g., in health and dis-
ease, and in several matrices, e.g., in blood plasma and erythrocytes,
are of particular interest, as they may allow to describe satisfacto-
rily the glutathione and redox status of living organisms. Thus, GSH,
GSSG and GSSR in peripheral human blood are potentially useful
biomarkers of oxidative stress status, when measured reliably, i.e.,
free of artefacts [7,8].

On the basis of glutathione measurements, the utility of GSH,
GSSG and GSSR as biomarkers of oxidative stress in many differ-
ent organs [9–16], and the significance of GSH in the pathology of
cancer and neurological diseases such as Parkinson’s disease and

Alzheimer’s disease [16–21] have been suggested. The importance
of GSH and other biomarkers of oxidative stress in human disease
has been recently discussed by Dalle-Donne et al. [22]. In partic-
ular in the context of oxidative stress, reliable measurement of
GSH, GSSG and GSSR is associated with particular analytical and

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:tsikas.dimitros@mh-hannover.de
dx.doi.org/10.1016/j.jchromb.2009.06.043
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re-analytical difficulties which are closely related to the insta-
ility of the sulfhydryl (SH) group of GSH. It is worth mentioning
hat autoxidation of GSH is often a source for artifactual GSSG and
SSR formation which would erroneously pretend elevated oxida-

ive stress [7,8,22]. For these reasons, reliable analysis of GSH, GSSG
nd GSSR in biological samples requires sensitive analytical meth-
ds, notably for measurement in plasma. Furthermore, it demands
se of suitable procedures to avoid formation of GSSG and GSSR
uring blood sampling and to minimize artifactual change in the
lutathione homeostasis [7,8]. This also applies to derivatization
rocedures which are required for improved chromatography and
etection.

About 20 years ago, Neuschwander-Tetri and Roll [3] have
eported on a highly specific and sensitive HPLC method with flu-
rescence (FL) detection for the measurement of glutathione in
lasma and tissue. This method is based on the unique property
f GSH to readily react with o-phthaldialdehyde (OPA) both with

ts amino group and with its sulfhydryl group to form a stable – for
everal days at 25 ◦C if shielded from light [3] – and highly fluores-
ent derivative (Fig. 1). Thus, unlike GSSG and most amino acids,
he reaction of GSH with OPA does not require addition of a thiol
uch as 2-mercaptoethanol. By means of liquid secondary-ion mass
pectrometry, Neuschwander-Tetri and Roll [3] identified the reac-
ion product of GSH and OPA, in this article referred to as GSH-OPA,
s a tricyclic isoindole derivative with a molecular weight of 405
C18H19N3O6S). Analysis of GSSG and GSSR as GSH-OPA derivatives
y this method requires preceding reduction of GSSG or GSSR to
SH which has been accomplished by the use of dithiothreitol (DTT)

3]. A modification of the HPLC method reported by Neuschwander-
etri and Roll was found by us to be suitable to measure indirectly
-nitroso-glutathione (GSNO) in human and rat plasma [23]. Due
o the isoindole moiety of the GSH-OPA derivative, UV absorbance
UV) detection at 338 nm is possible and sensitive enough – limit
f detection (LOD) of about 70 nM of GSH versus 3 nM using FL
etection [23] – to measure GSH in most biological samples.

Because of the unique specificity of this HPLC method for GSH
nd the remarkable stability of the GSH-OPA derivative [3,23],
e wanted to apply this method to the measurement of GSH

nd GSSG in the cytosol of RBC in the frame of studies address-
ng potential involvement of GSH in nitric oxide (NO) and nitrite

etabolism in blood. Like NO, nitrite (NO2
−) – the autoxidation
roduct of NO in aqueous solutions – is also oxidized in RBC by oxy-
emoglobin to nitrate (NO3

−) whereby forming methemoglobin
24] (see Eqs. (1) and (2)). It is worth mentioning that nitrite may
eact with deoxyhemoglobin to form methemoglobin and nitro-
yl hemoglobin. It is well known that GSH in RBC may prevent

ig. 1. Reaction of GSH with OPA to form the highly fluorescent and stable isoindole deriv
-mercaptoethanol.
r. B 877 (2009) 3405–3417

hemoglobin from oxidation [25,26]. We have hypothesized that
GSH may be required for the reduction of methemoglobin formed
during oxyhemoglobin-catalysed nitrite oxidation in RBC. In accor-
dance with this hypothesis, involvement of GSH in NO and nitrite
metabolism in RBC could be associated with GSH consumption and
GSSG formation (Eq. (3)).

NO + Hb[Fe2+]O2 → NO3
− + Hb[Fe3+] (1)

NO2
− + H+ + Hb[Fe2+]O2 → NO3

− + Hb[Fe3+] + H2O (2)

2GSH + 2Hb[Fe3+] → GSSG + 2Hb[Fe2+] + 2H+ (3)

HPLC analysis of aqueous GSH derivatized with OPA [3,23]
revealed only one peak. Unexpectedly, analysis of lysed RBC by
the same method [23] for GSH yielded repeatedly two peaks using
both FL and UV detection for endogenous and externally added GSH
(Fig. 2). The peak with the smaller retention time co-eluted with the
GSH-OPA derivative formed using aqueous solutions of commer-
cially available GSH. The close chromatographic and spectroscopic
properties suggest that the derivative eluting behind GSH-OPA is
structurally closely related to GSH-OPA that has been previously
characterized by Neuschwander-Tetri and Roll [3]. In addition, we
found that this derivative behaves almost identically to the GSH-
OPA derivative with respect to long-term stability (data not shown).
We performed a series of experiments aiming at characterizing this
unknown derivative; we were able to exclude related substances
including GSSG, �-glutamyl-cysteine and homocysteine (data not
shown), which are known to react with OPA in the absence of addi-
tional thiols [3]. Finally, we found that addition of other thiols such
as N-acetyl-cysteine (NAC) and the ethyl ester of NAC, i.e., N-acetyl-
cysteine ethyl ester (NACET), prior to OPA derivatization in analyses
of GSH in RBC resulted in a single HPLC peak with the retention time
of the GSH-OPA derivative. As addition of NACET to GSSG solutions
yielded GSH, it was interesting to test the usefulness of NACET for
GSH and GSSG measurement in RBC by HPLC with the established
pre-column OPA derivatization of GSH [3,23].

