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Abstract

This paper describes a high-performance capillary electrophoretic (HPCE) method which allows a quick,
simultaneous and quantitative determination of reduced (GSH) and oxidized (GSSG) glutathione in mammalian
red blood cells using a Supelco-bonded hydrophilic phase capillary CElect-P150. The extraction procedure of GSH
and GSSG from erythrocytes using Microcon-10 membranes is very simple and allows a correct evaluation of these
compounds present in the red blood cells. Furthermore, the HPCE method does not require removal of the excess
N-ethylmaleimide used to block the glutathione in its reduced state, making the simultaneous evaluation of GSH
and GSSG possible in a very short time (ca. 4 min), with a sensitivity at femtomole level.

1. Introduction

Glutathione (y-L-glutamyl-L-cysteinyl-glycine;
GSH), an essential tripeptide present in virtually
all animal cells, is a component of a pathway that
uses reduced nicotinamide—adenine dinucleotide
phosphate (NADPH) to maintain the cellular
redox state. It has an essential role in maintaining
both proteins and other compounds such as ascor-
bate, a-tocopherol, etc. in their reduced states.
Furthermore, it is involved in the reduction of
ribonucleotides to deoxyribonucleotides (precur-
sors of DNA) and is implicated in protecting the
cell against oxidative damage, free radical dam-

* Corresponding author.

age and other types of toxicity [1]. Glutathione
can be present in the cells in its oxidized (GSSG)
and reduced states (GSH). Usually, most in-
tracellular glutathione is in its reduced state,
which in most tissues represents more than 99%
of the total glutathione (GSH + GSSG) [2]. Com-
monly, GSH is present in the cell in 1-2 mM con-
centrations, while the concentration of GSSG is
at the uM level. However, the levels of oxidized
and reduced glutathione can change significantly
upon oxidative stress, and their evaluation pro-
vides useful information about the redox and de-
toxification status of cells and tissues [3-6]. Sever-
al procedures for the determination of GSH and
GSSG from different biological sources have
been reported in the literature: chemical [7] and
enzymatic [8-10] methods, high-performance lig-
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uid chromatography [2,11-19], flow cytometry
[20-22] and, more recently, capillary electropho-
resis (CE) [23,24]. GSH and GSSG can be de-
tected using spectrophotometric [25,26], spec-
trofluorimetric [27-33] and electrochemical de-
tectors [11,15,17,34-39] with different levels of
sensitivity ranging from nmol [14,16] to pmol
[12,13]. Correct measurement of glutathione di-
sulfide is difficult both because of its low concen-
tration and the ease with which GSH is oxidized
to GSSG in biological extracts. One of the most
common methods utilized for GSSG determina-
tion in red blood cells involves an enzymatic reac-
tion using NADPH-dependent glutathione reduc-
tase which ensures high specificity and good sen-
sitivity [40]. However, in order to prevent unde-
sirable oxidation of GSH in the course of sample
treatment, N-ethylmaleimide (NEM) must be
added to block free thiol groups [10,40-42]. This
reagent interferes with the subsequent enzymatic
determination of GSSG by inhibiting the gluta-
thione reductase. Furthermore, this method re-
quires several extractions with diethyl ether to re-
move the excess NEM, followed by flushing with
nitrogen to eliminate this diethyl ether. These
numerous steps make this method laborious and
time-consuming and, moreover, the additional
manipulations required may lead to an inaccurate
evaluation of glutathione. In this paper, we de-
scribe a procedure which allows a quick CE analy-
sis of the GSH-NEM derivative and GSSG in the
red blood cells in conjunction with a simple ex-
traction procedure using a Microcon-10 mem-
brane. This filtration procedure does not require
the use of protein-precipitating agents (such as
perchloric acid, metaphosphoric acid, trichloro-
acetic acid, etc.) commonly used to minimize the
oxidative change of GSH to GSSG. This is an im-
portant point because Reed et al. [14] have shown
that the use of these protein-precipitating agents
is unsuitable for the correct determination of
GSH and GSSG in whole blood samples. Further-
more, the CE method described here, using a
Supelco-hydrophilic bonded phase capillary
CElect-P150, allows the analysis of GSH and
GSSG in red blood cells with a sensitivity at fmol
level.

