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Summary — The enzymes glutathione S-transferase (GST) and glucose-6-phosphate dehydro-
genase (G-6PDH) are implicated in the defence against oxidative stress. GST is mainly involved
in the conjugation of electrophilic compounds with glutathione (GSH), although some of its
isoenzymes display peroxidase activity. G-6PDH and glutathione reductase regenerate NADPH
and GSH, respectively, to restore the reduced intracellular redox -status following oxidative
stress. Enzymatic assays for GST and G-6PDH were adaptéd and optimised to permit the direct
in vitro determination of the effects of toxicants which induce oxidative stress in cells on
microtitre plates, thereby avoiding the need to prepare cell-free extracts. To optimise the con-
ditions of the enzymatic assays, GST activity was measured at substrate concentrations of
1-3mM GSH and 1-3mM 1-chloro-2,4-dinitrobenzene, while G-6PDH activity was measured at
7.5-37.56mM glucose-6-phosphate and 55-275mM NADP. Both enzymatic activities were
directly proportional to cell number up to a density of 1 x 105 cells/well. The effects on GST and
G-6PDH activities of three toxicants which induce oxidative stress — paraquat, iron (II) chlo-
ride and iron (III) chloride — were compared in cultured Vero cells to validate the new assays.
Specific GST activity increased to 145% and 171% compared to the controls in cells treated with
5mM paraquat and 5mM iron (IT) chloride, respectively, but was inhibited after exposure to
25mM iron (III) chloride. Specific G-6PDH activity increased to 136% compared to the control
after exposure to 5mM paraquat, but was inhibited in cells exposed to 5mM iron (II) chloride
and 25mM iron (IIT) chloride.

Key words: molecular biomarkers, oxidative stress, direct in vitro assay, glutathione S-
transferase, glucose-6-phosphate dehydrogenase, Vero cells.

Introduction

Various environmental pollutants, such as
metals, biphenyls and quinones, catalyse
the conversion of oxygen to dangerous reac-
tive oxygen species (ROS), such as the

superoxide anion (Oy°-), hydrogen peroxide
(H50,) and the hydroxyl radical (OH*),
which could damage nucleic acids, proteins,
lipids and carbohydrates (1-3). All organ-
isms are protected  from ROS by antioxi-
dant enzymes, such as superoxide
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dismutase, catalase and glutathione peroxi-
dase, which cooperate to transform O,°-
and Hy04 to Hy0 and O, avoiding the gen-
eration of harmful OH*, which is responsi-
ble for most oxidative stress (1, 3). This
detoxification process results in increased
concentrations of the oxidised forms of glu-
tathione (GSSG) and pyridine nucleotide
(NADP), while decreasing the pools of their
reduced forms (GSH and NADPH) that pro-
vide physiological protection against the
damaging effects of ROS (3). Two auxiliary
enzymes, glutathione reductase (GOR) and
glucose-6-phosphate (G-6P) dehydrogenase
(G-6PDH), reduce GSSG and NADP to
GSH and NADPH to maintain the intracel-
lular redox status (3, 4). Some glutathione
S-transferase (GST) isoenzymes display
peroxidase activity with organic hydroper-
oxides as substrates (but not with HyO,; 3,
5); thus GST is also implicated in the
defence against oxidative stress (5). Oxida-
tive stress results whenever antioxidant
defences are overcome by pro-oxidant
forces and ROS are not adequately removed
(3). The activities of several antioxidative
enzymes are modified under oxidative
stress conditions induced by chemical pol-
lutants and are used as biomarkers for
oxidative stress in assessing environmental
impact (2, 6, 7). Our group has previously
optimised the glutathione reductase assay
in cultured cells, to permit a direct deter-
mination in the same microtitre plates in
which the cells are grown (8).

The aim of the present study was to adapt
the spectrophotometric assays used with sol-
uble enzyme preparations for determination
of G-6PDH (9) and GST (10) activities in
order to permit the rapid, direct determina-
tion of enzyme activity in cells cultured on
microtitre plates under various experimental
conditions. The effects of the oxidative stress
induced by three redox compounds, namely,
paraquat, iron (II) chloride and iron (III)
chloride, on GST and G-6PDH activities in
cultured Vero cells were compared in order
to validate the adapted assays.

