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Direct Determination of Glutathione Reductase
in Cells Cultured in Microtitre Plates as a
Biomarker for Oxidative Stress
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Summary — A new method was developed for the direct determination of glutathione reductase
(GOR) activity in Vero cells cultured in microtitre plates, avoiding cell-free extract preparation.
The cells in each well were washed twice with phosphate-buffered saline, lysed with Triton
X-100, and assayed in 0.1M potassium phosphate, pH 7.0. After subtracting oxidase activity,
which increased with NADPH concentration, the net GOR activity was similar at different
oxidised glutathione (GSSG) and NADPH concentrations, thus confirming enzyme saturation.
The optimised GOR assay used 2.5mM GSSG and 0.12mM NADPH; 5mM EDTA was also added
to prevent the enzyme from redox inactivation. The GOR activity was directly proportional to
the number of cells per well for a wide range of cell densities, thus supporting the assay’s validity
for use with cultured cells.

The effects on GOR activity of three chemicals which induce oxidative stress, namely, paraquat,
iron (II) chloride and iron (III) chloride, were examined to validate the assay under experimental
conditions. The specific enzymatic activity increased to 357% of untreated control activity in
5mM paraquat-treated cells, and to 407% of control activity in cells exposed to 7.5mM iron (II)

_chloride. By contrast, activity decreased to 56% of control activity in cells exposed to 5mM iron
(III) chloride. In conclusion, the changes in GOR activity detected in Vero cells confirm that the
new assay is suitable for routine in vitro screening of toxicants capable of inducing oxidative
stress.

Key words: Vero cells, glutathione reductase assay, oxidative stress, paraquat, iron (II), iron
(II1), biomarker, toxicity.

Introduction

A variety of environmental pollutants, such
as metals, biphenyls and quinones, catalyse
the conversion of O, into reactive oxygen
species (ROS), which damage nucleic acids,
proteins, lipids and carbohydrates (1-3).
Living beings are protected from ROS by
antioxidant enzymes, such as superoxide
dismutase, catalase, glutathione peroxidase,
glutathione reductase, and enzymes that

regenerate NADPH. In many cases, the act-
ivity of these enzymes is increased under
oxidising conditions; additionally, low mol-
ecular weight antioxidants, such as vitamins
E and C or reduced glutathione (GSH), react
with ROS and biomolecule-derived radicals
(1, 3). Oxidative stress results if antioxidant
defences are overcome by pro-oxidant agents
and ROS are not adequately removed (3).
Antioxidant enzymes are used as oxidative
stress biomarkers for environmental impact

Address for correspondence: Professor Juan Loépez-Barea, Departmento de Bioquimica y Biologia Molecular,
Universidad de Cérdoba, Avda de Medina Azahara sin, 14071 Cérdoba, Spain.



532

C. Garcia-Alfonso et al.

assessment (2, 4, 5).

Glutathione reductase (GOR; 6, 7) is a
dimeric pyridine nucleotide:disulphide oxido-
reductase containing one FAD molecule per
monomer, which catalyses the reaction:

GSSG + NADPH + H* — 2GSH + NADP*

The oxidised glutathione (GSSG) derives
either from direct quenching of oxidants or
from detoxification of HyO, or organic hydro-
peroxides through glutathione peroxidases
(3). The antioxidative role of GOR has been
confirmed in different organisms, since GSH
protects the cells from the damage produced
by ROS (7). ;

This study was aimed at adapting and
optimising the spectrophotometric assay used
with soluble enzyme preparations (6-8) for
the determination of GOR activity in cells
cultured in microtitre plates. This simplified
and rapid assay should obviate the need for
preparing cell-free extracts, a step which
currently limits the use of this enzymatic
activity for testing many samples under
different experimental conditions. The estab-
lished Vero cell line, derived from the kidney
of a normal adult African green monkey (9),
has been evaluated in this work as a possible
alternative to more troublesome primary cell
cultures. The effects on GOR activity of the
oxidative stress induced by three redox-active
compounds, namely, paraquat, and iron (I)
and iron (ITI) ions, in cultured Vero cells, were
compared in our study to validate the adapted
and optimised GOR assay.