In the present article we report on the utility of the novel,
strongly disulfide group-reducing thiol NACET for the specific and
quantitative analysis of erythrocytic GSH and GSSG as GSH-OPA

derivatives by HPLC with FL and UV detection. This HPLC method
was optimized and validated for human RBC glutathione. The
method was applied to measure GSH and GSSG basal RBC concen-
trations and to study the in vitro effects of nitrite on the glutathione
status in RBC of blood of healthy volunteers.

ative OPA-GSH. Note that this reaction does not require an additional thiol such as
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ig. 2. HPLC chromatograms from analyses of GSH (1 mM) in borate buffer (lower
ith OPA. The peak eluting behind the GSH-OPA derivative (indicated by an arrow

ncreased when NACET was added to the ultrafiltrate prior to OPA derivatization (ch

. Experimental

.1. Materials and chemicals

Glutathione, glutathione disulfide, N-ethylmaleimide (NEM),
ydrogen peroxide (33 vol.%), borax and o-phthaldialdehyde were
urchased from Sigma–Aldrich (Steinheim, Germany). Sodium
cetate was obtained from Merck (Darmstadt, Germany). Methanol
f gradient grade and ethanol were supplied by Mallinckrodt
aker (Griesheim, Germany). Sodium nitrite was purchased from
iedel-de-Haën (Seelze, Germany). Synthesis and structural char-
cterization of N-acetyl-cysteine ethyl ester have been described
lsewhere [27]. Vivaspin 2 Hydrosart cartridges (2 ml; cut-off,
0 kDa) for ultrafiltration were supplied by Sartorius (Göttingen,
ermany). Ultrafiltration was carried out using the ultracentrifuge
odel RC5C from Sorvall Instruments (Waltham, MA, USA).

The OPA reagent solution was prepared in borate buffer (75 mM,
H 8), contained 36.4 mM OPA and 10 vol.% ethanol, and was
tored in brown flasks at 4 ◦C. Stock solutions of GSH and GSSG
each 10 mM) and of NACET (100 mM) were prepared in phosphate
uffered saline (PBS, 67 mM, pH 7.4), stored aliquoted at −20 ◦C, and
sed only once after thawing. Stock solutions of NEM (100 mM)
nd nitrite (1 M) were prepared in PBS and stored at 4 ◦C. Dilu-
ions of nitrite were prepared daily in PBS directly before use in
BC experiments.

.2. Biological samples—withdrawal of blood and generation of
ltrafiltrate
Blood was drawn from the antecubital vein of healthy volunteers
sing EDTA-containing monovettes (Sarstedt, Germany). Immedi-
tely after collection, the blood was put in an ice bath. Blood,
rythrocytes and all GSH-containing samples were stored in an ice
ath and in the dark during handling to minimize GSH oxidation.
) and of GSH in ultrafiltrate of lysed human RBC (upper panel) after derivatization
question mark) disappeared and the GSH-OPA peak (retention time about 8 min)

togram not shown). Mobile phase A, column 1, and FL detection were used.

Erythrocytes were separated from plasma by centrifugation (5 min,
4 ◦C, 800 × g) followed by complete decantation of plasma and a
small portion of erythrocytes to avoid contamination. In all exper-
iments erythrocytes were used unwashed. Lysis was attained by
freezing the erythrocytes for at least 30 min at −80 ◦C, followed
by slow defrosting (on ice) and finally by rapid vortex-mixing for
at least 1 min with the same volume of ice-cold distilled water.
Cell fragments and proteins were removed from the lysed RBC by
centrifugation (30 min, 4 ◦C, 8000 × g) using Vivaspin cartridges.

2.3. OPA derivatization procedures and calibration curves

The following procedures were used to measure GSSG and total
GSH (tGSH). For GSSG analysis, a 50 �l aliquot of ultrafiltrates (UF)
from lysed RBC was spiked with a 5 �l aliquot of a 100 mM NEM
solution for 1 min to alkylate GSH. Then, a 10 �l aliquot of a 100 mM
NACET solution was added. For tGSH analysis, a 50 �l aliquot of the
same UF was spiked with a 10 �l aliquot of a 100 mM NACET solution
without NEM addition. After 2 min of incubation at room temper-
ature, to both sample aliquots (50 �l) borate buffer (900 �l) was
added followed by addition of the OPA reagent (50 �l). Deviations
from this procedure are described in the respective experiments.
Samples were analyzed by HPLC immediately (i.e., after about
10 min) or after storing in a refrigerator at 8 ◦C. For quantifica-
tion, calibration curves were prepared using solutions of GSH and
GSSG in PBS, which were derivatized exactly as described above
and analyzed at the same time as study samples. In addition, a
freshly prepared sample of 1 mM GSH in PBS was derivatized in
each experiment and served as quality control.
2.4. HPLC conditions

HPLC analyses were performed on an apparatus from Dionex
(Sunnyvale, CA, USA) consisting of a pump model P680, a UV–vis
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2.5. Method validation

Blood from three healthy female volunteers was collected in 9 ml
EDTA monovettes and centrifuged (10 min, 4 ◦C, 800 × g). Plasma
ig. 3. Effect of NACET on the peak area (A) and peak width at baseline (B) of GSH
rom lysed RBC and of 1 mM GSH in borate buffer (see dotted lines and insertion).

obile phase A and column 1 were used; effluent was detected by UV and FL detec-
ors as described in Section 2.

etector model UVD170U and a FL detector model RF 2000 in this
rder. Injection was performed by a Dionex automated sample

njector model ASI-100. In most experiments, the chromatographic
olumn (250 mm × 4.0 mm i.d., packed with 5 �m particle size
ucleodur C18 gravity; referred to as column 1) from Macherey-
agel (Düren, Germany), located in a Dionex thermostated column
ompartment model TCC-100 at 20 ◦C, was used. In the frame
f method validation, the HPLC column 2 (100 mm × 4.0 mm i.d.,
acked with 5 �m particle size Nucleosil C18; referred to as column
) from Macherey-Nagel was used. The HPLC system was controlled
nd the data were managed by the Chromeleon software.