2. Experimental
2.1. Chemicals

GSH, GSSG and NEM were obtained from
Sigma (St. Louis, MO, USA). Analytical re-
agent-grade potassium dihydrogenphosphate was
purchased from Merck (Darmstadt, Germany).
Microcon-10 microconcentrators were purchased
from Amicon (Beverly, MA, USA). Filters (0.22
um) were obtained from Millipore (Bedford,
MA, USA). The water used for the experiments
was doubly distilled. All buffers were filtered
through a Millipore filter (0.22 um) before
HPCE analysis.

2.2. HPCE apparatus

CE analysis was performed using an auto-
mated P/ACE 2100 system (Beckman Instru-
ments, CA, USA) interfaced with an IBM 55sx
computer using System Gold software for control
and data collection. The P/ACE 2100 system,
equipped with UV detector, automatic injector
and autosampler, was fitted with a 30 kV high-
voltage power supply with a current limit of 250
HA.

2.3. Capillary

The capillary used throughout this work was a
27 cm Supelco bonded hydrophilic phase CElect-
P150 (50 pm I.D. X363 um O.D.), with the
detector cell at 20 cm (Supelco, Bellefonte, PA,
USA). The capillary was assembled in a Beck-
man cartridge.

2.4. Preparation of samples

Whole blood was collected using heparin as
anticoagulant. Rabbit red blood cells with a
percentage of reticulocytes ranging from 40 to
60% were obtained from rabbits made anaemic
by phenylhydrazine administrations [43]. The
blood samples were centrifuged at 5000 g (3000
rpm) for 10 min, plasma and buffy coat were
removed and the red cells were washed twice
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with 0.9% (w/v) NaCl isotonic solution. In some
experiments, the packed cells were resuspended
1:10 in the presence or absence of 0.1 mM Fe**
and 10 mM ascorbate and then incubated for 90
min at 37°C, in a shaking water bath. In all
experiments the red blood cells were lysed add-
ing an equal volume of cold water in presence of
(50 mM) NEM and leaving the solution in ice for
20 min. The stroma were removed by centrifuga-
tion at 14 000 rpm for 10 min. The supernatant
was filtered using a Microcon-10 membrane (cut-
off M_ 10 000) at 10 000 rpm for 5 min and the
filtered solution was directly analyzed by HPCE.

2.5. CE analysis

The analysis was performed applying the sam-
ple under nitrogen pressure for 5 s using a
sodium phosphate (35 mM, pH 2.1) buffer as
electrolyte. The separating conditions of 15 kV
were achieved in 1 min and held at a constant
voltage for 9 min. The experiments were carried
out at 25°C and detection was performed by UV
absorption at 200 nm. After the analysis, pre-
conditioning of the capillary using acid or basic
treatments is not necessary, and new analyses
can be performed by equilibrating the capillary
using the electrolyte buffer for about 2 min.

2.6. Spectrophotometric determination of GSH
and GSSG

The colorimetric method of GSH determina-
tion and the enzymatic assay for the GSSG

evaluation were performed as described by Beut-
ler {44].

3. Results and discussion
3.1. Separation of GSH and GSSG by HPCE

Fig. 1A shows the simultaneous separation of
a 500 wM standard mixture of GSH and GSSG
by CE using a Supeico CElect-P150 hydrophilic
bonded phase capillary. As shown in the electro-
pherogram, the analysis of the oxidized and
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Fig. 1. Separation of standard mixture of GSH and GSSG by
CE using the Supelco hydrophilic bonded phase capillary
CElect-P150. (A) Separation of standard mixture of GSH
and GSSG. (B) Separation of GSH and GSSG in presence of
an excess of NEM. The analysis was performed applying the
sample under nitrogen pressure for 5 s and using sodium
phosphate (35 mM, pH 2.1) buffer as electrolyte. The
experiment was carried out at 25°C and the detection was
performed by UV absorption at 200 nm.