Materials and Methods

Toxicants and reagents

Chemicals of the highest purity available
were purchased from Sigma (St Louis, MO,
USA), and Merck (Darmstadt, Germany).

Cell culture

The established Vero cell line was a gift from
B. Pasamontes and J. M. Gémez, at the Lab-
oratorio de Sanidad y Produccién Animal
(Cérdoba, Spain). The Vero cell line was
originally established by T. Yasamura and Y.
Kawakita (Chiba University, Chiba, Japan)
in 1962 from the kidney of -a normal adult
African green monkey (Cercopithecus aethiops);
the line was submitted to the Animal Cell
Culture Collection in the 113th passage and

has been prepared and characterised by the
American Type Culture Collection (Rockville,
MD, USA; 9). Vero cells have a fibroblast-like
morphology and were maintained as cont-
inuous monolayer cultures in Falcon flasks
at 37°C in a humidified atmosphere of 5% CO,
in air. Cells were grown in modified Eagle’s
medium, supplemented with 10% fetal bovine
serum, 100U/ml penicillin G and 100mg/ml
streptomycin (Flow Laboratories, Irvine,
UK). The viability of plated cells was deter-
mined by trypan blue exclusion, as recomm-
ended in the repository reference seed stock
(9), and in all experiments was higher than
90%.

Toxicant exposure

Cells were plated in 96-well tissue culture
plates (Costar, Cambridge, MA, USA) at a
density of 12,000 cells per well and grown as
described above. After 24 hours, the culture
medium was replaced with 0.2ml of fresh
medium containing the toxicant to be tested
and the treated cells incubated for another
24 hours. The compounds were dissolved in
sterile water in concentrated form to dilute
the culture medium by less than 1%.

Biochemical determinations and cytotoxicity
assessment

All determinations were carried out in the
96-well plates where cell culture and exposure
had taken place. Interference of chemicals
with the enzymatic activity assays was assay-
ed in parallel.

GOR activity was assayed directly, follow-
ing NADPH oxidation (8), in 96-well micro-
titre culture plates as follows: a) culture
medium was removed and the cells were
washed twice with phosphate-buffered saline
(PBS), so only intracellular parameters were
determined; b) cells were lysed by incubation
with 100ul of 1% Triton X-100 for 45 minutes
at 25°C; and c) the reagents for enzymatic
activity were then added in 100yl at concen-
trations twice those required in the 200yl final
reaction mixtures, which contained 0.1M
potassium phosphate buffer (pH 7.0), 5mM
EDTA and different concentrations of GSSG
(2.5-10mM) and NADPH (0.12—0.48mM).

The decrease in NADPH absorbance (AA)
was measured at 340nm, 3—10 minutes after
the start of the reaction, with a Titertek
Multiscan plate reader (Flow Laboratories,
Helsinki, Finland). NADPH oxidation with-
out GSSG (oxidase activity) was determined



A biomarker for oxidative stress

533

at each reductant concentration and sub-
tracted from the corresponding assays, to give
the net GOR activity. The corrected decrease
in absorbance was converted into specific
enzymatic activity units by considering the
NADPH extinction coefficient, the volume
and height of the reaction mixture, the time
elapsed, and the protein concentration of the
sample. One unit of GOR activity was defined
as the amount of enzyme transforming one
micromole of substrate per minute under the
conditions described above.

Protein concentration was determined in
situ by adapting the Bradford method (10) to
96-well microtitre plates (11). Plates were
washed twice with PBS, and twice again with
water to remove the buffer. Then, 100ul of
0.1M NaOH were added to each well and the
plates were incubated for 2 hours at 37°C to
lyse the cells and dissolve the protein. Serial
dilutions of bovine serum albumin in 0.1M
NaOH were used as protein standards. Pro-
tein ‘reagent (Bio-Rad Laboratories, Rich-
mond, CA, USA) was added to each well, and
the absorbance was read at 620nm after 30
minutes.

