Biochem. J. (2002) 367, 889894 (Printed in Great Britain)

889

Mitochondrial oxidative stress is modulated by oleic acid via an epidermal
growth factor receptor-dependent activation of glutathione peroxidase
Carine DUVAL*, Nathalie AUGE*, Marie-Frangoise FRISACH*, Louis CASTEILLAY, Robert SALVAYRE* and

Anne NEGRE-SALVAYRE*!

*INSERM U466, IFR-31, CHU Rangueil, avenue Jean Poulhés 21403, Toulouse, cedex 4, France, and TUMR-CNRS 5018, IFR-31, CHU Rangueil, Toulouse, France

Mitochondria generate reactive oxygen species (ROS) under
various pathophysiological conditions. In isolated mitochon-
dria, fatty acids (FA) exhibit an uncoupling effect of the
respiratory activity and modulate ROS generation. The effect of
FA on intact cultured cells remains to be elucidated. The present
study reports that FA (buffered by BSA) decrease the level of
cellular ROS generated by the mitochondrial respiratory chain in
cultured cells incubated with antimycin A. Both saturated and
unsaturated FA are effective. This fatty acid-induced antioxidant
effect does not result from a decrease in ROS production, but is
subsequent to cellular glutathione peroxidase (GPx) activation

and enhanced ROS degradation. This fatty acid-induced GPx
activation is mediated through epidermal growth factor receptor
(EGFR) signalling, since this response is (i) abrogated by the
EGFR inhibitor AG1478 or by a defect in EGFR (in EGFR-
deficient B82L fibroblasts), (ii) restored in B82LK + cells ex-
pressing EGFR and (iii) mimicked by epidermal growth factor.
These findings indicate that FA contribute to enhance cellular
antioxidant defences against mitochondrial oxidative stress
through EGFR-dependent GPx activation.
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INTRODUCTION

Reactive oxygen species (ROS) are implicated in various patho-
physiological processes. Almost all cells are capable of generating
moderate and localized production of ROS that are involved in
physiological cell signalling and regulation of essential cellular
functions, such as gene expression, cell proliferation or death
[1-4]. The level of ROS is modulated by a variety of antioxidant
systems, such as small molecules (e.g. tocopherols, ascorbic acid,
uric acid, polyphenolic compounds) and enzymes [e.g. superoxide
dismutases (SODs), catalase, peroxidases] [1]. When ROS gen-
eration overwhelms antioxidant defences, the resulting oxidative
stress may participate in pathological processes, such as cancer,
neurodegenerative diseases, atherosclerosis, aging, autoimmune
and inflammatory disorders [1,5-9].

Mitochondria are the major source of ROS, since it has been
estimated that 1-2 9, of consumed oxygen is converted into the
superoxide anion (O,"), mainly generated at complexes I and III
of the electron transport chain. O, is converted into H,O, by the
mitochondrial SOD [10-12]. The generation of ROS in mito-
chondria can be stimulated by mitochondria inhibitors, such as
the b—cl complex inhibitor antimycin A (AM) [13].

Fatty acids (FA) are energy-rich substrates that may interfere
at various sites with ROS formation. In mitochondria, FA
catabolism (f-oxidation and acetyl-CoA degradation through the
tricarboxylic cycle) supplies reducing equivalents to redox reac-
tions at complexes I and II. The subsequent increase in the
electron flow through the electron-transfer chain has been
associated with an enhanced rate of H,O, formation [14]. In
contrast, FA are mild uncouplers that act through a protono-
phoric effect or through activation of uncoupling proteins (UCPs)
and/or of the adenine nucleotide translocase [15-17], and may
reduce mitochondrial H,O, generation [18]. At higher concentra-
tions, FA induce both respiration inhibition and enhanced H,0,
production [14]. These studies were conducted on isolated

mitochondria, but the effect of FA on ROS generation in intact
cells has been only poorly investigated. This led us to investigate
whether FA could modulate mitochondrial oxidative stress in
intact cells.

Our results suggested that moderate concentrations of FA
may modulate ROS levels in cells treated with AM. This
antioxidant effect results from glutathione peroxidase (GPx)
activation and requires epidermal growth factor (EGF) receptor
(EGFR) function.

