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Docosahexaenoic acid enhances the antioxidant response of human fibroblasts
by upregulating y-glutamyl-cysteinyl ligase and glutathione reductase
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The chemopreventive effects of dietary n-3 PUFA in various pathologies has so far remained controversial, and we were interested in studying
their potential influence on cell redox status. DHA (22:6n-3), a typical highly unsaturated n-3 PUFA, was used at 30 pmol/l in a model of
human fibroblast cell culture. A dose—response effect, roughly linear, was checked for DHA between 0 and 60 wmol/l, and was accompanied
by a large increase in intracellular GSH content. A time course study of this effect shows that, after a short fall, as soon as 4 h after the beginning
of the experiment, the large increase in the GSH content was associated with elevated catalytic activities of y-glutamyl-cysteinyl ligase, gluta-
thione reductase and glutathione S-transferase. This coordinated response is characteristic of an antioxidant response and was confirmed by the
induction of expression of mRNA for y-glutamyl-cysteinyl ligase, glutathione reductase and haem-oxygenase. This large increase in the GSH
content contributes to decreasing the reactive oxygen species level, as assessed by the decreased accumulation of dichlorofluorescein inside
cells. To our knowledge, this is the first report on a specific and potent effect of DHA for decreasing the oxidative stress of human fibroblasts.

Docosahexaenoic acid: Chemoprevention: Thiol-redox status: Fibroblasts: Glutathione: Oxidative stress

There is some evidence that n-3 PUFA exert protective effects
in many diseases (Martinez et al. 2000; Larsson et al. 2004).
They have been considered to be associated with a decrease in
genotoxic markers after ultraviolet exposure (Rhodes et al.
2003), and a reduction in plasma biomarkers of inflammation
and endothelial activation in a large cross-sectional study of
727 women (Lopez-Garcia et al. 2004).

When DHA (22: 6n-3), a typical n-3 PUFA, is added to cell
culture media, it has been shown to be incorporated into phos-
pholipid membranes and to modify membrane biophysical
characteristics and functions (Brown & Subbaiah, 1994). Its
effects seem complex and sometimes controversial, and they
are tentatively explained in different ways: in human pancrea-
tic tumour cells, DHA induces apoptosis, associated with a
dramatic depletion of reduced GSH without any change in oxi-
dised glutathione (GSSG) (Merendino et al. 2003). An anti-
apoptotic effect of DHA was demonstrated in neuronal cells,
which may be mediated by an increase in phosphatidylserine
membrane concentrations (Kim et al. 2000). As a pro- or anti-
oxidative effect is often put forward to explain the mode of
action of DHA, we were interested in studying its time-depen-
dent influence on the thiol-redox status of a cell model with
human fibroblasts.

GSH (L-y-glutamyl-cysteinyl-glycine), the main cell antiox-
idant, is an intracellular tripeptide, with an important role in

cell thiol homeostasis: it is the key compound of an integrated
antioxidant system that protects cells and tissues from oxi-
dative damage (Wu et al. 2004). Cells contain millimolar
quantities of GSH, which are used by several pathways includ-
ing reactions of transferases with xenobiotics or with lipid per-
oxidation products such as 4-hydroxy-nonenal (Anderson,
1997). GSH is synthesised by two successive ATP-dependent
enzymes, the first of which, +y-glutamyl cysteinyl ligase
(y-GCL), is the limiting one. That is why we decided to
explore the potential relationship between thiol-redox status
and DHA in this model of human fibroblasts to explain the
beneficial effect of this fatty acid.

Materials and methods
Reagents

DHA methyl ester, GSSG, GSH, PBS, 2,a-aminobutyrate and
L-glutamate were from Sigma-Aldrich (Saint-Quentin, France);
reduced ADPH, ATP, phosphoenolpyruvate and pyruvate
kinase from Roche (Meylan, France); 2/,7'-dichlorofluorescein
diacetate (H,DCF-DA) from Fluoroprobe (Interchim, Montlu-
con, France); and Meth-Prep II from Alltech (Templemars,
France). All other reagents were of analytical grade. DHA
methyl ester stock solution (150 mM) was prepared in ethanol,

Abbreviations: ARE, antioxidant responsive element; y-GCL, y-glutamyl-cysteinyl ligase; GR, glutathione reductase; GST, glutathione S-transferases; H,DCF-DA,
2/ 7'-dichlorofluorescein diacetate; HO-1, haem-oxygenase 1; ROS, reactive oxygen species.
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divided into aliquots in brown glass vials and stored under N, at
—20°C.