Two mobile phases were used, which consisted of methanol–
ater, contained 150 mM of sodium acetate and had a pH value

f 7.0 adjusted by addition of acetic acid. Mobile phase A was
ethanol–water (7.5:92.5, v/v) and had been used by us previously

23]. Mobile phase B contained 30 vol.% methanol and was used
ainly for GSSG measurements. Isocratic runs were performed at a

ow rate of 1.0 ml/min with both mobile phases and columns. The
etention time of the GSH-OPA derivative on column 1 was about
min with mobile phase A and about 3.6 min with mobile phase B.

f not otherwise specified, the injection volume was 100 �l and the

unning time was 20 min with both mobile phases using column
. Using mobile phase A and column 2, the injection volume was
0 �l and the running time 5 min. In this HPLC system, the GSH-
PA derivative eluted at about 1.7 min. The UV–vis detector was
r. B 877 (2009) 3405–3417

set at 338 nm. Wavelengths of 338 nm for excitation and 458 nm
for emission were set at the FL detector. The area of the peaks in
units of mV × min in FL detection and in units of mAU × min in UV
detection was used for calculations. Data were routinely collected
from both detectors in all experiments. Because FL and UV detec-
tion provided almost identical results, for simplicity data from UV
detection are not reported from all experiments of this work.
Fig. 4. Typical HPLC chromatograms from analyses of GSH (1 mM) in borate buffer
(A), GSH in ultrafiltrate (50 �l) of lysed RBC in the absence of NACET (B), and of
GSH (+GSSG) in ultrafiltrate (50 �l) of lysed RBC in the presence of NACET externally
added (10 mM) prior to derivatization with OPA. Mobile phase B, column 1, and FL
detection were used.



J.T. Michaelsen et al. / J. Chromatogr. B 877 (2009) 3405–3417 3409

Fig. 5. NACET-induced formation of GSH from GSSG in aqueous buffered solution. (a) Aliquots of GSSG (50 �l, 0–0.8 mM) in PBS were added to borate buffer (900 �l). Samples
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{mBrB, Calbiochem (La Jolla, CA, USA), 40 mM stock in methanol}
for 10 min in the dark at room temperature. Samples were then acid-
ere treated with NACET (50 �l, 20 mM), incubated for 2 min at room temperature a
ifferent NACET dilutions (10 �l) to reach final concentrations in the range 0–40 mM
as immediately performed. As a control served a 1 mM solution of GSH which was

00 �l. Data (from FL detection) are shown as mean ± SD from two independent me

nd a small portion of the underlying erythrocytes were dis-
arded and erythrocytes were combined, gently shaken, portioned
n 500 �l aliquots, and frozen for 30 min at −80 ◦C. After slow thaw-
ng, aliquots (500 �l each) of distilled water were added to each
ample under gentle mixing. Lysed erythrocytes were centrifuged
mmediately (30 min, 4 ◦C, 8000 × g). The colorless and clear UF
amples were first transferred into a 12 ml polypropylene tube, and
he combined and mixed UF samples were then portioned into
00 �l aliquots and stored at −20 ◦C until analysis. For each vali-
ation experiment one 700 �l aliquot was thawed (once only) and
sed immediately.

After immediate thawing the 700 �l UF was divided into 50 �l
liquots, and 50 �l aliquots of a 20 mM solution of NACET were
dded. To these samples various volumes of a 10 mM GSH solution
s well as of distilled water were added resulting in a final vol-

me of 120 �l each. Thereafter, 900 �l aliquots of borate buffer and
0 �l aliquots of the OPA reagent were added to 100 �l aliquots of
he samples and mixed by vortexing. From these solutions 250 �l
liquots were transferred into glass vials and samples were ana-

ig. 6. Effect of NEM and NACET on the HPLC analysis of GSSG in PBS in the pres-
nce of GSH. All samples (50 �l) contained GSH at a fixed concentration (1 mM) and
arious concentrations of GSSG (0–0.5 mM). To one series of samples, NEM (5 �l,
00 mM) was added, whereas the second series was treated with distilled water
5 �l). After an incubation time of 2 min all samples were treated with NACET (10 �l,
00 mM), incubated for further 2 min at room temperature followed by immediate
PA derivatization. Mobile phase B and column 1 were used. Injection volume was
00 �l. Data (from the FL signal) are shown as mean ± SD from two independent
ncubations for each GSSG concentration examined.
rivatized with OPA. (b) Aliquots of GSSG (50 �l, 0.5 mM) in PBS were incubated with
r 2 min of incubation borate buffer (900 �l) was added and derivatization with OPA
ed in the same way. Mobile phase B and column 1 were used. Injection volume was
ments for each GSSG concentration examined.

lyzed by means of the autosampler (injection of 200 �l aliquots
with column 1 and 10 �l with column 2). Each series of validation
samples was analyzed at the same time as two 1 mM GSH standard
samples serving as quality control.

2.6. Kinetics of GSSG reduction by NACET

GSSG was dissolved in 0.1 M Na+/K+ phosphate buffer, pH 7.4,
and a 1 ml aliquot of a 0.1 mM GSSG solution was incubated at
room temperature with 1 mM NACET (final concentration from a
100 mM stock in water). At 0 min, 5 min, 15 min, 30 min and 60 min,
10 �l aliquots were taken, diluted with 90 �l of 50 mM Na+/K+ phos-
phate buffer, pH 7.4, and incubated with 1 mM monobromobimane
ified with 3 �l of 37 vol.% HCl and analyzed by HPLC as described
elsewhere [7]. A Zorbax Eclipse C18 column (Agilent Technologies,

Fig. 7. Kinetics of NACET (1 mM)-induced conversion of GSSG (0.1 mM) to GSH in
0.1 M phosphate buffer (pH 7.4) at room temperature. At the specified times, samples
were taken, and 1:10 (v/v) dilutions with 50 mM phosphate buffer (pH 7.4) were
incubated with 1 mM mBrB and analyzed for GSH by HPLC with FL detection as
described elsewhere [7]. After 60 min of incubation, the sample was treated with
dithiothreitol (DTT) and incubated for 10 min prior to derivatization with mBrB and
HPLC analysis as described elsewhere [7].
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Table 1
Inter-assay validation of the HPLC method for GSH in pooled ultrafiltrate from lysed human RBC.