reduced glutathione can be performed in a short
time (less than 4 min) making this method
significantly quicker than other high-perform-
ance liquid chromatographic, enzymatic or
colorimetric procedures. The use of NEM to
block the GSH in its reduced state has been
suggested, however, in order to obtain a correct



242 G. Piccoli et al. | J. Chromatogr. A 676 (1994) 239-246

evaluation of GSH and GSSG in biological
fluids, cells and tissues [10,40-42]. Fig. 1B shows
the analysis of the GSH-NEM derivative and
GSSG by CE under the same experimental
conditions described in Fig. 1A. As shown in the
electropherogram, the use of NEM does not
interfere with the separation of these two com-
pounds, allowing an even better separation. In
fact, NEM reduces the electrophoretic mobility
of the GSH-NEM derivative, increasing the
separation time between GSSG and GSH-NEM
by about 20 s. Under these conditions it is
possible to correctly evaluate the two compounds
even when one is present in great excess as
compared to the other, as usually occurs in
biological samples [2]. Furthermore, the GSH-
NEM derivative detected at 200 nm shows a
higher extinction coefficient, compared to the
GSH absorption, showing the increased sensitivi-
ty of factor 2 (Fig. 1B). As reported in Fig. 1B,
the excess of NEM does not interfere with the
CE analyses of the GSH-NEM derivative and
GSSG, since it is eluted from the capillary with a
migration time of about 9 min. However, it is
not necessary to wait for the end of the analysis
(ca. 9 min) before injecting another sample,
since it is possible to remove the excess NEM
from the capillary by performing the equilibra-
ting procedure with the phosphate electrolyte
buffer. Under these conditions, analyses of the
GSH-NEM derivative and GSSG can be per-
formed every 5-6 min. This, together with the
possibility of automating the analysis, makes this
procedure of interest for routine analyses as in
the case of clinical applications or in other
biochemical studies.

3.2. GSH and GSSG calibration curves

Figs. 2 and 3 show the calibration curves for
GSH and GSSG obtained by injecting a standard
solution of reduced and oxidized glutathione
ranging from 1 to 2000 pM. As shown in the
figures, there is a very good correlation between
the amount of GSH and GSSG injected and that
detected by CE, even at low concentrations (1-
100 uM). Furthermore, the reproducibility has
been tested from analysis to analysis when a 50
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Fig. 2. Calibration curve of GSH-NEM. The experiment was
performed injecting standard solutions of GSH-NEM ranging
from 2 to 2000 uM. The inset shows the linearity of
calibration curve at low standard concentrations (1-100
@M). Analysis conditions as in Fig. 1 (R > 0.999).

uM solution of GSH and GSSG is repeatedly
injected. The relative standard deviations
(R.S.D.s) determined on the basis of six differ-
ent injections, 0.226% for GSH and 0.229% for
GSSG, show that there is a very good correlation
between the values of the standard solution of
reduced and oxidized glutathione and that ex-
perimentally determined by HPCE. The same
experiment was performed using a real sample
obtained from red blood cells exposed to an
oxidant system (Table 1). Also in this case the
sample was injected six consecutive times and
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Fig. 3. Calibration curve of GSSG. The experiment was
performed injecting standard solutions of GSSG ranging
from 2 to 2000 uM. The inset shows the linearity of
calibration curve at low standard concentrations (1-100
uM). Analysis conditions as in Fig. 1 (R >0.999}.
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Table 1
Reproducibility of GSH and GSSG analysis in red blood cells by HPCE

Injection GSH GSSG
No.
Migration Concentration® Migration Concentration®
time (min) time (min)
1 4.487 206.23 3.600 534.03
2 4.407 202.07 3.541 536.34
3 4.512 202.91 3.615 542.37
4 4.510 205.25 3.615 544.24
5 4.444 198.31 3.572 528.28
6 4.458 201.62 3.578 532.07
R.S.D. (%) 0.92 1.39 0.80 1.14

The sample used in the experiment was obtained from red blood cell suspension incubated for 30 min in the presence of an

oxygen radicai-generating system represented by Fe’'/ascorbate. Afier the incubation the red biood ceil suspemsion was
processed as described in the Experimental section and the sample obtained was injected six consecutive times. The migration
times and the concentrations of GSH and GSSG determined by HPCE analysis are reported.