Cell culture

Primary human fibroblasts were a gift from Dr Damour of the
Tissues and Cell Bank HCL, Hopital Edouard Herriot, Lyon,
France. The human fibroblasts were grown in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10 % fetal
calf serum (GIBCO; Invitrogen, Cergy-Pontoise, France),
2-5 pg/ml fungizone, 98 IU/ml penicillin and 98 wg/ml strepto-
mycin (Cambrex; Invitrogen). Cultures were maintained at
37°C in a humidified atmosphere with 5% CO,.

The culture medium was supplemented with DHA methyl
ester (30 wmol/l) under two control conditions: medium with
0-2 % ethanol and medium alone. The DHA stock solution
was dissolved in DMEM with 10 % fetal calf serum in a
ratio of 1:5000 (v/v). Cells were grown for different periods
of time, up to 7d, and the culture medium was changed
every day.

At 0, 4, 8, 24, 48h or at 7d, cells were harvested by tryp-
sinisation and washed twice with PBS. Cells were collected in
500 w1 Tris HCl (50 mmol/l), pH 7-4, 0-2% Tween 20, and
50l were processed immediately for GSH and GSSG
measurement. They were first vortex-mixed with a solution
(100 1) containing N-ethyl-maleimide, EDTA and +y-gluta-
mylglutamic acid as an internal standard, incubated for
20min at room temperature and then deproteinised with
sulpho-5-salicylic acid. Final concentrations were as originally
described (Steghens et al. 2003).

For other tests, the cells were lysed with two successive
freezing and thawing operations with 15s sonication. The
cell extracts were stored at —20°C until analysis. For fatty
acid analysis, cells were, after washing, collected and lysed
by repeated freezing and thawing in 500 w1 PBS (50 mmol/l)
pH 7-4. Cell extracts were stored at —80°C until analysis.
Cell extract proteins were measured by bichromatic spectro-
photometry (570 and 700 nm) with bicinchonic acid (Pierce;
Biotechnology Inc, Rockford, IL, USA), at 37°C, on a Kone
analyser (Kone, Eury, France) with human albumin as
standard.

Thiol-redox status

GSSG and GSH. Glutathione was measured by liquid
chromatography —mass spectrometry as previously described
(Steghens et al. 2003), with a slight modification for the
sample preparation (see earlier). The processed sample was
diluted 1:5 in distilled water and subjected to liquid chroma-
tography—mass spectrometry analysis.

Glutathione reductase. Glutathione reductase (GR) was
measured on a Kone analyser using a method adapted from
Worthington & Rosemeyer (1974). The first reagent R,
200 u) was 90mmol/l Tris-HCI, 1mmol/l EDTA and
0-16 mmol/l NADPH. R, the starting reagent (10wl), was
4-6 mmol/l GSSG. All concentrations were indicated as final
concentrations in the measurement cuvette. The cell extract
was diluted in 0-9% NaCl (1:3v/v) before measurement,
and 30 pl of the dilution was used as the sample. The kinetic
analysis was carried out at 37°C and 340nm for 2min in
duplicate. The effect of GSH (0, 0-5, 1, 2 and 4 mmol/l) was

tested on the catalytic activity of different cell extracts; no
change was detected.

v-Glutamyl-cysteine ligase activity. The activity of +y-
GCL was determined by a new kinetic liquid chromatog-
raphy—mass spectrometry method (Chik er al. 2005). Briefly,
after incubating the cell extract (three aliquots of 10 wl each)
at 37°C in 70 pl of the first reagent (25 mmol/l Tris, 150 mmol/
1 KC1, 20 mmol/l MgCl,, 2 mmol/l EDTA, 40 mmol/l L-gluta-
mate, 5-6 mmol/l Na,ATP, 2-2mmol/l phosphoenolpyruvate,
3-41U/mL pyruvate kinase, pH 8-6), the reaction was triggered
by 20 wl 20 mm 2,a-aminobutyrate (R,) and then stopped after
2, 4 or 6min (depending on the aliquot) by adding sulpho-
5-salicylic acid. The slope of production of v-glutamyl
aminobutyrate, as measured by liquid chromatography —mass
spectrometry, corresponded to the catalytic activity, and the
results were expressed as IU/mg protein.