Day Detector y-Axis intercept Slope R RSD (%)
Fl (mV × min) ([mV × min]/mM) (min/max)
UV (mAU × min) ([mAU × min]/mM)

HPLC column 1, mobile phase A, 200 �l injection volume
1 FL 49.8 (0.2) 183 (0.5) 0.99999 0.1/3.7
2 FL 49.3 (0.3) 185 (0.6) 0.99998 0.1/4.1
3 FL 46.8 (0.1) 182 (2.1) 0.99973 0.1/4.2
4 FL 50.7 (2.1) 176 (3.9) 0.99900 0.3/3.8
5 FL 49.4 (2.6) 174 (2.4) 0.99961 0.2/2.6

1 UV 25.7 (0.1) 96.2 (0.2) 0.99999 0.2/3.8
2 UV 25.5 (0.2) 96.9 (0.2) 0.99999 0.1/14
3 UV 24.1 (0.1) 95.3 (1.3) 0.99963 0.3/6.0
4 UV 25.5 (1.3) 93.3 (1.8) 0.99924 0.6/3.7
5 UV 24.3 (0.3) 95.1 (0.8) 0.99987 0.4/2.6

HPLC column 2, mobile phase A, 10 �l injection volume
1 FL 1.54 (0.05) 6.92 (0.12) 0.99934 0.9/3.7
2 FL 2.03 (0.04) 8.04 (0.05) 0.99993 0.7/11
3 FL 2.07 (0.31) 8.19 (0.42) 0.99480 0.5/6.1
4 FL 2.28 (0.16) 7.62 (0.16) 0.99914 0.5/6.3
5 FL 2.36 (0.21) 9.25 (0.21) 0.99896 1.4/14

1 UV 0.90 (0.01) 3.49 (0.04) 0.99969 0.1/3.3
2 UV 1.08 (0.01) 4.07 (0.01) 0.99999 0.1/15
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3 UV 1.08 (0.05)
4 UV 1.31 (0.09)
5 UV 1.16 (0.05)

ilan, Italy) was used for chromatographic separation. Solvent A
as sodium acetate 0.25 vol.%, pH 3.09; solvent B was acetoni-

rile. Elution conditions: 0–5 min: solvent A–solvent B (94:6, v/v);
–10 min: linear gradient from 6% to 10% solvent B. A constant flow
ate of 1.2 ml/min was applied. Detection was performed at 390 nm
xcitation and 480 nm emission wavelengths. After incubation with
ACET for 60 min, a 100 �l aliquot of the remaining sample was

ncubated for 10 min with 2 mM dithiotreitol (DTT, 50 mM stock
olution in water) and then reacted with 6 mM mBrB for 10 min
n the dark at room temperature, acidified and analyzed by HPLC
s described above. An Agilent 1100 series was used to carry out
nalyses.

.7. Biomedical applications

Approval from the local Ethics Committee of the Medical School
f Hannover was obtained for studies in which blood from healthy
olunteers was taken for measurement of basal concentrations of
lutathione in RBC as well as for in vitro studies.

.7.1. Measurement of glutathione in RBC of healthy volunteers
Total glutathione (tGSH) and GSSG were measured in freshly

solated RBC from 7 females and 5 males aged between 23 and 38
ears. These subjects were apparently healthy and did not receive
ny medication for at least two weeks prior blood donation. In
ost experiments, blood from only one person was analyzed per

ay.

.7.2. Effect of nitrite on glutathione in RBC of healthy volunteers
To examine the effect of nitrite on GSH in intact RBC, erythro-

ytes isolated from freshly generated blood (anticoagulated with
DTA) were combined with the same volume of PBS and gently
haken. Thus prepared blood was portioned into 500 �l aliquots
hich were then incubated at 37 ◦C in a water bath under gen-
le shaking. To these samples, 20 �l aliquots of nitrite solutions
f various concentrations in PBS were added under rapid vortex-
ixing to reach final added nitrite concentrations in the blood

n the range 0–20 mM. After an incubation time of 30 min in the
ater bath, samples were first transferred into an ice bath and
4.29 (0.03) 0.99992 0.1/5.3
3.81 (0.07) 0.99929 0.2/4.9
4.12 (0.03) 0.99986 0.1/5.1

then centrifuged (5 min, 4 ◦C, 800 × g). Glutathione was analyzed
by HPLC in UF samples from lysed RBC as described above. The
same experiment was performed in parallel by adding nitrite to
lysed RBC. After incubation for 30 min in the water bath, incuba-
tion mixtures were ultrafiltered and glutathione was analyzed in
UF samples.

To investigate the effect of nitrite on RBC glutathione as a func-
tion of the incubation time, 7 ml of RBC suspended in PBS (1:1, v/v)
or 7 ml of lysed erythrocytes (RBC-distilled water, 1:1, v/v) were
incubated at 37 ◦C in a water bath. To these samples, each a 140 �l
aliquot of NaNO2 solution (1 M) in PBS was added under gentle
shaking. At various times after nitrite addition, each 250 �l aliquots
were taken and processed immediately, including lysis, ultrafiltra-
tion, derivatization and HPLC analysis. As controls served samples
from intact and lysed erythrocytes which were incubated without
external addition of nitrite. These samples were prepared in parallel
and handled in the same way.

3. Results

3.1. HPLC analysis of GSH in buffer and lysed erythrocytes

As mentioned above, we found that GSH from lysed RBC reacted
with OPA to produce two closely eluting derivatives with simi-
lar FL and UV properties, unlike GSH from buffer which yielded
apparently a single derivative, i.e., GSH-OPA (see ref. [23]). The for-
mation of two OPA derivatives was evident by using mobile phase
A that contained considerably less methanol than mobile phase B,
i.e., 7.5 vol.% versus 30 vol.%, and allowed partial separation of the
peaks which was maximum on newly used HPLC columns (Fig. 2).
Addition of NACET to the UF prior to OPA derivatization resulted in
a concentration-dependent decrease of the later-eluting peak and
in a concentration-dependent increase of the GSH-OPA peak (see
below). Interestingly, chromatographic resolution decreased quite

rapidly with increasing number of analyses. For this reason we used
the peak area and the peak width at baseline to evaluate the effect
of NACET on erythrocytic GSH analysis as OPA derivative.

Fig. 3 shows that addition of NACET in the concentration range
of 0–6 mM to the UF prior to OPA derivatization resulted in a
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Fig. 8. Results from intra-assay validation of the HPLC method for GSH in pooled
ultrafiltrate generated from freshly obtained human RBC which had been lysed
with distilled water (1:1, v/v). Ultrafiltrate (100 �l aliquots) was treated with NACET
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100 �l, 20 mM). After 2 min of incubation 100 �l aliquots of the resulting solutions
ere derivatized with OPA as described in Section 2. HPLC column 1 and mobile
hase A were used. Data are shown as mean ± SD from two independent analyses

or each GSH concentration examined. For experimental details see Section 2.5.

oncentration-dependent increase of the GSH-OPA peak using both
etectors. Addition of NACET at a final concentration of 1 mM (the

owest concentration tested) resulted in a clear reduction of the GSH
eak width from FL detection (by about 30%), which did not change

urther at higher NACET concentrations. Peak width reduction was

lso noticed using the UV detector. The extent of reduction of the
V peak was considerably smaller, in part because the mobile phase
assed first the UV detector. The maximum peak areas achieved
sing NACET were almost equivalent to those obtained from 1 mM
SH in distilled water, PBS and borate buffer. Considering a dilution

ig. 9. Representative chromatograms from the HPLC analysis of total glutathione (tGSH;
L signal is shown. Mobile phase B, column 1, and injection volume of 100 �l were used.
r. B 877 (2009) 3405–3417 3411

factor of 2 for lysed RBC, these findings suggest that the concen-
tration of total glutathione, i.e., of GSH + GSSG, in the RBC used in
this experiment was about 2 mM. In consideration of this finding
we used mobile phase B, which resulted in apparently complete
co-elution of the otherwise partially separated peaks. HPLC chro-
matograms from the analysis of erythrocytic glutathione under
these conditions are shown in Fig. 4. This figure shows that addi-
tion of NACET to the UF prior to OPA derivatization increased the
GSH-OPA peak considerably.