MATERIALS AND METHODS
Chemicals

The ROS-sensitive fluorescent probe 6-carboxy-2’,7’-dichlorodi-
hydrofluorescein diacetate, diacetoxymethyl-ester (H2-DCFDA ;
DCEF,2’,7"-dichlorodihydrofluorescein)waspurchased fromMole-
cular Probes (Eugene, OR, U.S.A.) and the EGFR inhibitor
AG1478 was from Merck-Calbiochem (Fontenay, France). Re-
combinant EGF and anti-EGFR antibodies were from Santa
Cruz/Peprotech/Tebu (Le Perray, France), and anti-phospho-
tyrosine antibody (4G10) was from UBI-Euromedex (Souffle-
weysheim, France). FA, fatty-acid-free BSA (FAF-BSA), AM,
horseradish peroxidase, decylubiquinone, NADH, NADPH,
scopoletin and other reagents were purchased from Sigma-
Aldrich. Fluorescent probes were dissolved in DMSO, and FA
and mitochondrial inhibitors in ethanol.

Cell culture

Human ECV-304 cells (A.T.C.C., Rockville, MD, U.S.A.) were
grown in RPMI 1640 medium containing 10 9, (v/v) foetal calf
serum. The murine B82L fibroblasts (EGFR-deficient) and
B82LK + (overexpressing EGFR), a gift from Dr M. Weber
(Charlottesville, VA, U.S.A.), were grown under the conditions

Abbreviations used: AM, antimycin A; DCF, 2’,7’-dichlorodihydrofluorescein; EGF, epidermal growth factor; EGFR, EGF receptor; FA, fatty acids;
FAF, fatty-acid-free; GPx, glutathione peroxidase; H2-DCFDA, 6-carboxy-DCF diacetate, diacetoxymethyl-ester; ROS, reactive oxygen species; SOD,

superoxide dismutase; UCP, uncoupling protein.
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described previously [19]. Then the culture medium of subcon-
fluent cells was replaced by fresh phenol-red-free RPMI 1640
medium (containing the indicated FAF-BSA and/or inhibitors)
and used for experiments.

Determination of activities of complexes I and II/Ill

ECV-304 cells were permeabilized by digitonin as described by
Chowdhury et al. [20]. Briefly, cells were incubated in 80 mM
KCl, 3mM MgCl,, 1 mM EDTA, 10 mM Tris/HCI (pH 7.2),
5mM potassium phosphate containing 10 M digitonin, and
AM and/or oleic acid as indicated. The activity of complex I was
evaluated by monitoring NADH oxidation (at 340 nm) in the
presence of decylubiquinone as electron acceptor, according to
the procedure described by Rigoulet et al. [21]. Briefly, the assay
mixture (final volume, 1 ml) contained 0.3 mM decylubiquinone,
4 uM antimycin, 0.1 mM NADH in 10 mM Tris/maleate buffer
(pH 7.2) and 50 zl of cell suspension (100 ug of cell protein). The
assay for complexes II/I1I (succinate dehydrogenase/ubiquinol—
cytochrome ¢ reductase) contained 1 mM ferricyanide, 5 uM
rotenone, | mM KCN and 50 xl of cell suspension (100 pg of cell
protein) in 1 ml of permeabilization buffer. The activity was
determined by monitoring ferricyanide reduction (absorbance at
436 nm) [21].

Evaluation of intracellular ROS

Intracellular ROS levels were estimated using the oxidant-
sensitive H2-DCFDA probe, as described by Royall and
Ischiropoulos [22]. Cells (ECV-304 or fibroblasts) were grown in
6-multiwell plates, then incubated in serum-free (phenol-red-free
RPMI 1640) medium with H2-DCFDA (5 M) for 30 min before
adding AM and/or FA, as described above. Then cells were
carefully washed in PBS, scraped off into 1 ml of water and the
fluorescence was measured (excitation at 495 nm and emission at
520 nm).

Determination of cellular H,0,

H,0, was determined on digitonin-permeabilized cells by horse-
radish-peroxidase-dependent quenching of scopoletin fluores-
cence, as described by Steinbrecher [23].