Glutathione S-transferase activity. Glutathione S-transfer-
ase (GST) activity was measured on a Kone analyser with a
kinetic analysis at 37°C and 340nm, adapted from Habig
et al. (1974) with the first reagent (160 wl) in HEPES buffer
at pH 7-5 containing GSH (5 mmol/l). The second reagent
was 1-chloro 24-dinitrobenzene (0-1 mmol/l, 20 pl) as
second substrate. The method needed 20 wl of a diluted cell
extract prepared as described for GR measurement. A blank
reagent was measured and systematically subtracted.

Fatty acid analysis

Lipids were extracted from 200 pl cell extract (approximately
10° cells) with chloroform—methanol (2:1 v/v), with di-palmi-
toyl-d31-phosphatidylcholine as the internal standard. Fatty
acid methyl esters were formed after hydrolysis by
transmethylation of the lipids with Meth-Prep II (Alltech).
Analyses were carried out on a HP 5980 gas chromato-
graph (Agilent, Massy, France) equipped with a flame
ionisation detector maintained at 220°C, an HP6980 auto
injector (Agilent), a 1m silanised precolumn and a
30m X 0-32mm X 0-2um SP2340 fused silica capillary
column (Supelco, Saint-Quentin, France). The run time was
60 min. Results are expressed as pmol/l or Mol %.

Lipoperoxide measurement

Lipoperoxides were measured in cell culture media, alone as a
control or supplemented with 30 wmol/l DHA methyl ester,
using a previously published method (Arab & Steghens 2004).

Quantification of mRNA by real-time RT-PCR analysis

Total RNA was extracted from fibroblasts with the RNeasy
Micro Kit (Qiagen; Invitrogen, Cergy-Pontoise, France),
according to the manufacturer’s instructions. Reverse tran-
scription was performed with a First-Strand cDNA kit assay
(Amersham Biosciences, Freiburg, Germany).

Primers were designed using Primer3 software (2005).
Expression levels of human y-GCL (heavy subunit), GR,
haem-oxygenase 1 (HO-1) and the housekeeping gene
[3-actin were determined using the following primer pairs: for-
ward y-GCL (5-GAACTGGCTTGTACATTTT-3') and
reverse  y-GCL  (5-CAAAGGAAAATTAACGAGAG-3');
forward GR (5-GTCAGTGGGAAAAAGTACAC-3') and
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reverse GR (5-GTACCTTATCATGCCGTATC-3'); forward
HO-1 (5-ACAGTTGCTGTAGGGCTTTA-3') and reverse
HO-1  (5-CTCTGAAGTTTAGGCCATTG-3);  forward
B-actin (5-TCGTGCGTGACATTAAGGAG-3') and reverse
B-actin (5-AGCACTGTGTTGGCGTACAG-3'). Specificity
of the products was demonstrated for each fragment by
melting curve analysis and gel electrophoresis.

The quantification of cDNA was carried out on a LightCy-
cler (Roche). The following thermocycler programme was
used for real-time PCR: 10 min preincubation at 95°C, fol-
lowed by 55 cycles (95°C for 155, 53°C for 5s, 72°C for
105s). B-Actin was used to standardise the total amount of
cDNA. Relative mRNA levels were determined by comparing
the PCR cycle threshold between the cDNA of the target
enzymes (y-GCL, GR, HO-1) and B-actin, and the expression
was compared with the basal level of the related genes.

Evaluation of reactive oxygen species by dichlorofluorescein
fluorescence

H,DCF-DA, after desacetylation inside the cell, becomes a
probe sensitive to reactive oxygen species (ROS) such as
H,0,, the superoxide anion (O, ) and hydroxyl radicals
(OH). The procedure for its use was adapted from Carter
et al. (1994). After 0, 4, 8, 24, 48h and 7d of culture, the
cells were washed twice, incubated with 2 pmol/l H,DCF-
DA at 37°C for 30 min and subjected to fluorescent flow cyto-
metry analysis (Vantage; Becton Dickinson, Le Pont de
Clairx, France): the oxidation of H,DCF was measured as
an increase in fluorescence at 530nm on a log scale for
10000 events (cells counted).

