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The blood reduced glutathione (GSH)/GSH disulfide
(GSSG) ratio is an index of the oxidant/antioxidant
balance of the whole body. Nevertheless, data indicating
GSH and GSSG physiological levels are still widely
divergent, especially those on GSSG, probably due to its
low concentration. Standardization in methodological
protocols and sample manipulation could help to mini-
mize these discrepancies. Therefore, we have investigated
how plasma reduced GSH, which is rapidly oxidized after
blood withdrawal, could alter the blood GSSG measure-
ment if the sample is not suitably processed. We have
observed that an increase in plasma GSH concentration,
due to red blood cell hemolysis, is responsible for a
significant overestimation of blood GSSG level. Our results
show that, before performing blood GSSG determination,
thiols have to be rapidly blocked, to avoid possible pitfalls
in GSSG measurement, in particular when hemolysis is
present.
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INTRODUCTION

Reduced glutathione (GSH) is the major low
molecular weight thiol in mammalian cells, where
it constitutes the most important antioxidant defense
against radicals and reactive oxygen species. It is in
balance with its oxidized form, GSH disulfide
(GSSG), but, generally, intracellular GSH reductase,
which utilizes NADPH as a donor of reducing
equivalents, shifts this equilibrium to the reduced
form.[1] An increase in oxidants unbalanced by

reducing power leads to the patho-physiological
status named oxidative stress.[2] The current opinion
is that oxidative stress could have a key role in
the development and/or progression of various
pathologies, including diabetes, cancer, atherosclero-
sis, cardiovascular diseases, neurological disorders,
acquired immunodeficiency syndrome (AIDS), to
name a few.[3 – 10] As a consequence, the availability
of markers that can provide an accurate assessment
of oxidative stress is of fundamental import-
ance.[10,11] GSH and its redox-related species have
been widely investigated as possible biomarkers, by
virtue of their high reactivity and their ubiquitous
presence.[12,13] Moreover, since blood GSH concen-
trations may reflect the oxidative status in other less
accessible tissues, measurement of both GSH and
GSSG in blood has been considered a reliable index
of whole-body GSH status and a useful indicator of
disease risk in humans.[14,15] Consequently, the blood
GSH/GSSG ratio is frequently investigated as an
index of the overall redox status.

Nevertheless, we still lack reference values for
the blood GSH/GSSG ratio, as indicated by
significant divergences between different research
groups.[14,15] We have measured a blood GSH
concentration over two orders of magnitude higher
than GSSG (1.5 mM and 3mM, respectively) in
healthy people.[14,16] Our investigations indicate
that GSSG levels are much lower than generally
reported, probably because some methodological
errors may occur during GSSG detection, thus
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leading to GSSG overestimation. Given its physio-
logical low levels, it is likely that, under an
oxidative perturbation, the raise in GSSG concen-
tration is particularly evident, while the corres-
ponding GSH depletion is negligible or
undetectable. Therefore, to obtain some reliable
information about the possible link between
oxidative stress and pathological status, it is
fundamental to avoid every possible methodologi-
cal pitfall in blood GSSG detection.

GSSG exists in both erythrocytes and plasma at
about the same concentration (i.e. 2 and 1mM,
respectively).[14,17] Since the human hematocrit value
is near 50%, the blood GSSG concentration is also
about 2mM. Differently, GSH is mainly distributed in
the intracellular compartment (about 3 mM),
and is present in plasma at a much lower level
(i.e. 2–4mM).[14,17,18] In contrast to intracellular GSH,
plasmatic GSH is rapidly oxidized to the disulfide
form in a few seconds after blood withdrawal.[1]

We hypothesized that this oxidation could be
sufficient to significantly increase the level of blood
GSSG, the plasmatic GSH concentration being
equimolar with the GSSG concentration. In addition,
this phenomenon could be more evident when the
plasma GSH content rises as a result of hemolysis.
Since erythrocyte GSH is about 3 mM,[14] even a
minimal amount of hemolysis could significantly
increase GSSG levels.

The aim of the present work is to investigate if
oxidation of plasma GSH during sample manipu-
lation can artifactually increase GSSG levels in whole
blood leading to GSSG overestimation. Moreover, the
influence of hemolysis during this measurement has
been evaluated. This pitfall should explain, at least
partially, the conflicting indications about the blood
GSH/GSSG redox state in healthy and sick subjects
found in the literature.[14,15] The guidelines to
overcome this pitfall are indicated.