GPx activity

Control and stimulated cells were washed in PBS, scraped off
the well and homogenized by sonication in PBS. GPx activity
was determined as described previously [23]. Briefly, the enzyme
reaction mixture contained 2 mM GSH, 0.15 mM NADPH,
0.05 units/1 glutathione reductase in a buffer containing 20 mM
Tris (pH 7.0), 0.5 mM EDTA and 25 ug of cell homogenate in a
final volume of 1 ml. The reaction (at 37 °C) was initiated by the
addition of cumene hydroperoxide (final concentration, 5 mM)
and NADPH oxidation was monitored at 340 nm (extinction
coefficient for calculating NADPH consumption was 6.22).

Western-blot analysis

After stimulation, cells were homogenized in a lysis buffer and
Western-blot analysis was performed using anti-phosphotyrosine
and anti-EGFR antibodies as described previously [24]. Protein
concentrations were determined using the bicinchoninic acid
method [25].

Statistical analysis

Statistical analysis was performed using analysis of variance
(one-way ANOVA, Tukey test, SigmaStat software).
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RESULTS
FA reduce the level of AM-induced mitochondrial ROS

In cultured ECV-304 cells, AM (10 M) induced ROS generation,
as assessed by the increase in DCF fluorescence (Figure 1A) and
of peroxidase-catalysed scopoletin quenching (Figure 1B). ROS
production was rapidly stimulated, reaching a maximum after
10-15 min. Determination of the activity of complexes I and III
in cells pretreated with AM showed that complex III was
inhibited, whereas complex I was fully active (their corresponding
activities were 30+ 5 and 1154129, of the untreated control).
These results suggest that supplementation of ECV-304 with AM
inhibits complex III and triggers mitochondrial ROS generation
in the intact cells, as in isolated mitochondria. This AM-induced
increase in cellular ROS (monitored by DCF fluorescence and
H,0, production) was completely inhibited when cells were co-
incubated with 50 M oleic acid in the presence of 50 uM FAF-
BSA (Figures 1A and 1B). This FA-induced antioxidant effect
was dependent on the oleic acid concentration and oleic acid/
FAF-BSA ratio (Figure 1C). The maximal FA-induced antioxi-
dant effect was obtained with FAF-BSA ratio 1:1, but was lost
when FAF-BSA ratio was less than 0.2 and greater than 2.

To evaluate whether this inhibitory effect was dependent on
FA structure, we compared the effect of various saturated
(palmitic acid and its structural analogue bromopalmitic acid),
monounsaturated (oleic acid) and polyunsaturated FA (arachi-
donic and eicosapentaenoic acids). Under the experimental
conditions used (oleic acid/FAF-BSA ratio, 1:1), all these FA
induced a similar inhibition of ROS (DCF fluorescence) re-
gardless of the degree of unsaturation (Figure 1D). It is, therefore,
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Figure 1  FA inhibit the AM-induced ROS increase in ECV-304 cells

Cells in serum-free medium containing 50 «M FAF-BSA, were loaded with H2-DCFDA (5 M)
for 30 min, then treated with AM (10 M) and/or FA. Then the DCF fluorescence (intracellular
ROS) or H,0, was determined. Data are expressed as a percentage of the untreated control.
(A) Time course of ROS generation. Cells were incubated for the indicated time with 10 M AM
and/or 50 M oleic acid (Cyg4.,/FAF-BSA ratio, 1:1). (B) Digitonin-permeabilized cells were
treated as in (A) and H,0, was determined at the indicated times by fluorescence quenching of
scopoletin in the presence of horseradish peroxidase. (C) Dose—response of oleic acid (Cyg.¢)
on AM-induced ROS. Cells (in phenol-red-free RPMI medium containing 50 «M FAF-BSA) were
incubated for 15 min with increasing concentrations of oleic acid (0—100 zM), with or without
AM (10 #M). (D) Comparative effect of saturated (palmitic, Cys.,; bromopalmitic, BrC,g.,) and
unsaturated (oleic, Cyg.4; arachidonic, C,,.,: eicosapentaenoic, Cyg.5) FA (50 1M for 15 min)
on AM-induced increase in ROS. Data are expressed as a percentage of the untreated control.
Results are means + S.E.M. for at least four separate experiments (each in triplicate). *P < 0.01
(treated versus untreated control).
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Figure 2 GPx is involved in the oleic acid-induced antioxidant effect