Effect of cell number on GOR activity

The effect of cell density on the GOR assay
was determined using cells from continuous
monolayer cultures after trypsinisation and
serial dilutions in PBS. Aliquots (0.2ml) of
each cell dilution were added to the 96-well
tissue culture plates (6 wells per concentra-
tion). The plates were centrifuged at 880g for
7 minutes in an adequate rotor (Sigma, Oster-
ode, Germany). The supernatant was gently
aspirated with a multichannel pipette, and
the intracellular GOR activity was deter-
mined as above.

Statistical analysis

All experiments were carried out three times,
with 6 wells per assay. The statistical sig-
nificance of the differences in enzymatic act-
ivities was determined by one-way analysis
of variance (ANOVA; 12). When the data did
not fulfil the requirements for the ANOVA
test, a non-parametric method, the Mann-
Whitney U-test, was used (13).

Results

The standard method for GOR assay, in cell-
free extracts following NADPH oxidation by

GSSG (6-8), was adapted for the direct ass-
essment of GOR activity in cells grown in
microtitre plates, in order to avoid cell-free
extract preparation. To check the adapted
assay, the GOR activity of a fixed number of
cells (12,000 plated per well after 48 hours of
growth) was assayed at different substrate
concentrations. Figure 1 shows the time-
course of NADPH oxidation with different
NADPH and GSSG concentrations; at each
NADPH concentration, GSSG was omitted to
determine the oxidase activity (upper line of
each Figure). As expected, oxidase activity
increased with reductant concentration, from
a nearly negligible value with 0.12mM
NADPH (AA_in3.10 =0.003), to a low but
significant value in the assay with 0.48mM
NADPH (AA 15 10 = 0.011).

The net GOR activity was similar at all
substrate concentrations, after oxidase corr-
ection: 0.0015 AA/minute was calculated in
the assay with 0.12mM NADPH and 2.5mM
GSSG versus 0.0017 and 0.0016 AA/minute
observed in the assays with two-fold and four-
fold higher substrate concentrations (Figure
1); thus, even the lower substrate concentra-
tions were saturating. Nevertheless, at high
substrate concentrations a lower correlation
coefficient was observed, as is shown in
Figure 1 by the correlation coefficients of the
different assays: r = 0.9981 with 0.12mM
NADPH and 2.5mM GSSG versusr = 0.9764
with four-fold higher substrate concentra-
tions. The linearity and saturation of the
assay at low substrate concentrations led us
to select 2.5mM GSSG and 0.12mM NADPH
for the standard GOR assay. The GOR assay
was not stable for the first 3 minutes after
the start of the reaction (not shown); thus,
NADPH oxidation was determined between
minutes 3 and 10. Finally, 5mM EDTA was
also included in the assay to prevent the
enzyme becoming inactivated under reducing
conditions (7), thus stabilising the enzyme
behaviour.

Effects of cell density on GOR activity

The relationship between GOR (total activity
per well) and cell number is shown in Figure
2. The activity was directly proportional to
cell density up to a density of 150,000 cells
per well. This wide range includes the density
of the cells existing after growth for 48 hours
(approximately 35,000 cells per well, due to
the proliferation of the 12,000 cells initially
plated per well), but the assay could also be
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Figure 1: Time-course of the decrease in NADPH absorbance by the glutathione

reductase of Vero cells
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Cells were plated at a density of 12,000 cells per well by adding 0.2ml of a suspension of 60,000
cells/ml and incubated for 48 hours. Glutathione reductase activity was assayed as described
in Materials and Methods in the absence (@) or presence (O) of oxidised glutathione (GSSG).
NADPH and GSSG concentrations were: a) 0.12mM and 2.5mM, and b) 0.24mM and 5mM,

respectively.

The results show the means of six assays carried out in one representative experiment.

applied to cultures showing much more
growth.