* The data reported are expressed as nmol/ml hemolysate (1:1).

the data reported in Table 1 show the high
reproducibility of the migration times of GSH
and GSSG together with an experimental re-
producible determination of their amounts. The
detection limit, calculated from electrophero-
grams obtalned using the experimental condi-
tions described above, indicates that it is possible
to detect the GSH and GSSG present in samples
at a concentration of 0.5-1 uM, corresponding
to about 10-20 fmol. These resuits prove that
the CE method developed is reliable and can be

nced for auantitative detarminatiaone of (GSH and
USCG 10T quaniiadye QEerminauosiis 1 Uusn and

GSSG in biological samples.
3.3. Recovery of exogenous GSSG

The extraction procedure for the determina-
tion of glutathione in red blood cells was per-
formed using a Microcon-10 membrane to filter
the erythrocyte lysate.The reliability of this ex-

traction procedure was checked by adding an
exogenous GSSG solution to the hemolysate.
The red blood cell lysate was diluted with an
equal volume of 2 mM GSSG standard solution
and the sample was then filtered for 5 min at
10 000 rpm using the Microcon-10 membrane.
The filtered solution was then directly analyzed

hy (E The camnlete racaovery oof the evaocenong
Uy L. 11 COmMpiCic 1CCOVvery Of ulC CXOELivus

GSSG (1.007 pmol/ml of hemolysate 1:1), dem-
onstrates the validity of the extraction procedure
used. Furthermore, in order io assure the best
analytical conditions, we performed various ex-
periments either using low pressure of nitrogen
or injecting the sample electrokinetically. The
results obtained show that, for an accurate
analysis of GSSG and GSH by CE using a
CElect-P150 capillary (27 cm X 50 pm 1.D.), it
was necessary to inject the sampie under pres-

sure for 5 s. Injection times lower than 5 s can

cionificantly inflnence the renroducihilitv of the
Dlsllll.\'allll" 11111 Uuw WY Lilw lvl’lvu“vlvlllt] L vddw

amount of sample injected, while higher injec-
tion times can cause overloading.

3.4. Determination of GSH and GSSG in red
blood cells

The procedures reported in the literature for
evaluating the reduced and oxidized glutathione
in red blood cells show some drawbacks, due to
the extraction and analysis methods used
[2,10,45]). In fact, the extraction must be per-
formed using excess NEM to block the GSH in
its reduced state, with a subsequent removal of

the excess NEM from the sampie requiring

additional tedious and time-consuming steps.
The CE method described in this paper tocether
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with an appropriate extraction procedure, which
does not require the use of protein precipitating
agents, was shown to be suitable for the simulta-
neous analysis of GSH and GSSG in mammalian
erythrocytes. We tested this procedure evaluating
the levels of GSSG and GSH in human erythro-
cytes from adults and umbilical cord blood,
rabbit reticulocytes and in the red blood cells
exposed “in vitro’ to an oxygen radical generat-
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Fig. 4. CE analysis of GSH and GSSG levels in the human
red blood cells from umbilical cord blood (A) and in rabbit
reticulocytes (B). The red cells were lysed in presence of
excess of NEM and deproteinized as described in the Ex-
perimental section. The levels of GSH were 1.17 and 1.68
pumol/ml of hemolysate (1:1) in umbilical cord blood and in
rabbit reticulocytes, respectively. The GSSG concentrations
were not detectable, being lower than 1 uM. Analysis
conditions as in Fig. 1.