() Time course of GPx activity in cells treated with AM and/or FA (oleic acid, Cyq.;), under
the conditions described in Figure 1. Effect of the GPx inhibitor mercaptosuccinate (MS, 2 or
10 mM) on GPx activity (B), DCF fluorescence (C) and H,0, (peroxidase-mediated scopoletin
quenching) (D) in cells treated for 15 min with AM and/or FA. Data are expressed as a
percentage of the unstimulated control (100%); means + S.E.M. for three separate experiments
(each in triplicate). *P < 0.01 (treated versus untreated control).

concluded that AM induces an increase in mitochondrial H,O,
generation in cultured ECV-304, which is inhibited by FA. This
effect of FA is (i) independent of FA unsaturation, (ii) in-
dependent of mitochondrial metabolism of FA (since BrC,., is
not a substrate for the p-oxidation pathway) and (iii) not
mediated by peroxidation derivatives of FA (since, under the
conditions used, saturated FA do not undergo peroxidation). To
investigate the mechanism by which FA prevent AM-induced
oxidative stress (referred below as FA-induced antioxidant
effect), we used oleic acid because this fatty acid is easily dis-
persed in the culture medium and is not very susceptible to
peroxidation.

GPx is involved in the protective effect of oleic acid

Since FA are effective uncouplers of isolated mitochondria [17]
and since uncouplers (including UCP) decrease both the mito-
chondrial membrane potential, Ay, [18,26], and ROS generated
in state 4 mitochondria [17,27,28], we investigated whether the
mechanism of the FA-induced antioxidant effect was due to
mitochondrial uncoupling. Under our experimental conditions,
oleic acid did not induce any decrease in Ay, on intact cells
(results not shown), thus suggesting that FA do not induce any
major uncoupling effect. Moreover, when isolated mitochondria
[11,29] or cells [30] are treated with AM, uncouplers (such as
carbonyl cyanide m-chlorophenylhydrazone) stimulate ROS
generation. Altogether these results suggest that, under the
conditions used (intact cells and FA buffered by FAF-BSA),
oleic acid does not induce mitochondrial uncoupling, does not
block the AM-induced ROS generation, but may act to enhance
ROS degradation through up-regulation of cellular antioxidant
defences.

The up-regulation of cellular antioxidant defences may (theore-
tically) result from gene induction or enzyme activation. A
mechanism involving gene induction was unlikely because of the
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Figure 3 GPx activation and DCF fluorescence inhibition triggered by oleic
acid are inhibited by the EGFR inhibitor AG1478

(R) EGFR activation (tyrosine autophosphorylation) induced by oleic acid and AM, and inhibition
by AG1478. Cells were incubated for 15 min in a medium containing 50 xM FAF-BSA without
(Co) or with (AM 10 x«M), AG1478 (AG 5 M), oleic acid (Cyq.1; 50 M) or EGF (1 nM) as
indicated. Western blots were labelled either with anti-phosphotyrosine (P-tyr) or with anti-EGFR.
Oleic acid-elicited GPx activation (B) and ROS decrease (evaluated by DCF fluorescence) (C)
were inhibited by the EGFR inhibitor AG1478. Experimental conditions were as described in (R).
Data are expressed as a percentage of the unstimulated control. Means + S.E.M. for three
separate experiments (each in triplicate). *P < 0.01 (treated versus untreated control).

very rapid response triggered by FA (10-15 min) and the lack of
effect of cycloheximide, used under conditions inhibiting protein
biosynthesis (results not shown). This led us to investigate
whether this effect of FA may result from activation of cellular
antioxidant enzymes.