Effects of oxidative stress-inducing
compounds on GOR activity

The effects on GOR activity of three chemicals
which induce oxidative stress, namely, para-
quat, iron (II) chloride and iron (IIT) chloride
(14, 15), were examined in Vero cells to val-
idate the optimised assay under experimental
conditions. Toxicant concentrations were
selected to be close to those yielding a 50%
reduction in cell proliferation (EC50; 5mM for
paraquat [16], 5.5mM for iron (II) chloride

and 22mM for iron (III) chloride [C. Garcia-
Alfonso, J. Lépez-Barea, P. Sanz, G. Repetto
& M. Repetto, unpublished datal), in order to
detect possible changes in GOR activity in
cells healthy enough to respond to the chem-
ical insult. Such a general marker of cyto-
toxicity was used to avoid more specific
viability endpoints related to cell metabolism.
However, when 25mM iron (II) chloride was
tested, no GOR activity was detected. Thus
a concentration of 5mM iron (II) chloride was
selected. -

The GOR activity was compared in un-
treated cells and cells exposed to 5mM
paraquat, 7.5mM iron (IT) chloride or 5mM
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Figure 1: continued
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Cells were plated at a density of 12,000 cells
per well by adding 02ml of a suspension of
60,000 cells/iml and incubated for 48 hours.
Glutathione reductase activity was assayed as
described in Materials and Methods in the
absence (®) or presence (O) of oxidised glut-
athione (GSSG). NADPH and GSSG concen-
trations were: ¢) 0.48mM and 10mM.

The results show the means of six assays carried
out in one representative experiment.

iron (IIT) chloride (Table I). The GOR-specific
enzymatic activity increased to 357% of the
activity of the untreated control in paraquat-
treated cells and to 407% of control activity
in cells exposed to iron (II)  chloride. By
contrast, GOR activity decreased to 56% of
the control activity in cells exposed to iron
(ITI) chloride. These results indicate that the
direct determination of GOR activity in cul-
tured Vero cells could be a useful biomarker
for compounds which induce oxidative stress.

Discussion

Glucose-6-P-dehydrogenase and GOR are
involved in the cellular defence against oxi-
dative stress, since they regenerate the
NADPH and GSH required to maintain the
reduced intracellular redox status (17). In the
present study, we intended to develop a
method for the direct determination of GOR
activity in cells cultured in microtitre plates,
to avoid the need to prepare cell-free extracts,
and to assess the utility of this enzymatic
activity in Vero cells as a possible biomarker
of oxidative stress.

As with other pyridine nucleotide-depend-
ent enzymes, GOR displays oxidase activity,
and in the absence of GSSG, oxidises NADPH
by using O, as an electron acceptor (6, 7).
This oxidase activity is deducted from the
total GOR activity to give the NADPH oxi-
dation specifically due to GSSG reduction.
The effects on GOR and oxidase activities of
using several NADPH and GSSG concentra-
tions and different cell densities were initially
studied to optimise the standard GOR assay.
When the GOR activity of a fixed number of
cells was assayed at different substrate
concentrations, a time-dependent NADPH
oxidation, highly increased by GSSG, was
observed in all cases. The GOR activity was
similar, after correction, at all GSSG and
NADPH concentrations tested, thus indicat-
ing that the enzyme was saturated, although
the oxidase activities increased at higher
NADPH concentrations. The lower correla-
tion coefficient of the assay with high sub-
strate concentrations and the need to avoid
substrate inhibition led us to select 0.12mM
NADPH and 2.5mM GSSG for use in the stan-
dard GOR assay, in agreement with the con-
ditions previously described for the standard
assay of yeast GOR (8). GOR is inactivated
under reducing conditions (7), due to the
blocking of the reduced enzyme by metal
cations such as Zn** or Cd?* (18). Thus, 5mM
EDTA was routinely included to prevent
redox inactivation and stabilise the standard
assay. Under the conditions previously dis-
cussed, the optimised assay showed that GOR
activity was directly proportional to the
number of cells per well for a wide range of
cell densities, supporting its validity for
assays with cultured cells.

The toxic effects of three chemicals known
to induce oxidative stress (14, 15) were an-
alysed as a practical application of the opt-
imised GOR assay in Vero cells cultured in
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Table I: Effect of oxidative stress-inducing compounds on glutathione reductase

activity

Glutathione reductase activity
Treatment
(concentration) mU/mg protein %
None 189 + 20 100
Paraquat (5mM) 675 £ 30%** 357
Iron (IT) chloride (7.5mM) 769 £ 130*** 407
Iron (IIT) chloride (5mM) 105 + 10*** 56

Cells grown for 24 hours were treated for 24 additional hours as indicated, and their glutathione
reductase activities and protein concentrations determined.