ing system. Fig. 4 shows the electropherograms
of glutathione content in rabbit reticulocytes and
human fetal erythrocytes. Fig. 5 shows how the
levels of GSSG and GSH in human erythrocytes
exposed to 0.1 mM Fe®" and 10 mM ascorbate
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Fig. 5. GSH and GSSG levels in human red blood cells
exposed to Fe’'/ascorbate oxygen radicals generating sys-
tem. (A) Red blood cells at starting point of exposure to the
Fe’" /ascorbate system; (B) red blood cells after 30 min of
exposure; (C) red blood cells after 60 min of exposure; (D),
(E) and (F) red blood cell controls incubated 0. 30 and 60
min, respectively. at 37°C. Analysis conditions as in Fig. 1.
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changed. This oxidant radical generating system
is able to produce free radicals which can
provoke an intracellular metabolic impairment
modifying the redox state of cells significantly
[46]. As shown in Fig. 5A, B and C the level of
GSH in the erythrocytes exposed to this oxidant
system undergoes a dramatic drop, with a
simultaneous increase in GSSG concentration
from 0.020 M to 0.40 mM. A fraction of GSSG
thus formed in the erythrocytes incubated with
iron/ascorbate flows-out of the cells, and can be
detected in the external medium. Fig. 5D, E and
F shows the electropherograms of GSH and
GSSG in the human red blood cells not exposed
to iron and ascorbate. As shown in the figure,
incubation of intact red blood cells up to 60 min
at 37°C, does not provoke any significant change
of the GSH levels.

Furthermore, we have also compared the GSH
and GSSG levels determined by spectrophoto-
metric [44] and CE analyses in human red blood
cells from normal adults and in the erythrocytes
exposed to the iron/ascorbate system (Table 2).
As shown in the table, there is a good relation-
ship between the GSH values obtained spectro-
photometrically and those determined by HPCE
analysis. However, using the procedure de-
scribed in this paper, the level of GSH in the

Table 2

human erythrocytes is about 10-12% higher
compared to the values obtained using the meth-
od proposed by Beutler [44], while the levels of
GSSG are not detectable. In fact, our data show
that the concentration of GSSG in human red
blood cells from whole blood samples collected
and immediately used for the analysis is less than
1 wM. This result is in agreement with that
obtained also by Eyer and co-workers [47,48].
Furthermore, the exposure of intact red blood
cells “in vitro”” to an oxidant system changes the
intracellular GSH/GSSG ratio with a significant
increase of oxidized glutathione that can be
correctly evaluated (Table 2). The results re-
ported in the table show that, at different incu-
bation times, the GSH and GSSG levels refiect a
correct evaluation of the total amount of gluta-
thione equivalents in the red blood cells. In
addition, it should be pointed out that using this
procedure the amount of red blood cells required
for a correct evaluation of GSH and GSSG is
100-200 p1, significantly lower than that used by
other methods [44]. For example the evaluation
of GSSG, according to Beutler [44] requires the
use of 2.5 ml of packed erythrocytes.

In conclusion, the extraction of GSH and
GSSG from red blood cells using Microcon-10
membrane, together with their simultaneous

Levels of GSH and GSSG in human red blood cells using different procedures of extraction and analysis

Sample Spectrophotometry® HPCE

GSH GSSG GSH GSSG
Control 5.14 £0.58 0.021 + 0.0014 5.89+0.36 N.D.
t, 5.22 0.08 5.70 0.11
ty 1.45 1.85 1.39 2.20
tso 0.27 1.81 0.29 2.16
Seo N.D. 0.013 N.D. 0.015

The data referred to the “control” were obtained collecting the blood samples from 10 healthy adult subjects and immediately
used for the evaluation of GSH and GSSG levels after removal of plasma and buffy coat. A sample of intact red blood cells was
also incubated up to 60 min, at 37°C, in the presence of Fe®*/ascorbate system. At various incubation times (¢,,f,, and f,) an
aliquot of red blood cells was collected and analyzed for the GSH and GSSG levels. Under these experimental conditions, a
certain amount of the intracellular GSSG flows-out from the cells and can be detected in the external medium (S, corresponds to
the supernatant after the incubation of intact erythrocytes for 60 min). All data are expressed as wmol/g hemoglobin except Sy,
that is expressed as pmol/ml external medium. N.D. = Not determined.

* The methods used were from Beutler [44].
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evaluation by CE represent a reliable and simple
method to evaluate the levels of these com-
pounds in mammalian erythrocytes even when
low amounts of blood are available.
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