As the ROS released from AM-inhibited mitochondria have
been identified as H,0, [13,27], we first examined the activity
of cellular catalase and GPx, two H,O,-degrading enzymes.
Incubation of cells with oleic acid (used alone or in conjunction
with AM) did not induce any change in catalase activity (results
not shown), whereas it triggered a rapid and significant activation
of GPx (Figure 2A). Moreover, the GPx inhibitor mercapto-
succinate inhibited both the oleic acid-induced GPx activation
and the FA-induced antioxidant effect (Figures 2B-2D). These
results strongly suggest that the FA-induced antioxidant effect
could be mediated via GPx activation. As oleic acid did not
activate GPx in vitro (results not shown), it was hypothesized
that GPx activity may be regulated through cell signalling.

Oleic acid activates GPx through an EGFR-dependent mechanism

Since (i) EGF may regulate antioxidant enzymes [31], (ii) oleic
acid is able to activate EGFR [19] and (iii) the effect of oleic acid
was inhibited by broad-specificity inhibitors of tyrosine kinases
(results not shown), we investigated whether the oleic acid-
induced GPx activation was mediated through EGFR signalling.

© 2002 Biochemical Society
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Figure 4 EGFR is required for GPx activation and oleic acid-induced
antioxidant effect

Comparative effect of oleic acid on GPx activity (A, C) and ROS levels (B, D) in B82L (EGFR
deficient) (A, B) and B82LK+ (overexpressing EGFR) (C, D) treated or untreated with AM
and/or oleic acid (Cyg.4) and/or AG1478 (in the case of B82LK +), under the experimental
conditions as described in Figure 3. Data are expressed as a percentage of the untreated control;
means £ S.E.M. for three separate experiments (each in triplicate). *P < 0.05.
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Figure 5 EGF-elicited EGFR activation induces GPx activation and de-
creases cellular ROS level

GPx activity (A) and cellular ROS (DCF fluorescence) (B) were determined in ECV-304 cells
treated for 15 min with or without AM (10 #M), EGF (1 nM) and/or AG1478 (5 xM), under
the conditions of Figure 3. Data are expressed as percentage of the untreated control;
means + S.E.M. for three separate experiments. *P < 0.01.

As shown in Figure 3, oleic acid (in co-incubation with AM)
rapidly elicited a moderate activation of EGFR (Figure 3A), an
increase in the GPx activity (Figure 3B) and an increase in the
inhibition of the AM-induced ROS (Figure 3C). All these effects
of oleic acid were blocked by the EGFR inhibitor AG1478, thus
supporting the hypothesis that the increase in the inhibition of

© 2002 Biochemical Society

the AM-induced ROS by oleic acid is mediated through an
EGFR-dependent GPx activation (Figures 3A-3C).

To confirm the role of EGFR in the regulation of GPx, two
sets of additional experiments (one using genetically engineered
cells and the other using EGF as agonist) were performed.
The efficacy of oleic acid was studied in B82L cells (EGFR-
deficient) and B82LK + cells (B82L cells transfected with human
EGFR cDNA and overexpressing active EGFR) treated with
oleic acid and/or AM. As shown in Figure 4, in B82L cells
(EGFR deficient), oleic acid did not induce any GPx activation
and did not prevent the increase in AM-induced ROS (Figures
4A and 4B), whereas, in B82LK + cells (expressing EGFR), the
effect of oleic acid (activation of GPx and inhibition of ROS) was
recovered (Figures 4C and 4D).

Similarly, in ECV-304 cells treated with EGF (100 pM) and
AM, we observed both the expected GPx activation and the
subsequent increase in the inhibition of AM-induced ROS,
which were eliminated by the EGFR inhibitor AG1478, thus
confirming the crucial role of EGFR (Figures 5A and 5B). It was
found that AG1478 tested alone had no effect on the basal level
of ROS and GPx activity (results not shown).

Taken together these results strongly suggest that (i) a moderate
activation of EGFR evokes GPx activation and (ii) the oleic
acid-induced antioxidant effect countering the increase in AM-
induced ROS is mediated by an EGFR-induced GPx activation.