3.2. HPLC analysis of GSSG using NACET, NEM and OPA

Derivatization of aqueous solutions of GSSG with OPA did not
result in a peak within the relevant retention time window (chro-
matogram not shown). Addition of NACET to aqueous solutions
of GSSG prior to OPA derivatization resulted in formation of the
GSH-OPA peak. The peak area observed depended linearly upon the
concentration of GSSG in the relevant range of 0–0.8 mM (Fig. 5A).
NACET-induced formation of GSH from GSSG (0.5 mM) depended
upon the NACET concentration and was maximum at final NACET
concentrations ≥10 mM (Fig. 5B). Parallel derivatization of GSH
(1 mM) with OPA indicated that NACET concentrations of 10, 15,
20, and 40 mM caused almost complete conversion of GSSG to GSH
(Fig. 5B). These findings suggest that NACET used in excess over
GSSG reduces the disulfide bond to produce quantitatively GSH.
We also found that NACET did not interfere with the HPLC anal-
ysis of GSH as GSH-OPA derivative. For instance, derivatization of
aqueous GSH (1 mM) resulted in very similar peak areas both in
the absence and in the presence of 10 mM NACET both from the FL
signal (99.9 ± 2.5 mV × min versus 95.1 ± 4.0 mV × min, n = 2) and
from the UV signal (51.6 ± 1.7 mV × min versus 53.0 ± 0.6 mV × min,
n = 2).
For specific measurement of GSSG in UF from lysed RBC, com-
plete elimination of GSH prior to reduce GSSG to GSH is absolutely
required in this method. We addressed this issue in a further exper-
iment by simulating the conditions prevailing in RBC UF regarding
GSH and GSSG concentrations. Fig. 6 and the almost identical slope

upper panel) and GSSG (lower panel) in RBC of a healthy volunteer. Here only the
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Fig. 10. Effects of hydrogen peroxide (H2O2) and sodium azide (NaN3) on GSH in
intact human RBC resuspended in PBS. RBC were isolated by centrifugation from
venous blood of a healthy volunteer, the plasma was removed and replaced by the
same volume of PBS. (A) First, “blood” was incubated for 2 min with NaN3 at a final
concentration of 1 mM, and then H2O2 was added to reach the indicated final concen-
trations. After 2 min of incubation the samples were put into an ice bath. (B) “Blood”
samples were spiked with NaN3 at the final concentrations indicated and incubated
for 2 min. Then, H2O2 was added to the “blood” at a final concentration of 20 mM.
After 2 min of incubation the samples were put in an ice bath. tGSH was measured
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HPLC column 2 by injecting 10 �l aliquots of the remaining volume
of all samples which had been collected and stored at 4 ◦C for up to
14 days. The data of Fig. 8 and Table 1 indicate that GSH added to UF
n ultrafiltrates of lysed RBC. Mobile phase B, column 1, and injection volume 100 �l
ere used. Data are shown as mean ± SD from two independent measurements for

ach concentration examined. Concentration refers to the total volume.

alues of the regression equations observed indicate that under the
xperimental conditions chosen NEM effectively eliminates GSH
riginally present in the UF (i.e., GSHGSH), and more importantly
EM does not remove GSSG-derived GSH (i.e., GSHGSSG). Obviously,
SHGSSG is condensed with OPA to form the GSH-OPA derivative

i.e., GSHGSSG-OPA) immediately after GSH formation. Most likely,
xceeding NACET reacts quantitatively with NEM thus preventing
onsumption of GSSG-derived GSH (see Eqs. (4)–(8); abbreviations:
x, excess; NACET-S-S-NACET, NACET disulfide).
SHGSH + NEMex → GSHGSH-NEM + NEM (4)

ACET + NEM → NACET-NEM (5)

SSG + NACETex → GSHGSSG + NACET + NACET-S-S-NACET (6)

SHGSSG + OPAex → GSHGSSG-OPA + OPA (7)
r. B 877 (2009) 3405–3417

(GSHGSH+GSSG) + NEMex + (NACETex–NACET-S-S-NACET–NACET)

+ (OPAex–OPA) → GSHGSH-NEM + NACET-NEM + GSHGSSG-OPA

(8)

That N-acetyl-cysteine (NAC), i.e., the free acid of NACET, raises
GSH levels in different cells in vivo has been reported [28,29].
However, this effect is due to elevated synthesis of GSH from NAC-
derived l-cysteine. Grinberg et al. found out that N-acetyl-cysteine
amide has the ability to generate GSH from GSSG [30]. Presum-
ably, NACET and NAC act on disulfides such as GSSG by the same
mechanism, which starts with the nucleophilic attack of the SH
group of NACET on the S-S-bond of GSSG, thereby producing GSH
and the mixed disulfide GS-S-NACET according to Eq. (9). Due to the
excess of NACET over GSSG and GS-S-NACET, exceeding NACET most
likely attacks the S-S-bond of GS-S-NACET to form a second GSH
molecule and symmetric NACET disulfide, i.e., NACET-S-S-NACET,
according to Eq. (10), with the overall reaction being described
by Eq. (11). Our results suggest that NACET possesses a much
stronger nucleophilic SH group than GSH, which, in synergy with
the molar excess of NACET over GSSG, finally leads to quantitative
conversion, i.e., reduction of GSSG to GSH. Fig. 7 shows the kinet-
ics of the reaction of NACET with GSSG as studied by measuring
GSH formed by an independent previously reported HPLC method
based on the use of monobromobimane (mBrB) as the derivatiza-
tion reagent [7]. In this experiment, GSH recovery from GSSG is
incomplete presumably because NACET was used at a considerably
lower concentration as compared to the conditions prevailing in
the analysis of GSSG in UF of lysed RBC (i.e., 1 mM versus 10 mM;
see below).