Materials and Methods

Toxicants and reagents '

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

Cell culture

The Vero cell line was originally established
by T. Yasamura and Y. Kawakita (Chiba
University, Japan) in 1962 from the kidney
of a normal adult African green monkey
(Cercopithecus aethiops), and has since been
maintained and characterised by the Ameri-
can Type Culture Collection (Rockville, MD,
USA; 11). The Vero cells used in this study
were maintained as continueus monolayer
cultures in Falcon flasks at 37°C in a humid-
ified atmosphere containing 5% CO,:95% air.
Cells were grown in Dulbecco’s modified
Eagle’s medium, supplemented with 10%
fetal bovine serum, 100IU/ml penicillin G
and 100mg/ml streptomycin (Flow Laborato-
ries, Irvine, UK). The viability of plated cells
was determined by trypan blue exclusion,
and was higher than 90% in all the experi-
ments.

Toxicant exposure

Cells were plated on 96-well tissue culture
plates (Costar, Cambridge, MA, USA) at a
density of 12,000 cells/well, and cultured as
described above. After incubation for 24
hours, the culture medium was replaced with
0.2ml of fresh medium containing the toxi-
cant to be tested, and the cells were incu-
bated for a further 24 hours. The toxicants
were dissolved in sterile water in concen-
trated form to dilute the culture medium by
less than 1%.

Biochemical determinations and cytotoxicity
assessment

All determinations were carried out on the
96-well plates in which cell culture and expo-
sure had taken place. The direct effects of
the toxicants on the enzymatic activity were
assessed in parallel. Absorbances were read
on a Titertek Multiscan plate reader (Flow
Laboratories, Helsinki, Finland).
Conjugation of GSH with 1-chloro-2,4-
dinitrobenzene (CDNB) was performed to
permit GST activity to be assayed by mea-
suring absorbance (AA) at 340nm (10). The
assay was carried out directly on 96-well
microtitre culture plates, as follows. The cul-
ture medium was removed and the cells were
washed twice with phosphate-buffered saline
(PBS). The cells were then lysed by incuba-
tion with 100ul 1% Triton X-1000 for 45 min-
utes at 25°C. The reagents for enzymatic
activity were then added in a total volume of
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100ul at concentrations double those
required for the 200ul final reaction mix-
tures, which contained 0.1M potassium phos-
phate buffer (pH 6.5), 0.5mM EDTA,
0.1mg/ml bovine serum albumin (BSA), and
various substrate concentrations (1-3mM
GSH; 1-3mM CDNB). The change in
absorbance was read between 5 and 10 min-
utes after addition of the reagents. The net
activity was calculated by subtracting the
non-enzymatic reaction of a blank without
cells. The corrected change in absorbance
was converted into specific enzymatic activ-
ity units. by considering the GSH-CDNB
extinction coefficient, volume and height of
reaction mixture (mm), time elapsed, and
protein concentration of the sample. One
unit of activity was defined as the amount of
enzyme conjugating 1uM of CDNB/minute
under the conditions described above.

G-6PDH activity was assayed directly on
the 96-well microtitre culture plates, follow-
ing NADPH formation (9) in the presence of
5mM glyeyl buffer (pH 7.5), 7.5mM MgCl,
and various concentrations of substrates
(7.5-37.5uM G-6P; 55-275uM NADP). The
changes in absorbance at 340nm were read
between 0 and 10 minutes after the reaction
started. The net activity was calculated by
subtracting the non-enzymatic reaction of a
blank without cells at each concentration of
substrate tested.

Protein was determined in situ by adapt-
ing the Bradford method (12) to 96-well
microtitre plates (13). Plates were washed
twice with PBS, and twice with distilled
water. Then 100uM 0.1M NaOH was added
to each well and the plates were incubated
for 2 hours at 37°C to lyse the cells and dis-
solve the protein. Serial dilutions of BSA in
0.1M NaOH were used as protein standards.
Protein reagent (Bio-Rad Laboratories, Rich-
mond, CA, USA) was added to each well, and
absorbance was read at 620nm after 30 min-
utes.

Effects of cell number on glutathione
S-transferase and glucose-6-phosphate
dehydrogenase activities

The effects of cell density on GST and
G-6PDH activities were determined with
cells’ from continuous monolayer cultures
after trypsinisation and serial dilution in
PBS. Aliquots (0.2ml) of each cell dilution
were added to the 96-well tissue culture
plates (six wells/concentration). The plates

were centrifuged at 880g for 7 minutes in an
appropriate rotor (Sigma, Osterode, Ger-
many). Supernatant was gently aspirated
with a multichannel pipette, and the intra-
cellular activities were determined, as above.