DISCUSSION

To our knowledge, this is the first study indicating that FA are
capable of counterbalancing mitochondrial ROS generation
elicited by AM in intact cells, and that this antioxidant effect
results from an EGFR-mediated GPx activation and subsequent
ROS degradation. In mammalian cells, O, generated by com-
plexes I and III of the mitochondrial electron transport chain is
rapidly converted into H,O, by mitochondrial SOD [10,32].
Mitochondrial ROS generation is enhanced when the electron
transport chain is inhibited by AM. AM inhibits the complex III
by blocking the quinol cycle of the b—c1 complex at the quinone
reducing centre, thereby inducing semiquinone accumulation
and univalent reduction of O, to give O, (and subsequently
H,0,) [13].

In isolated mitochondria, FA (in the absence of AM) lower
the production of H,0, [18] and induce mitochondrial uncoup-
ling, possibly mediated by mitochondrial UCPs and/or ATP/
ADP antiporter [17]. This uncoupling effect of FA prevents the
increase of the transmembrane electrochemical potential Ay
and the subsequent increase in mitochondrial ROS production
[17]. In intact cells, however, the FA-induced antioxidant effect is
probably independent of any uncoupling or protonophoric effect,
because under our experimental conditions oleic acid induced
no decrease but a small increase in mitochondrial membrane
potential Ayr =~ (determined by the uptake of rhodamine 123;
results not shown). Moreover, FA and uncouplers reduce ROS
production by state 4 mitochondria and, in contrast, they
stimulate ROS generation when the electron-transfer chain is
inhibited by AM, in isolated mitochondria [27,29] and in intact
cells [30]. Altogether, these results suggest that the FA-induced
antioxidant effect does not result from mitochondrial uncoupling
and subsequent decrease in ROS production. These conclusions
arein agreement with previous observations on intact hepatocytes
[33] and perfused heart [34].

Our results show that the FA-induced antioxidant effect results
from GPx-mediated ROS degradation. GPx is known to be
regulated by various physiological or pathological stimuli. For
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instance, GPx level is down-regulated by selenium deficiency,
oxidative stress or adduct formation through glycation or
lipoxidation [35-37]. In contrast, GPx is up-regulated by laminar
shear stress [38], ischaemia [39], hypertension [40], traumatic
injury [41], endotoxin [42], physical training [43] and obesity [44].
The up-regulation of GPx gene expression is triggered (in part)
by ROS [45] and mediated by nuclear factor-«B [46]. But, under
our experimental conditions, FA-induced GPx activation was not
mediated by gene induction but rather by signalling-dependent
regulation of enzyme activity, since it did not require protein
synthesis, and was blocked by tyrosine kinase inhibitors.

FA activate various signalling pathways, such as protein
kinase C, mitogen-activated protein kinase, phosphoinositide
3-kinase [47-52] and EGFR [19,52]. Preliminary experiments
investigating the effect of various inhibitors of cell signalling
have shown that pretreatment of cells with tyrosine kinase
inhibitors relieved the FA-induced antioxidant effect (results not
shown). Our attention was focused on EGFR because FA are
able to activate the EGFR-signalling pathway [19]. As the FA-
induced GPx activation and subsequent ROS degradation were
eliminated in cells treated with the EGFR inhibitor AG1478 and
EGFR-deficient B§2L cells, it was suggested that EGFR mediates
this effect of FA. This was confirmed by the effect of low
concentrations of EGF (that triggers GPx activation and ROS
degradation) and by the use of genetically engineered cells (only
cells expressing EGFR were responsive to FA). It may be noted
that the FA-induced antioxidant effect reported in the present
study was observed only at low-FA concentration (optimal
molar ratio of FA/BSA was between 0.5 and 1). In contrast, we
observed (results not shown) that higher concentrations of FA
(FA/FFA-BSA greater than 2) induced an increase in intra-
cellular ROS, in agreement with previous studies [53,54].

From a physiological point of view, the ability of EGFR to
activate GPx and decrease cellular ROS may constitute an auto-
regulatory mechanism of the EGFR-signalling pathway, since
EGFR stimulates H,O, production and H,O, induces and/or
reinforces EGFR activation and signalling [53,55]. EGFR-
induced GPx activation may constitute a feedback mechanism
(decreasing H,O, level and subsequent EGFR activation) of
potential importance in cell-signal regulation and in cell defences
against oxidative stress [56,57].
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