GSSG + NACET → GSH + GS-S-NACET (9)

GS-S-NACET + NACET → GSH + NACET-S-S-NACET (10)

GSSG + 2NACET → 2GSH + NACET-S-S-NACET (11)

3.3. Method validation for GSH in RBC

The method was validated by using a pooled UF generated from
human RBC lysed with distilled water (1:1, v/v). The results from
intra-assay validation are shown in Fig. 8. The peak area of the
GSH-OPA derivative increased linearly with the concentration of
GSH added to the UF as observed by using both detectors. The
intra-assay precision (RSD) ranged between 1.3% and 10.6% from
the UV signal and between 0.6% and 10.5% from the FL signal. The
results from the inter-assay validation experiments performed by
analyzing the same pre-prepared UF pool on 5 consecutive days are
summarized in Table 1. Derivatized samples were analyzed by HPLC
using mobile phase A within two runs. For the first time, analysis
was performed separately overnight for each day investigated by
using column 1 and by injecting 200 �l aliquots of the derivatiza-
tion mixture. The second analysis was performed on the shorter
of lysed RBC can be precisely determined by the method. Because
derivatization under the same conditions of 1 mM GSH standard
used as the quality control sample gave peak areas of 91.5 ± 0.4
mV × min from the FL signal and 48 ± 0.1 mAU × min from the UV
signal (mean ± SD, n = 10), Fig. 8 and Table 1 also indicate that the
method is accurate too across the investigated concentration range
of GSH.
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Fig. 11. Effect of nitrite on GSSG formation in lysed (a) and intact RBC (b). (a) Lysed RBC (500 �l aliquots) were incubated at 37 ◦C in a water bath for 30 min with nitrite
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[33].

3.4.3. Effects of nitrite on GSH in RBC
Preliminary investigations showed that incubation of intact or

lysed RBC with physiologically and pathologically relevant con-

Fig. 12. Effect of nitrite (20 mM) on GSSG formation in lysed and intact RBC upon
incubation time (0–10 min) in a water bath at 37 ◦C. The data from a control exper-
t final concentrations of 0–7 mM. Reaction was stopped by putting samples in an
ame volume of PBS (500 �l aliquots for each nitrite concentration) were incubated
ncubation PBS was removed by centrifugation, erythrocytes were lysed, and aliquot

obile phase B, column 1, and injection volume of 100 �l were used. Data are show

.4. Biomedical applications of the method

.4.1. Basal concentrations of GSH and GSSG in RBC of healthy
umans

This HPLC method was applied to measure total glutathione (use
f NACET) and GSSG (use of NEM and NACET) in RBC of twelve
ealthy volunteers. The concentration of total glutathione (tGSH)
nd GSSG in these subjects was determined to be 2.35 ± 0.35 mM
nd 11.4 ± 3.2 �M, respectively. Thus, the mean concentration of
SH in the RBC of our volunteers is calculated to be 2.34 mM. These
ndings suggest that the molar ratio of GSH to GSSG is of the order
f 200:1 in the subjects investigated in the present study. Also, the
SSG:NACET molar ratio in the derivatized samples is calculated

o be about 1:1000 and should guarantee complete reduction of
SSG to GSH (see also Fig. 7). Interestingly, Rossi et al. have mea-

ured by the mBrB method erythrocytic GSSG concentrations in the
ange 4–12 �M [7], which are very close to those measured in the
resent study. By contrast, the GSSG concentrations of 190 ± 20 �M
easured by Cereser et al. using HPLC and OPA derivatization [31]

re considerably higher. On the other hand, the erythrocytic GSH
oncentrations reported by Cereser et al. of 2.23 ± 0.15 mM are com-
arable with our data. It is worth mentioning that Cereser et al.
31] did not measure directly GSSG, but by subtracting the GSH
oncentration from the total glutathione concentration. Indirect
easurement of GSSG in RBC and insufficient avoidance of arti-

cial GSSG formation during sample treatment may be important
ontributors to falsely high GSSG concentrations in RBC. Typical
PLC chromatograms from the analysis of tGSH and GSSG in a RBC

ample of a healthy volunteer are shown in Fig. 9.

.4.2. Effects of hydrogen peroxide on GSH in RBC
Hydrogen peroxide (H2O2) is a potent thiol oxidant. Oxidation

f GSH to GSSG has been shown to occur in erythrocytes upon addi-
ion of H2O2 to intact and lysed erythrocytes [32]. We applied the
resent HPLC method to study the effects of exogenous H2O2 on
rythrocytic GSH. Because endogenously produced H2O2 is effec-
ively eliminated by catalase in RBC, we used in these experiments
he unspecific catalase inhibitor sodium azide (NaN3) [2] to pre-
ent catalase activity towards externally added H2O2. In order to
vercome reduction of H2O2 by plasma constituents we replaced

lasma by the same volume of PBS. The results of these experiments
re shown in Fig. 10. Using both detectors we found similar results
hich indicate that externally added H2O2 causes disappearance

f GSH + GSSG from the cytoplasm in a concentration-dependent
anner in the range of 0–20 mM H2O2 (Fig. 10A). Glutathione disap-
ath followed by ultrafiltration. (b) Isolated intact erythrocytes combined with the
ater bath at 37 ◦C for 30 min with nitrite at final concentrations of 0–20 mM. After
ultrafiltrates were derivatized and analyzed for GSSG and total glutathione (tGSH).
ean ± SD from two independent incubations.