For cell imaging, the cells were washed twice, incubated
with 1 pmol/l H,DCF-DA at 37°C for 30 min, and subjected
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Fig. 1. Dose-relationship effect of increasing DHA concentrations (0—60 pwmol/l) on the thiol-redox status of human fibroblasts, at 48h. (A) GSH cell content. (B),
y-glutamyl-cysteinyl ligase (y-GCL), (C) glutathione reductase (GR) and (D) glutathione S-transferase (GST) activities of the cell extracts. The measurements,

to microscopic confocal fluorescent imaging. Excitation and
emission wavelengths were 488 nm and 540 nm, respectively.
After acquisition on a Leica TCS ST2 (Leica, Le Pecq,
France), the fluorescence quantification was carried out with
an ImageJ 1.32j software package (Wayen Rasband, NIH,
Bethesda, MA, USA).

Statistical data analysis

GraphPad 2.1 (Deltapoint, Monterey, CA, USA) was used for
statistical analysis. Data were compared with ANOVA test.
With P<<0-05, the Dunnet multicomparison test was used to
compare samples treated with DHA v. ethanol controls. All
the data are expressed as means with their standard errors.

Results
Dose—effect relationship between DHA and thiol-redox status

The dose—effect relationship was studied in triplicate, after
48 h, with four concentrations of DHA from 5 pmol/l to
60 pmol/l (Fig. 1). A linear increase was measured for GSH
(Fig. 1(A)). The increase in the catalytic activities of y-GCL
(Fig. 1(B)), GR (Fig. 1(C)) and GST (Fig. 1(D)) was highly
correlated with the concentration of DHA (r2 > 0-94). The
increased GSH content could be explained directly by the
increased y-GCL and GR activities. It is noteworthy that we
did not detect any GSSG, even with 60 wmol/l DHA. The sim-
ultaneous increase in GSH and y-GCL, GR and GST activities
strongly suggested a coordinated antioxidant response. The
30 wmol/l concentration of DHA induced a significant
difference from controls for all the biomarkers used, and
this concentration, considered physiological, was used for
further experiments.
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made in triplicate, were expressed as means with their standard errors shown by vertical bars. EtOH, ethanol; Ctr, control. *P<0-05, **P<0-01.
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Time course of the antioxidative response under DHA
treatment

GSH homeostasis. After a decrease of 30 % at 8 h, the level of
GSH, the main intracellular antioxidant, was restored before
24h and was twice that of the control at 48h (Fig. 2(A)).
This replenishment was associated with a doubling of +y-
GCL catalytic activity (Fig. 2(B)). GR activity appeared to
parallel GSH content, and its activity (Fig. 2(C)), like that
of GST, increased more slowly but remained twice that of
the initial values, at 48 h (Fig. 2(D)).

The expression of y-GCL heavy subunit mRNA increased
progressively up to 8-fold at 8h and remained significantly
higher than the basal level expression, at 24 and 48h
(Fig. 3(A)). GR mRNA began to increase only at 24h and
was 3-5 times higher than the basal level at 48 h (Fig. 3(B)).
As HO-1 does not take part in the regulation of the cell gluta-
thione metabolism but is known to be induced very early
during the antioxidant response (Lee ef al. 2003b), we decided
to use it to confirm that DHA induced an antioxidant response.
The results in Fig. 3(C) show a high HO-1 induction (3-5-fold)
as soon as 4 h, a stable level (3-fold) at 8 h and a level similar
to that of the control at 24 h.

Evaluation of reactive oxygen species

At the same time points, the ROS level was assessed by
dichlorofluorescein fluorescence with flow cytometry. The
results are shown in Fig. 4. DHA induced ROS production,
peaking at 4h with the highest fluorescence, which then
slowly decreased to a level lower than the control at 24 or

48h. The ROS level seemed to parallel HO-1 mRNA
transcription.
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Cell fatty acid analysis

This analysis was carried out after 48h of culture to confirm
that the antioxidative response was associated with a modifi-
cation in the fatty acid cell content. The results, presented in
Table 1, were expressed as absolute amounts and showed an
enrichment of all classes of fatty acid: saturated, MUFA and
PUFA, with the exception of arachidonic acid (20 :4n-6)
which remained constant. The main increase (3- or 4-fold)
was detected for DHA and EPA and confirmed their metabolic
interconversion. The second main increase was that of satu-
rated fatty acid, as previously described by Brown & Subbaiah
(1994). If results are expressed as a percentage, the percentage
of saturated fatty acid was similar to that of the ethanol con-
trol, and n-3 PUFA showed the main increase (2-fold).
These results implied a slight decrease in MUFA and/or
PUFA n-6, which in fact concerned essentially arachidonic
acid.