Statistical analysis

All experiments were carried out three
times, with six wells/assay. The statistical
significance of the differences in enzymatic
activities was determined by one-way analy-
sis of variance (ANOVA; 14). When the data
did not fulfil the requirements for the
ANOVA test, a non-parametric method, the
Mann-Whitney U-test, was used (15).

Results

Optimisation of the glutathione
S-transferase assay

The standard spectrophotometric method for
the GST assay in cell-free extracts, described
by Habig et al. (10), was adapted for assess-
ing the GST activity directly in cells grown
on microtitre plates, to avoid the need to pre-
pare a cell-free extract. Vero cells were
plated (12,000/well), and GST activity was
determined after incubation for 48 hours.
The influence of substrate concentrations
was initially compared. Figure 1 shows the
time-course of GSH conjugation, at various
concentrations of GSH and CDNB. Theé net
GSH activities were quite similar at all sub-
strate concentrations tested, i.e. 0.00875
AA/minute in the presence of ImM GSH and
1mM CDNB, and 0.01075 AA/minute in the
presence of 1.5mM GSH and 1.5mM CDNB.
This indicates that even the lowest substrate
concentrations used were saturating. By con-
trast, the absorbance increase observed for
blank wells without cells, due to direct chem-
ical reaction among substrates, was more
significant with the higher.substrate concen-
trations tested (0.0013 AA/minute at 1.5mM)
than with the lower concentrations (0.0007
AA/minute at 1mM; Figure 1). This increase
was even greater with the highest concentra-
tion of substrates tested (2mM and 3mM,;
data not shown). Since the linearity of the
assay also decreased with increased sub-
strate concentrations, ImM GSH and 1mM
CDNB were routinely selected as concentra-
tions for the adapted GST assay. Since GST
conjugation with CDNB was not linear for
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Figure 1:

absorbance (340nm)

Time-course of change in absorbance after conjugation of glutathione
(GSH) with 1-chloro-2,4-dinitrobenzene (CDNB) in Vero cells (GSH
activity)

0 5 10 15
time (minutes)

20 25

® = ImM GSH and 1mM CDNB with cells (r = 0.9929); 0= ImM GSH and ImM CDNB
blank;m=:1.5mM GSH and 1.5mM CDNB with cells (r = 09908) O= 1.5mM GSH and

1.5mM CDNB blank.

The results are the means of six experiments.

the first 5 minutes, GST activity was deter-
mined- between 5 and 10 minutes, when
there was good linearity (r = 0.9952).

Optimisation of the glucose-6-phosphate
dehydrogenase

The standard spectrophotometric assay for
G-6PDH in cell-free extracts (9) was also

adapted for direct assessment in cells grown
on 96-well microtitre plates. Figure 2 shows
the time-course of NADPH formation in the
presence of various concentrations of G-6P
and NADP. While little enzymatic activity
was observed with the concentrations used
for the standard spectrophotometric assay
(data not shown), the activity was greater
with two-fold higher concentrations (15uM
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Figure 2: Time-course of chénge in absorbance after formation of NADPH
(glucose-6-phosphate dehydrogenase [G-6PDH] activity)
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absorbance (340nm)

0.06 -
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time (minutes)

® = 15uM G-6PDH and 110uM NADP with cells (r = 0.9722); 0 = 15uM G-6PDH and 110uM
NADP blank; M = 37.5uM G-6PDH and 275uM NADP with cells (r = 0.9927);0= 37.5uM G-

6PDH and 275uM NADP blank.

The results are the means of six experiments.

G-6P, 110uM NADP), and even greater with
the five-fold higher concentrations (37.5uM
G-6P, 110uM NADP). With five-fold concen-
trations, reaction linearity was also better (r
= 0.9927) than that obtained with two-fold
concentrations (r = 0.9722) for up to 15 min-
utes, and also had a higher net G-6PDH
activity, i.e. 0.0078 AA/minute and 0.0037

AA/minute, respectively. The direct chemical
reaction of substrates in the blanks without
cells was negligible. Consequently, 37.5uM
G-6P and 275uM NADP were selected .as
substrate concentrations for the optimised
method, and the absorbances were read
between 5 and 10 minutes after the reaction
had started. ‘
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Figure 3: Effects of cell number in the glutathione S-transferase (GST) assay and
the glucose-6-phosphate dehydrogenase (G-6PDH) assay
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® = GST activity (r = 0.9972); O = G-6PDH activity (r = 0.9958).

Each point is the mean = SD of six experiments.