pearance increased with increasing NaN3 concentration, whereas
maximum effect was observed for 5 mM of NaN3 (Fig. 10B). It is
worth mentioning that the effect of H2O2 on glutathione was more
pronounced in lysed erythrocytes (data not shown), suggesting
that the erythrocytic cell membrane represents a considerable bar-
rier and/or a sink for H2O2. It is also worth mentioning that, in
the absence of NaN3, the effect of H2O2 on glutathione in intact
RBC was negligible and temporary (data not shown), suggesting
that RBC enzymes may avoid GSH oxidation and/or fully regener-
ate GSH. The results of Fig. 10 suggest that the clear decrease of
tGSH caused by H2O2 is associated with formation of glutathione
mixed disulfides with hemoglobin and other RBC proteins which
are not present in the UF analyzed. These findings are supported
by a recent study by Aldini et al. who showed abundant for-
mation of S-glutathionylated hemoglobin in similar experiments
iment with intact RBC in the absence of nitrite were almost identical with those
shown for lysed RBC; these data are not shown here for simplicity. Time zero-points
refer to the samples which were analyzed immediately after addition of nitrite or of
the same volume of a nitrite-free sample. Mobile phase B, column 1, and injection
volume of 100 �l were used. Data are mean ± SD from two independent measure-
ments for each time point examined.
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Fig. 13. Effect of exogenous GSH on nitrite-induced methemoglobin formation in lysed human RBC. To 225 �l aliquots of lysed RBC pre-incubated for 1 min at 37 ◦C in a water
bath, 25 �l aliquots of various GSH dilutions were added to reach final GSH concentrations of 0 mM, 2 mM, 5 mM and 8 mM. Then, all samples were treated with 20 �l aliquots
of a nitrite stock solution to achieve a final added nitrite concentration of 8 mM and were incubated for further 5 min in the water bath. One sample of lysed RBC, which was
n ath in
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(Fig. 14B). Our data from MS and MS/MS analyses of the GSH-OPA
ot treated with GSH or nitrite and served as a control, was incubated in the water b
iluted with PBS (1:1000, v/v) and spectra were generated between 330 nm and 62
0 from AnalytikJena (Jena, Germany). y-Axis: absorbance at 578 nm. Insertion: spe
alue of the control sample (no externally added nitrite and GSH).

entrations of nitrite (range 0–10 �M) did not cause changes in
rythrocytic glutathione concentrations that could be detected
ith the present HPLC method. Therefore, the data presented

elow have been obtained with very high nitrite concentrations.
ig. 11A shows that lysed RBC incubated with nitrite in the range
–3 mM caused formation of GSSG which amounted to about 25 �M
ith 3 mM nitrite. Interestingly, at 4 mM nitrite GSSG formation
as about 10 times higher than at 3 mM nitrite. Maximum GSSG

ormation (about 400 �M) in lysed RBC was obtained at 5 mM
itrite. In contrast to lysed RBC, nitrite-induced GSSG formation
as much less pronounced in intact erythrocytes, with the max-

mum GSSG formation being only about 100 �M at 10 mM and
0 mM nitrite (Fig. 11B). The fall in tGSH concentration seen for
itrite concentration ≥4 mM is likely to be due to formation of
ixed disulfides with proteins, notably hemoglobin, which have

ot been analyzed in this study. It is worth mentioning that we
oticed a nitrite concentration-dependent change in the color of

ysed RBC from light red to dark red indicating methemoglobin
ormation.

Fig. 12 shows the extent and time course of the concentration of
SSG formed upon incubation of intact and lysed RBC with 20 mM
itrite. Very low extent GSSG formation was noted in intact RBC,
hich was almost identical in the absence and in the presence

f externally added nitrite. Without nitrite addition, GSSG forma-
ion in lysed RBC was very low and did not increase considerably
pon incubation time. Interestingly, formation of GSSG in lysed ery-
hrocytes was maximum (about 340 �M) immediately after nitrite
ddition and decreased to about 260 �M after 10 min of incuba-
ion. In these experiments total glutathione concentration did not
hange (data not shown).

It is worth mentioning from the analytical point of view that
itrite in cell-free samples had no effect on GSH and GSSG concen-
ration when measured by the present method (data not shown),
o interference by nitrite in the OPA derivatization procedures of
ur method is very unlikely.
.4.4. Effects of exogenous GSH on nitrite-induced
ethemoglobin in lysed RBC

The effects of GSH externally added to lysed human RBC on the
itrite-induced formation of methemoglobin as measured by spec-
rophotometry are shown in Fig. 13. Formation of methemoglobin
parallel. Reaction was stopped by putting the samples in an ice bath. Samples were
(1 cm cuvettes, 50 nm/s, step width 2 nm) on a spectrophotometer model Specord
ithin the wavelength window of 520–600 nm. Dotted line indicates the absorbance

is indicated by a decrease of the absorbance between 520 nm
and 600 nm, e.g., at the maximum wavelength of 578 nm. In the
absence of externally added GSH, methemoglobin formation by
nitrite (8 mM) is maximal. Fig. 13 shows that GSH prevents nitrite-
induced methemoglobin formation in a concentration-dependent
presumably sigmoid manner. It is worth mentioning that the
methemoglobinemia-protecting effect of externally added GSH is
almost absent, when GSH is added after nitrite addition to lysed
RBC (data not shown).

4. Discussion

4.1. Mass spectrometric characterization of the GSH-OPA
derivative

Twenty years ago, Neuschwander-Tetri and Roll [3] discovered
that the reaction of GSH with OPA under slightly alkaline conditions
leads to the formation of a very stable, highly fluorescent tricyclic
isoindole derivative (Fig. 1; GSH-OPA). Neuschwander-Tetri and Roll
reported that liquid secondary-ion mass spectrometric analysis of
synthetic GSH-OPA derivative provided a cation at m/z 404 which
had been assigned to [M–1]+ corresponding to a molecular weight
of 405 (C18H19N3O6S) [3]. Also, these authors reported that high
resolution electron ionization mass spectrometry analysis of the
methyl esters of the GSH-OPA derivative was confirmative of these
findings [3]. We have performed flow injection +ESI-MS analysis
of the GSH-OPA derivative isolated by HPLC and observed a cation
at m/z 404 [M–1]+ and an additional intense ion at m/z 387 [23].
We are assuming that the ion at m/z 387 in the +ESI-MS spec-
trum of the GSH-OPA derivative results from loss of ammonia (NH3,
17 Da) from [M–1]+ rather than from loss of water (H2O, 18 Da) from
[M]+. +ESI-MS/MS analysis of the ion m/z 404 yielded the product
ion mass spectrum shown in Fig. 14A. The proposed mechanism
for the collision-induced dissociation (CID) of m/z 404 is shown in
derivative support the structure proposed by Neuschwander-Tetri
and Roll [3]. Furthermore, our results suggest putative structures
for the cation [M–1]+ of the GSH-OPA derivative with m/z of 404
and for the most intense product ions at m/z 387 and m/z 105
(Fig. 14B).
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Fig. 14. (A) Electrospray ionization product ion mass spectrum of the GSH-OPA derivative in the positive ion mode. The ion with m/z 404 was subjected to collision induced
dissociation (CID). (B) Proposed structures for the GSH-OPA derivative, for the ion with m/z 404 and the product ions with m/z 387 and m/z 105.
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ig. 15. Proposed mechanism for the involvement of GSH in the reduction of methe-
oglobin formed during NO and nitrite oxidation to nitrate by oxyhemoglobin.
etHbR, methemoglobin reductase; GR, glutathione reductase.