Long term treatment with DHA. Long-term supplemen-
tation (7d) induced an antioxidative response similar to that
observed during the dose relationship study, with increased
v-GCL (Fig. 5(B)), GR (Fig. 5C) and GST (Fig. 5(D)) activi-
ties and, interestingly, an approximately 4-fold increase in the
GSH content (Fig. 5(A)). GSSG, however, remained
undetectable.

Flow cytometry showed that ROS production was restored
to the control level, and confocal microscopic analysis was
used to check that the shape of the cells remained unchanged
(data not shown).

Discussion

DHA is an n-3 PUFA present in human diet through fish and
marine products. Fatty acids of the n-3 family are often
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Fig. 2. Time course evolution, during the first 48 h, of the thiol-redox status of human fibroblasts supplemented with 30 umol/l DHA. (A) GSH cell content. (B), -
glutamyl-cysteinyl ligase (y-GCL), (C) glutathione reductase (GR) and (D) glutathione S-transferase (GST) activities in cell extracts. The measurements were
expressed as means with their standard errors (n 4 for each time point). *P<0-05, **P<0-01.
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Fig. 3. Fibroblast mRNA quantification of y-glutamyl-cysteinyl ligase (y-GCL; (A)), glutathione reductase (GR; (B)) and haem-oxygenase 1 (HO-1; (C)) after five
different time periods with DHA. Quantification is normalised through B-actin mRNA. The data shown are the mean of three independent experiments. The
measurements were expressed as means with their standard errors shown by vertical bars. EtOH, ethanol. *P<0.-05, **P<0-01.

4h

Events (cells)

24 h

Events (cells)

FL-1 (DCF Fluorescence)

FL-1 (DCF Fluorescence)

FL-1 (DCF Fluorescence)
48 h (EtOH)

Events (cells)

FL-1 (DCF Fluorescence)

8 200 *%

Q o

8 . | *%

g—e 150

55

S c

= Q -

6 (\i; 100 *% x

22

?-6 i L i L i J

© 0

12 0 4 8 24 48 48
Time (h) EtOH

Fig. 4. Reactive oxygen species (ROS) evaluation by dichlorofluorescein fluorescence flow cytometry analysis after 0, 4, 8, 24 or 48 h with DHA treatment, includ-
ing an ethanol (EtOH) control at 48 h. Flow cytometry analysis was carried out with 10° cells in each experiment. A typical experiment is shown with, at each time
point, the measurement (dark trace) compared with the time O control (grey trace). The results are expressed as a relative fluorescent cell number (means with
their standard errors shown by vertical bars), and each graph bar is the result of six independent experiments. **P<0-01.

suggested to be beneficial for health because of decreased car-
diovascular risk and an improvement in immune function and/
or in resistance to oxidative stress (Ziboh et al. 2000; Kris-
Etherton et al. 2002; Wen et al. 2003). They could also be effi-
cient in cancer prevention (Akihisa et al. 2004).

It is difficult to know whether these effects should be
ascribed to a specific fatty acid or to the n-3 family in general.

Besides these positive effects, DHA is, because of its double
bonds, considered a main target for ROS and lipoperoxidation:
this property, for example, is claimed to increase anthracycline
cytotoxicity in some cancer models (Germain ef al. 1998).
Another way to explain their positive effects involves the pro-
duction of specific DHA derivatives (neuroprotectin) or
the modulation of NO production (Komatsu et al. 2003;
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Table 1. Fatty acid analysis of human fibroblasts supplemented with 30 umol/l DHA for 48 h

(Results (n 3) expressed as nM/million cells)