Effects of cell density in glutathione : directly proportional to cell density up to 1 x
S-transferase and glucose-6-phosphate 105 cells/well. This wide range includes the
dehydrogenase activities cells in each well due to proliferation after

Figure 3 shows the straightforward relation-  incubation for 48 hours (approximately
ships between GST activity or G-6PDH 35,000 cells), but the assay could also be
activity (total activity per well) and cell num-  applied to cultures with more cell growth
ber. The activities of both enzymes were than this.
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Effects of compounds inducing oxidative
stress in glutathione S-transferase and
glucose-6-phosphate dehydrogenase

To validate the optimised assays under
experimental conditions, the effects on GST
and G-6PDH activities of three chemicals
which induce oxidative stress (paraquat, iron
[II] chloride and iron [III] chloride; 16, 17)
were examined in Vero cells. Initially, exper-
iments were carried out with a wide range of
toxicant concentrations, and the inhibition
of cell proliferation was evaluated by mea-
suring the total protein content of the cul-
tures (12, 13). Then, for each toxicant, one
concentration near that causing a 50%
reduction in cell proliferation (EC50) was
selected (5mM for paraquat [18]; 5.5mM for
iron [1I] chloride; 22mM for iron [III] chlo-
ride [19]), to detect changes in GST and
G-6PDH activities in cells healthy enough to
respond to the chemical insult. Such a sensi-
tive marker of toxicity was used to avoid the
need for more-specific viability endpoints
related to cell metabolism.

GST and G-6PDH activities in untreated
Vero cells were compared with those of cells
exposed to 5mM paraquat, 5mM iron (II) chlo-
ride or 25mM iron (III) chloride. Other con-
centrations were also tested to compare the
toxic effects of these compounds on these two
activities (Table I). Compared to the untreated
controls, the GST-specific enzymatic activity

increased to 145% in cells exposed to 5mM
paraquat, 171% in cells exposed to 5mM iron
(ID) chloride, and 415% in cells exposed to
7.5mM iron (III) chloride, while 25mM, and
especially 7.5mM iron (III) chloride caused a
72% inhibition of GST activity. When com-
pared to the controls, G-6PDH activity
increased to 136% in cells treated with 5mM
paraquat, while 5mM, and especially 7.5mM
iron (II) chloride and 25mM iron (III) chloride
led to a dramatic decrease in activity. Never-
theless, G-6PDH activity increased to 153% of
control values in cells treated with 5mM iron
(III) chloride.

Discussion

GOR and G-6PDH are implicated in cellular
defences against oxidative stress, to restore
the GSSG and NADPH levels that protect
cells against the damaging effects of ROS (4).
GSTs are mainly involved in the conjugation
of electrophilic xenobiotics with GSH,
although some of their isoenzymes also
metabolise organic hydroperoxides and par-
ticipate in antioxidative defence mechanisms
(3, 5). In the present study, we assessed the
use of the direct determination of GST and G-
6PDH activities in cells cultured on microtitre
plates as possible biomarkers of oxidative
stress induced by chemicals, thereby avoiding
the need to prepare cell-free extracts.

Table I: Effects of oxidative stress-inducing compounds on glutathione
S-transferase (GST) and glucose-6-phosphate dehydrogenase (G-6PDH)
activities

GST activity G-6PDH activity

Chemical

(concentration) (mU/mg protein) (%) (mU/mg protein) (%)