MATERIAL AND METHODS

Materials

HPLC-grade reagents were purchased from BDH
(Poole, Dorset, England). A 4.6 £ 250 mm2 reversed-
phase HPLC column Sephasil C18 was purchased
from Pharmacia (Uppsala, Sweden). Monobromo-
bimane (mBrB) was obtained from Calbiochem
(La Jolla, CA, USA). All other reagents of analytical
grade were from Sigma–Aldrich Chemie GmbH
(Steinheim, Germany).

Sample Recruitment

Human venous blood was obtained from healthy
volunteers (with consent) by venipuncture with

a butterfly needle attached to a 5-ml syringe.
Approximately 3 ml of blood was drawn and
dropped into a tube containing K3EDTA.

Rat blood was obtained after pentobarbital
anesthesia from the abdominal aorta using K3EDTA
as an anticoagulant.

GSH Determinations in Plasma

Blood was reacted with the fluorescent thiol-labeling
molecule, mBrB, as previously described[17]

immediately or at specified times after withdrawal.
Measurements on clear supernatant were assessed
by HPLC (Bio-Tek Instruments KromaSystem 2000)
with fluorescence detection (Kontron SFM 25 spectro-
fluorimeter). Samples were injected into a Pharmacia
Sephasil column C18. Solvent A was 0.25% (v/v)
acetic acid, pH 3.09, solvent B was methanol.
The elution profile was as follows: 0–18 min, 20% B;
18–23 min, 23–100% B. The spectrofluorimeter was
set as follows: 380 nm excitation, 480 nm emission.

GSSG Determination in Blood and RBCs

Blood, 0.3 ml, was mixed with 50ml of 310 mM
N-ethyl-maleimide (NEM). After 5 s, samples were
deproteinized with 100ml 50% (w/v) TCA.[14] For
GSSG determination in red blood cells (RBCs), blood
was washed three times with saline solution
containing 5 mM glucose. The RBC pellet was
resuspended in the same solution to 45% hematocrit.
RBC suspension, 0.3 ml, was then reacted with 50ml
of 310 mM NEM; after 5 s, samples were deprotei-
nized with 100ml 50% (w/v) TCA. Deproteinized
blood or RBC samples were centrifuged at 15,000g
for 2 min. The excess of NEM was extracted from the
clear supernatant with ten volumes of dichloro-
methane. GSSG was then measured by spectro-
photometry as previously described.[14] Different
amounts of hemolyzed RBCs were added to some
blood samples before NEM treatment. Hemolysis
was carried out by osmotic lysis of packed RBCs by
addition of 1.5 volumes of water. Immediately or at
different times after the hemolyzed RBC addition,
blood samples were treated with NEM as above
indicated and GSSG was measured by spectro-
photometry.[14]

Hemoglobin Determination

Hemoglobin concentration was determined by the
cyanomethemoglobin method[19] in a UVIKON 810P
spectrophotometer.

Statistical Analysis

The correlation between GSSG blood levels and
percentage hemolysis was calculated by applying the
Spearman Test, for a non-Gaussian population.
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RESULTS

It is known that plasma GSH undergoes sponta-
neous auto-oxidation, so generating GSSG.[20,21]

We quantified this process by measuring, in human
plasma, levels of GSH in a 1–60 min time span after
blood collection (Fig. 1, closed circles). Human blood
was kept at room temperature and, at various times,
plasma GSH was determined. The GSH half-life was
found to be less than 5 min and about 80% of GSH
disappeared 15 min after blood withdrawal. The
possible contribution of intraerythrocytic GSH after
slight hemolysis was mimicked by adding 10mM
GSH to blood (Fig. 1, open circles). The GSH added
was oxidized as rapidly as physiological GSH. These
experiments indicated that plasma GSH is highly
unstable after blood withdrawal, suggesting its
possible involvement in blood GSSG overestimation.