Control Ethanol DHA
Major fatty acid Mean SE Mean SE Mean SE
14:0 84 0-40 9-5 0-21 13.1** 0-25
16:0 987 1.95 897 3-65 134.1** 2.78
18:0 50-5 0-96 46-6 1.81 71.5** 1.39
Total saturated fatty acid 15875 144.73 218.77
A16:n7c 10-9 0-28 9-3 0-37 13.3** 0-26
A18:n9c 86-1 1.82 757 2.86 102-28** 2-09
A18:n7c 16-0 0-67 18-3 0-38 21.1* 0-45
Total MUFA 11538 101-03 136-62
A18:2n-6 28-3 0-63 279 1.52 41.2* 0-73
A20:3n-6 14.3 0-27 13-3 0-62 17-3** 0-33
20:4n-6 36-0 0-78 327 1.35 387 0-65
Total PUFA n-6 78.72 73-83 97-30
20:5n-3 4.3 0-18 4.0 0-14 12.2* 0-25
22:6n-3 16-6 0-38 14.7 0-56 44.0** 0-76
Total PUFA n-3 19-85 18-80 56-15
**P<0-01.
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Fig. 5. Thiol-redox status of human fibroblasts after 7d DHA supplementation with 30 wmol/l. (A) GSH cell content. (B) y-glutamyl-cysteinyl ligase (y-GCL), (C)
glutathione reductase (GR) and (D) glutathione S-transferase (GST) activities of the cell extracts. The measurements, made in triplicate, were expressed as
means with their standard errors shown by vertical bars. EtOH, ethanol; Ctr, control. *P<0-05, **P<0-01.

Marcheselli er al. 2003). Several studies indicate that treat-
ment with n-3 PUFA induces a large modification in gene
expression (Davidson et al. 2004), but nothing has been
reported on the possible modification of thiol-redox status.
The goal of our study was to understand the potential relation-
ship between DHA and thiol-redox status in a model of human
fibroblasts. The main feature of our study was that the ben-
eficial effect of DHA seemed to be mediated by the induction
of a strong antioxidant response in cells.

Cell fatty acid analysis, in our model, indicated that DHA
treatment induced an enrichment of DHA and EPA, and also
led to a slight decrease in arachidonic acid level, when
expressed as a percentage. These changes are in agreement
with previous studies (Brown & Subbaiah, 1994).

The dose—response effect shown in Fig. 1 earlier allows us
to conclude that DHA itself induces the synthesis of gluta-
thione, along with the induction of the enzymes known to
upregulate the intracellular glutathione pool. An increase in
GSH content is usually known as an adaptive response to
xenobiotic oxidant insults (Shi er al. 1994). The concen-
trations of lipoperoxides in the cell culture medium alone or
supplemented with DHA methyl ester (30 wmol/l) were 1-9
(SE 0-18) and 2-1 (SE 0-04) pmol/l (n 3), respectively, and
we can exclude lipoperoxides being responsible for the bio-
logical effects we describe.

In the time course of the study, the very first event is an
overproduction of ROS and an induction of expression of
HO-1mRNA, which is seen as soon as 4h after adding
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Fig. 6. Correlation between GSH content and glutathione reductase (GR)
activity for twenty-eight cell samples of the time course study. Pearson
r=0-9883, P<0-0001; dashed lines indicate —95 % ClI.

DHA to the cell medium. It is associated with a decrease in
the GSH content, which declines up to 8§ h. We could hypoth-
esise that this decrease corresponds to a consumption of
GSH, for example by GST, to produce mercapturic conju-
gates such as that of 4-hydroxynonenal. Liu et al. (2000)
demonstrated that 4-hydroxynonenal, below 10 pwmol/l, does
not alter cell survival, and antioxidants block the activation
of apoptosis and DNA fragmentation induced by 4-hydroxy-
nonenal at 20 wmol/l. This suggests that cells tolerate small
quantities of 4-hydroxynonenal, and the initial GSH decrease
we measured could be explained by such a detoxifying pro-
cess. As previously demonstrated, y-GCL is induced early
(4h) and, in conjunction with an induction of GR at 24h,
participates in long-term GSH replenishment.

It is noteworthy that GSSG was never detected during our
experiments, and all the measurements of GR activity and
GSH content carried out for these experiments were highly
correlated (Fig. 6). This means that the higher the GSH con-
tent, the higher the GR activity. Furthermore, we verified
that kinetic GR activity measurement was not dependent on
the GSH content of the reagent (in other words, of the GSH
content of the cell extract). These results suggest that cells
take precautions to avoid any accumulation of GSSG and
would argue against the presence of GSSG, as has been pro-
posed in recent publications (Dickinson et al. 2002; Rossi
et al. 2002; Steghens et al. 2003). Two other sets of data cor-
roborate our results: chronic GR inhibition induces oxidative
stress (Romero-Ramos e al. 2003), and a depletion of GSH
induces a decrease in GR activity (Barker e al. 1996).