The results are the means + SD of six assays carried out in one representative experiment.

***significant difference from control value at p < 0.001.

Figure 2: Effects of cell number in the
glutathione reductase assay in micro-
titre plates
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The number of cells indicated were trans-
ferred to the 96-well tissue culture plates, cent-
rifuged, and the glutathione reductase (GOR)
activity determined as indicated in Materials
and Methods.

Each point represents the mean £ SD of six
replicates carried out in one representative
experiment.

microtitre plates. The results obtained con-
firm that GOR is a useful biomarker for
detecting the important changes in enzymatic
activity produced in response to toxicants
inducing oxidative stress. Since the method
can be applied to the simultaneous assay of
a great number of samples treated under diff-
erent experimental conditions, it would be a
useful tool for screening in vitro the effects
of many toxicants in cultured cells.
Paraquat (1,1’-dimethyl-4,4'-bipyridilium
dichloride) is a highly toxic herbicide (19),
whose bipyridyl ring accepts one electron
from NADPH, thus being reduced to the
corresponding monocation radical. This deriv-
ative subsequently reduces O, to deleterious
ROS, while being reoxidised to its dication
form in.a “redox cycling” process which pro-
motes oxidative stress (14, 19). Similarly, free
(non-protein-bound) iron dramatically en-
hances oxidative stress, by catalysing the
conversion of H,O, into the highly toxic
hydroxyl radical by the Fenton reaction. In
this process, iron (II) interacts with H,0,,
yielding an hydroxylion and hydroxyl radical,
while iron (II) is oxidised to iron (III). Sub-
sequently, the superoxide anion reduces iron
(III) to its primitive ferrous state, iron (II),
which reinitiates the reaction (15, 20, 21).
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Oxidative conditions alter the intracellular
redox status by oxidising the pools of NADPH/
NADP" and GSH/GSSG (22, 23). This is
counteracted by increased glucose-6-P-de-
hydrogenase and GOR activities, mediated by
the high NADP" and GSSG concentrations
existing under such circumstances (7, 24-26).
The increased GOR activity observed in cells
exposed to paraquat (3.6-fold) or iron (II) (4.1-
fold) could be due to short-term or long-term
effects. The short-term effects could be attrib-
uted to the activation of GOR in response to
the oxidised intracellular redox state (24-26).
The long-term effects could be due to en-
hanced expression of the gene encoding for
GOR, as previously reported in bacteria for
catalase, alkyl-hydroperoxide reductase, endo-
nuclease IV, glucose-6-P-dehydrogenase and
superoxide dismutase under oxidative stress
(27, 28), although this possibility requires
further study.

Opposite effects on GOR activity were
observed in Vero cells exposed to iron (II) and
iron (IIT), with the reduced form increasing
GOR activity four-fold, while the oxidised
form decreased this activity by 44%. We have
no explanation yet for the decreased GOR
activity in iron (III)-exposed cells, since both
iron forms readily interconvert in the Fenton
reaction (20). Nevertheless, it should be noted
that the lipid hydroperoxide-independent in-
itiation of lipid peroxidation by hydroxyl
radicals requires chelated iron ions, although
only Fe?*-chelate (not the Fe®* form) promot-
ed lipid peroxidation (29), in analogy to the
differential effects of both iron forms on GOR
activity.

In conclusion, the GOR assay routinely
used for soluble enzyme preparations has
been adapted and optimised for the direct
assessment of GOR activity in cultured cells.
The assay. avoids the time-consuming and
cumbersome preparation of cell-free extracts,
and can be directly applied to cells grown for
48 hours in each well of a microtitre plate.
The changes in GOR activity detected in Vero
cells exposed to three toxicants, paraquat,
iron (II) or iron (III) chloride, confirms that
this simple and rapid assay is suitable for the
routine in vitro screening of toxicants capable
of inducing oxidative stress.
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