.2. Utility of NACET in the analysis of GSH and GSSG in RBC as
SH-OPA derivatives

In consideration of the high specificity of the reaction of GSH
ith OPA to form the GSH-OPA derivative and the high stabil-

ty of this derivative in the derivatization mixture, we wanted to
pply pre-column OPA derivatization for measuring erythrocytic
SH and GSSG (after reduction to GSH) by the method origi-
ally reported by Neuschwander-Tetri and Roll [3]. Unexpectedly,
e always observed two HPLC peaks when we analyzed erythro-

ytic GSH, of which the earlier eluting peak co-eluted with the
SH-OPA derivative prepared with GSH dissolved in pure water or

n PBS. Interestingly, treatment of UF samples with NACET prior
o OPA derivatization apparently avoided formation of the later
luting peak. Alternatively, NACET could have converted the later
luting compound into the GSH-OPA derivative. Although not def-
nitely delineated, our study shows that GSH present in UF of
ysed RBC behaves differently from GSH in aqueous buffered solu-
ions with regard to its reaction with OPA and/or chromatography.
on-consideration of this finding would inevitably lead to erro-
eous, falsely too low concentrations for erythrocytic GSH with
his method. In this work we point out to this potential pitfall and
rovide a simple and effective solution to overcome this analytical
roblem, i.e., by adding NACET to the UF prior to OPA derivatiza-
ion. In consideration of the negligible GSSG concentration in RBC,
he method reported here provides a useful analytical means to
ccurately and precisely measure GSH in RBC. Moreover, this work
hows that the method is also useful for the measurement of GSSG
n RBC in the presence of an almost 200 molar GSH excess which
s alkylated with NEM, unlike GSSG-derived GSH. The GSH and
SSG concentrations measured in RBC of healthy volunteers by the
resent method are in line with those obtained from use of reliable
nd artefact-free analytical methods [7]. In the present study we
id not investigate whether commonly used disulfide-bond reduc-

ng agents such as DTT [3], 2-mercaptoethanol [23] or dithionite
34] are useful in the method reported here.

.3. Nitric oxide- and nitrite-associated GSH consumption in
uman RBC
In the present study, we applied the HPLC method to study
otential effects of nitrite on erythrocytic GSH. Our working
ypothesis was that GSH may be consumed for the reduction of
ethemoglobin which is produced from the oxidation of NO (Eq.
r. B 877 (2009) 3405–3417

(1)) and nitrite (Eq. (2)) to nitrate by oxyhemoglobin [24]. Con-
sidering a daily NO production rate of about 600 �mol by healthy
humans [35], it may be calculated that about 10% of erythrocytic
GSH would be required daily for regeneration of methemoglobin
formed solely due to NO- and nitrite-oxidation in human RBC. Thus,
we expected that measurement of GSSG formed upon incubation
of RBC with NO or nitrite (Eq. (3)) would be a reliable approach to
test our hypothesis.

Preliminary studies showed that intact RBC possess very effec-
tive mechanisms to avoid GSH oxidation and/or regenerate GSH
from GSSG. By using relevant concentrations of NO and nitrite (up
to 10 �M), we were unable to demonstrate by this HPLC method
NO/nitrite-induced formation of GSSG in RBC at concentrations
clearly above the basal GSSG concentrations (data not shown).
Therefore, demonstration of GSSG formation in RBC required use of
extraordinarily high mM-concentrations of nitrite and potent oxi-
dants such as H2O2 in combination with the use of the non-specific
catalase inhibitor sodium azide [2]. Our results show that nitrite can
indeed cause GSSG formation in RBC. With regard to the RBC phys-
iology, these findings should be treated with caution. On the other
hand, they might be relevant for cases of intoxication with nitrite
or for diseases associated with excessive NO production such as in
sepsis [35].

It is well known that NO and nitrite oxidation in RBC is accom-
panied by oxidation of hemoglobin to methemoglobin [24,36].
Also, it has been reported that methemoglobin is reduced back
to hemoglobin, with GSH being oxidized to GSSG [26]. Formation
of mixed disulfides of GSH with proteins including hemoglobin
(HbSSG) has been observed by other investigators [33,37,38]. Mea-
surement of HbSSG should be possible with the method reported
here, for instance by adding NACET to the protein fraction of lysed
RBC, subsequent ultrafiltration, and HPLC analysis of the UF, but
measurement of HbSSG was beyond the aim of the present study.
Nevertheless, our findings suggest considerable formation of HbSSG
in lysed RBC incubated with nitrite and hydrogen peroxide. The
recent findings by Aldini et al. [33] are supportive of the results of
the present study.

The considerable differences between lysed and intact RBC with
respect to nitrite-induced GSSG formation are likely to be due to
involvement of more effective enzyme systems for conversion of
GSSG and mixed glutathione disulfides back to GSH in intact as
compared to lysed erythrocytes. Also, because of the instantaneous
formation of GSSG in lysed erythrocytes incubated with nitrite, the
low-extent formation of GSSG in intact RBC upon incubation with
nitrite could be in part due to the limited transport of nitrite across
the erythrocyte cell membrane. Indeed, May et al. [39] found that
0.8 mM nitrite are uptaken by RBC with a half-life of 11 min. The
time gained by the limitation of nitrite transport through the intact
RBC membrane is obviously satisfactory enough to fully regenerate
GSSG to GSH within the RBC. In this context, performance of inves-
tigations on lysed RBC, for instance in the framework of oxidative
stress, seems not to be very meaningful.

It is known for several decades that human RBC possess NADH-
and NADPH-dependent methemoglobin reductase activity (NADH-
cytochrome b5 reductase; EC 1.6.2.2.) [40]. Interestingly, Stock and
Smith have reported that methemoglobin formation in RBC requires
high nitrite concentrations and that methemoglobin reductase
activity is virtually abolished in lysed RBC [40]. These findings are
supportive of the remarkable differences we found in the present
study from the use of intact and lysed RBC regarding GSSG kinet-
ics. As reduction of GSSG to GSH as well as of methemoglobin to

hemoglobin in RBC requires NADH and NADPH as cofactors [40]
(Fig. 15), and considering a daily NO production rate of about
600 �mol [35], it can be estimated that under basal conditions
about 10% of erythrocytic GSH would be required for hemoglobin
regeneration. In turn, these processes would be associated with
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