GR ARE

HO-1 ARE

GCLR ARE
GSTA3 ARE

After a 7d treatment, the fibroblasts kept a normal shape, as
judged by microscopic analysis, and the enzymatic activities
of GR and y-GCL, along with GST, remained high: the
result was a pool of GSH four times that of the control,
whereas dichlorofluorescein cell fluorescence was normal,
leading to a global improvement in the thiol-redox status of
the cell owing to the high GSH content.

Classically, the antioxidant response relies on the transcrip-
tional activation of GST and y-GCL. Both of these, as well as
HO-1 and NADPH quinone oxidoreductase, are described as
genes with antioxidant responsive elements (ARE; Wasserman
& Fahl 1997; Wild et al. 1999). Levonen et al. (2004) showed
that Keap 1 is a cystein redox-sensitive factor, modulated by
lipid byproducts, which is involved in the negative regulation
of Nrf2. Nrf2 is considered to be a central regulator of the
ARE response by transactivation of ARE-dependent genes,
after translocation to the nucleus. This kind of redox regu-
lation could be implicated in the early gene induction
(y-GCL, HO-1) we obtained with DHA. After 24 and 48h,
however, the GSH content still increased, owing to y-GCL
and GR induction, whereas the ROS level was low; this
second step in the regulation of the antioxidant response
(HO-1 not being involved) could result from another
mechanism.

The coordinated increase in both mRNA and the activities
of GR and y-GCL led us to look for ARE on the GR gene.
The ARE pattern consensus sequence, described by Rushmore
et al. (1991), was used for sequence comparison of GR with
four human sequences known to have these ARE (LocusLink,
2005).

The search was carried out with Clustal W software, version
1.8 (Infobiogen, Eury, France): the GR gene appeared to possess
the searched sequence and could be under the regulation of an
ARE, as for other enzymes involved in the antioxidant response
(Fig. 7). The same search was undertaken for sequence consen-
sus of stress responsive elements and tetra phorbol acetate
responsive elements, nucleotide-binding domains functionally
related to ARE (Alam & Cook, 2003). As for the other genes
used for comparison, many sequence similarities were found
in the GR gene. This result corroborates a prediction deduced
from the identification, by microarray analysis, of Nfr2-
dependent genes, which confer protection against oxidative
stress in a mouse model (Lee er al. 2003a). These enzymes
contribute to cellular protection, and the transcription factors
themselves are sensitive to the cell’s redox status. However, as
ARE sequences are sometimes non-functional, only a reporter
assay could confirm our hypothesis.

1 (-12129)5‘ -GGCTGCA -GTAAG-CTGTGTTT - - SIGACACTECA - - - - - CTCCAGCCT -3¢
1 (-4206)5‘ -TGCCACT -GCACT - CCAGC - CTGGEIGAGAGAGEAAGA- -CTCC- ATCT -3
GCLR ARE 1 (-15148)5’ -CGCCACT -GCACT -CCAGC - CTGAGEGACAGRGOAAGA- -ATCT- GTCT -3 *
2 (-5499)5’ -TGCCACT -GCACT - CCAGC - CTCCEIGACAGAGEAAGA- - CTCCCGTCT -3
1 (-10391)5’ -TATTACTTGTAGGGCCAGTGCT- - SIGACTETEEA - - - - - CT-T-GTGC-3’

NQO1 ARE 1 (-12640)5’ -TGCCACC-AAACT - CCAGC - CTAGETGAGAGAGEAAGACCCTGCC -TG- -3

Fig. 7. Antioxidant responsive element (ARE) consensus sequences (GTGACNNNGC, black box) identified in 5 distal regions of glutathione reductase (GR) and
four other genes used for comparison (HO-1, haem oxygenase |; GCLR, regularory subunit of y-glutamyl-cysteinyl ligase; GSTA3, glutathione S-transferase A3;
NQO1, NADPH quinine oxidoreductase 1). Positions were calculated from the initial exon start. Gene references were: GR:|NT_007995.14|Hs8_8152:841462-
910498; HO1:INT_011520.10|Hs22_11677:15127825-15190594; GCLR: |NT_007592.14|Hs6_7749:44194601-44323831; GSTA3:|NT_007592.14|Hs6_7749:

43677940-43831413; NQO1:INT_010498.15|Hs16_10655:23344695-23387404.
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In conclusion, our experiments provided convincing evi-
dence that DHA is able to induce a fast antioxidant response
leading to a large and long-term increase in intracellular
GSH. Future work will study the involvement of other
PUFA in the regulation of the cell thiol-redox status.
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