None 314 + 10 100 626 = 5 100

Paraquat (5mM) 456 + 22%** 145 852 + 69*** 136

Iron (II) chloride (5mM) 537 + 40%** 171 495 = 31 79

Iron (II) chloride (7.5mM) 1034 + 113%** 415 0 = O*** - 0

Iron (III) chloride (5mM) 299 = 19 95 958 + 87*** 153

Iron (III) chloride (25mM) 88 £ 25%** 28 175 + 31*** 28

Cells were cultured for 24 hours and then exposed for an additional 24 hours, as indicated.
*+4p < 0.001.
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The effects on GST and G-6PDH activities
of several substrate concentrations and dif-
ferent cell densities were initially studied to
optimise the corresponding assays. When a
fixed number of cells were assayed at differ-
ent concentrations of GSH and CDNB, a
time-dependent conjugation of both sub-
strates was observed under all conditions
tested. The increase of the non-enzymatic
GSH conjugation and the need to avoid sub-
strate inhibition led to the selection of 1mM
GSH and 1mM CDNB for the routine GST
assay, in agreement with the conditions pre-
viously described for the standard spec-
trophotometric assay (10). This was due to
the fact that the net activity after blank cor-
rection was similar (but somewhat greater at
higher concentrations), and that the linear-
ity of the GST time-course at high substrate
concentrations was lower. By contrast, when
the G-6PDH activity of a fixed number of
cells was assayed at different substrate con-
centrations, diverse slopes of time-dependent
NADPH formation were observed. The activ-
ity was minimal with the lower substrate
concentrations tested, but showed a better
slope and linearity at higher concentrations.
As the direct chemical reaction of substrates
was not significant in any instance, 37.5uM
G-6P ‘and 275uM NADP were selected as
substrate concentrations for routine assays,
i.e. five times more concentrated than those
in the standard spectrophotometric assay
(9). Under the conditions previously
described, the optimised GST and G-6PDH
assays were directly proportional to the
number of Vero cells per well, supporting the
validity of this approach for assays with cul-
tured cells.

The toxic effects of three chemicals known
to induce oxidative stress (16, 17) were
analysed as a practical application of the
optimised GST and- G-6PDH assays in Vero
monkey kidney cells cultured on microtitre
plates. Paraquat = (1,1"-dimethyl-4,4"-
bipyridilium dichloride) is a highly toxic her-
bicide (18); the bipyridyl ring of which
accepts one electron from NADPH, being
reduced to the corresponding monocation
radical. This derivative subsequently reduces
Oy to deleterious ROS, while being reoxi-
dised to its dication form in a “redox cycling”
process which promotes oxidative stress (16,
20). Similarly, free (non-protein-bound) iron
dramatically enhances oxidative stress, by
catalaysing conversion of HyO, into highly

toxic hydroxyl radicals by the Fenton reac-
tion. In this process, iron (II) interacts with
Hy0y which yields a hydroxyl ion and a
hydroxyl radical, while iron (II) is oxidised to
iron (III). Subsequently, superoxide anion
reduces iron (III) to its primitive ferrous
state, iron (II), which reinitiates the reaction
17, 21, 22).

Oxidative conditions alter the intracellular
redox status by oxidising the pools of
NADPH/NADP and GSH/GSSG (23, 24).
This is counteracted by increased G-6PDH
and GOR activities mediated by the high
NADP and GSSG concentrations existing
under such circumstances (25-28). The stim-
ulation of GST and G-6PDH produced by
5mM paraquat was similar to that previously
reported for superoxide dismutase (18); but
significantly less marked than that produced
on GOR (8). GST activity was stimulated
four-fold, to a similar extent as. GOR (8) by
7.56mM iron (II) chloride, while G-6PDH was
fully inhibited. However, the effects of 5mM
iron (II) chloride (the concentration closest
to the EC50) were not so marked, with GST
increasing by 171%, and G-6PDH decreasing
to 79% of the control values. GST was not
affected by 5mM iron (III) chloride, while
G-6PDH increased 1.5-fold over control cells,
by contrast with the near-50% inhibition of
GOR at the same concentration of this toxi-
cant (8).

The increased GST activity caused by
paraquat and iron (II) chloride is in agree-
ment with the peroxidase activity of some
GST isoenzymes, which break down H,0,
generated under oxidative conditions caused
by environmental pollutants. The stimula-
tion of G-6PDH activity after exposure to
paraquat also seems ‘to be a defensive
response to restore the reduced form of
NADP which diminishes under oxidative
stress. The inhibitory effects of high iron
(ITI) chloride concentrations on both enzy-
matic activities could be due to different
availabilities of both iron forms (19), leading
to different levels of toxicity. Theincrease of
these -antioxidative activities observed in
cells exposed to 5mM paraquat, 7.5mM iron
(IT) chloride or 5mM iron (III) chloride, could
be due to short-term or long-term . effects.
Short-term effects could be attributed to the
activation of the enzymes in response to the
oxidised intracellular redox state (26-28).
The long-term effects could be due to
enhanced expression of the gene encoding for



Biomarkers for oxidative stress

329

antioxidative enzymes, as . previously
reported in bacteria for catalase, alkyl-
hydroperoxide reductase, endonuclease IV,
G-6PDH and manganese-superoxide dismu-
tase under -oxidative stress (29-30). How-
ever, - this p0531b111ty requires further
investigation.

In conclusion, the GST and G-6PDH
assays can be directly applied to cells grown
on microtitre plates, thereby avoiding the
time-consuming and cumbersome prepara-
tion of cell-free extracts. The changes in GST
and G-6PDH activities detected in Vero cells
exposed to three toxicants (paraquat, iron
[1I1 chloride and 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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