We then evaluated the possible increase in blood
GSSG levels when determinations are not performed
shortly after blood collection. Blood sample was

maintained at room temperature and, at different
times between 0.5 and 60 min, GSSG levels were
measured (Fig. 2, open squares). GSSG increased
with time, and after 60 min it increased by 30% of the
initial value. The same experiment was repeated
with rat blood (Fig. 2, open circles), and the GSSG
increase was much higher than in human samples
(about 190 vs. 30% higher, respectively, at 60 min).
Rat plasma is characterized by a significantly higher
GSH concentration than in humans. Levels of total
GSH (GSH þ GSSG) in rat plasma were found to be
in the range of 22–27mM, about 85% of which was in
the reduced form.[22] From these data, it can be
deduced that the rat plasma GSH concentration is
about 20mM, while the GSSG concentration is similar
to that in human plasma. Therefore, high rat GSH
levels may be responsible for the marked increase
in the blood GSSG concentration we measured.
To investigate further this possibility, we performed
another series of experiments using RBCs instead of
whole blood for both species (Fig. 2, closed squares
and circles). In the absence of plasma, GSSG
levels were stable in both human and rat samples
(about 2mM), even after 60 min, as expected. These
data indicate that GSH undergoes auto-oxidation
only in the extracellular compartment, thus increas-
ing artifactually blood GSSG levels. Therefore, only
when the blood sample is immediately processed
after withdrawal can GSSG levels be measured
without artificial overestimation.

GSH concentration in plasma can increase as a
consequence of RBC hemolysis. Under these con-
ditions, blood GSSG overestimation due to plasma
GSH oxidation can be largely increased. Therefore,
the possible contribution of hemolysis in
the determination of GSSG values in human blood
was evaluated. In an experiment of simulated
hemolysis (Fig. 3), known amounts of hemolyzed
RBCs were added to blood samples, and the levels
of GSSG were measured at different times after

FIGURE 1 Time course of plasma reduced GSH levels. Aliquots
of plasma were analysed at specified times after blood collection
by means of a fluorimetric (mBrB) HPLC method. GSH levels in
plasma without any extra addition (closed circles) or with 10mM
GSH addition (open circles). n ¼ 6 for both experiments.

FIGURE 2 Time course of whole blood or RBC GSSG levels in human and rat. Sample aliquots were measured at specified times after
blood collection by means of the spectrophotometric GSH recycling method ðn ¼ 10Þ:
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withdrawal. The increase in GSSG concentration was
proportional to both the level of hemolysis and the
time elapsed between blood withdrawal and GSSG
measurement. In blood samples without hemolysate
addition (Fig. 3, closed circles), a maximum increase
of 20% above initial levels of GSSG was observed. In
this case, the artifactual increase in GSSG levels is
solely due to the oxidation of GSH physiologically
present in plasma. Samples supplied with hemolyzed
RBCs reached higher GSSG values due the higher
GSH concentration in plasma, as a consequence of
hemolysis. GSSG overestimation was negligible, even
at a high level of hemolysis, only when samples were
derivatized within 30 s of blood withdrawal.

Blood from subjects undergoing routine laboratory
analyzes was utilized for random GSSG measure-
ments. We chose blood samples with different levels
of hemolysis to evaluate its correlation with GSSG
values. Blood samples were processed about 1 h after
blood collection and the GSSG values obtained were
analyzed for a possible correlation with respect to %
hemolysis, calculated as plasma hemoglobin content
(Fig. 4). These parameters were found to be directly
related (r2 ¼ 0:559; p , 0:001), indicating that, if

GSH is not rapidly derivatized after withdrawal, the
GSSG amount is related to plasma reduced GSH
(that is oxidized to GSSG) rather than other factors.
The higher the overestimation of GSSG the higher
the % hemolysis.

DISCUSSION

The accurate evaluation of GSH and GSSG in blood
samples is of pivotal importance in obtaining
information on the oxidant–antioxidant balance of
the body. Due to its ubiquitous distribution and high
reactivity, GSH is one of the most sensitive
parameters to an oxidative perturbation.[1] In pro-
oxidative conditions, GSH is mainly oxidized to
GSSG by either a spontaneous or enzymatic reaction
(involving GSH-peroxidase). Therefore, GSH and its
redox-related species have been widely investigated
to study both the onset and the progression of
different pathologies related to oxidative stress, like
diabetes, rheumatoid arthritis, acute (adult) respi-
ratory distress syndrome, Parkinson’s disease,
human immunodeficiency virus infection.[12,13,23]

FIGURE 3 Time course of whole blood GSSG levels. Aliquots of blood were measured at specified times after collection by means of the
spectrophotometric GSH recycling method. RBCs hemolysed at different final percentages were added immediately after blood collection
ðn ¼ 8Þ:

FIGURE 4 Correlation between GSSG blood levels and hemolysis percentage in healthy subjects undergoing routine laboratory tests.
About 1 h after blood collection, samples were treated with NEM for spectrophotometric analysis ðr 2 ¼ 0:559; p , 0:001; n ¼ 85Þ:
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While titration of blood GSH is relatively easy to
perform, mostly due to its high concentration, the
exact evaluation of GSSG is not free from artifacts.

In this study, we have reported that the ability of
plasma to rapidly oxidize GSH to GSSG might
influence blood GSSG determination leading to its
overestimation. Plasma, per se, possesses a small
amount of GSH that quickly disappears after blood
collection (Fig. 1). In accordance with previous
data,[22] our experiments indicate that GSH is mainly
oxidized to GSSG. Therefore, if blood samples are
not rapidly derivatized, this phenomenon can result
in a GSSG overestimation. Due to the low concen-
tration (2–4mM) of plasmatic GSH, the pitfall is
limited to a 20–30% increase in GSSG. Therefore,
blood GSSG levels can vary from 2 to 2.5mM when
the sample is not immediately analyzed after blood
collection. This phenomenon is much more evident
when rat blood is used (e.g. during common
laboratory experimental procedures), since it con-
tains higher plasma GSH levels than human blood
(Fig. 2). In rat blood, GSSG levels could theoretically
increase up to 300–400%; in fact, since 20mM GSH
can generate 10mM GSSG, taking into consideration
the hematocrit value (about 50%), the level of GSSG
in blood can vary from 2 to 7.5mM. We have found a
190% increase in GSSG concentration 1 h after blood
collection (Fig. 2), probably because the oxidative
process requires more time to reach completion.

Blood GSSG overestimation can be enhanced as a
consequence of hemolysis. Since erythrocyte GSH
concentration is very high (about 3 mM), even a mild
hemolysis can significantly increase blood GSSG
levels (Fig. 3). Therefore, two different types of
plasma GSH may be responsible for GSSG over-
estimation: (i) the physiological amount normally
present and (ii) that deriving from RBC hemolysis.
Both types are oxidized quickly to GSSG, following
similar kinetics (Fig. 1). Blood hemolysis may have
different origins. A minimal percentage (0.1–0.5%)
may be due to a rapid suction of blood through the
syringe needle; this could increase GSSG up to
40–70% above its real value. Some precautions
should be taken to reduce this phenomenon; for
example, the use of a butterfly needle for blood
collection could be helpful.[24] This problem is
particularly evident using rat blood, since it is more
susceptible to hemolysis than human blood
during withdrawal. In addition, some pathological
conditions exist, besides anemias, in which hemolysis
can occur. RBC susceptibility to hemolysis is
increased in concomitance with hemodialysis,[25] in
a pre-eclampsia complication named hemolysis,
elevated liver enzymes, and low platelet count
(HELLP) syndrome,[26] in subjects suffering from
acute post-streptococcal glomerulonephritis,[27]

diabetes,[28] epilepsy[29] and hypercholesterole-
mia.[30] Cardiopulmonary bypass procedures,

transfusion of aged blood, treatment with some
nonsteroidal anti-inflammatory drugs (e.g. Na-sali-
cylate, naproxen and ketorolac) at therapeutic
concentrations[31,32] can also hemolyze RBCs causing
an increase in the plasma GSH pool. In all these
conditions, blood GSSG determination can signifi-
cantly be altered by hemolysis, these two parameters
being directly related (Fig. 4).

To avoid GSSG overestimation due to plasma GSH
oxidation, some precautions should be taken. Our
data indicate that a rapid sample derivatization is
necessary to reduce GSH oxidation. As previously
reported,[14] sample manipulation for GSSG
determination is easily susceptible to methodo-
logical mistakes, depending on the technique
utilized: (i) oxidation of thiols in acidified samples;
(ii) oxidation of thiols after restoring neutral-alkaline
pH; (iii) oxidation of thiols during acid deproteini-
zation; (iv) shift in the GSH/GSSG equilibrium
because of irreversible blocking of free thiols;
(v) reaction of electrophiles with amino groups. We
previously observed[14] that all these pitfalls can be
overcome by sample pre-treatment with the thiol
blocking agent NEM and its successive extraction
after sample acidification. Our new data indicate
that this rapid sulfhydryl quenching prevents
plasma GSH oxidation also and, consequently, the
related GSSG overestimation (Figs. 2 and 3, data
obtained 1 min after blood collection). In conclusion,
our data suggest the need to perform NEM
pre-treatment a few seconds after blood collection
to minimize GSSG overestimation due to plasma
GSH oxidation.
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