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A 48-h incubation of cultured human fibroblasts
ith 5 3 1025 M oleic acid or polyunsaturated fatty
cids (PUFA) from the (n-6) (linoleic, g-linolenic and
rachidonic acids) or (n-3) (a-linolenic and eicosapen-
aenoic acids) series resulted in an enrichment of the
ells with the introduced fatty acid. Cell enrichment
ith PUFA initiated a rise in the intracellular level of

eactive oxygen species (ROS) and lipid peroxidation
roducts (thiobarbituric reactive substances TBARS).
imultaneously, cell enrichment with all the studied
UFA induced an increase in AP1 and NFkB binding
ctivity measured by electrophoretic mobility shift as-
ay, whereas no significant effect was observed with
he monounsaturated oleic acid. Furthermore, the an-
ioxidants vitamin E (a-tocopherol) and N-acetyl cys-
eine prevented both the arachidonic acid-induced in-
rease in intracellular ROS and TBARS, and the
ctivation of AP1 and NFkB. These results indicate
hat the accumulation of PUFA from (n-6) and (n-3)
eries elicited an intracellular oxidative stress, result-
ng in the activation of oxidative stress-responsive
ranscription factors such as AP1 and NFkB. © 1999

cademic Press

Key Words: polyunsaturated fatty acids; oxidative
tress; AP1; NFkB.

Reactive oxygen species (ROS) such as superoxide
nion, hydrogen peroxide and hydroxyl radical are con-
tantly formed in all aerobic cells by the mitochondrial
lectron transport chain and several enzymatic reac-
ions (1, 2). Cellular antioxidant defenses including
itamin E and vitamin C protect cells from their dele-
erious effects on DNA, proteins and lipids (3). Either

Abbreviations used: PUFA, polyunsaturated fatty acids; ROS, re-
ctive oxygen species; TBARS, thiobarbituric acid reactive sub-
tances (lipid peroxidation end products); NAC, N-acetyl cysteine.
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n overproduction of ROS or a decrease in cellular
efenses result in variation of the redox state, leading
o oxidative stress. This phenomenon has been in-
olved in the pathogenesis of diseases such as athero-
clerosis and cancer, as well as in aging and in inflam-
atory disorders (4, 5). It has also been demonstrated

hat reactive oxygen species can stimulate the expres-
ion of early growth-response genes and cause growth
n some cell types (6, 7).

The double bonds found in PUFA of cellular lipids
re ready targets for ROS. Several laboratories have
emonstrated that increasing the amount of double
onds by supplementation of cultured cells with PUFA
nhanced their susceptibility to oxidant injury in terms
f lipid peroxidation (8, 9). In addition, this effect was
revented by the addition of the antioxidant vitamin E
10). We (11) and others (12) have reported that sup-
lementation of cultured cells with PUFA enhanced
he secretion of superoxide anion. Simultaneously, the
ntracellular level of lipid peroxidation products was
ncreased (9, 11).

The transcription factor AP1 consists of homo- or
eterodimers of the proteins encoded by the fos and jun
ene families and is believed to regulate genes involved
n the control of cell growth and differentiation (13).

ore recently, it has been also shown that AP1 activity
s under the control of the Redox state of the cell (14,
5). The transcription factor NFkB is present in the
ytoplasm as an heterodimer composed of NFkB1 (p50)
nd Rel A (p65) subunits bound to an inhibitor protein,
kB (16). Following activation, NFkB dissociates from
kB and is translocated to the nucleus (16). NFkB
egulates the inducible expression of a variety of genes
nvolved in inflammatory or immune responses and in
ell growth control (16, 17). The involvement of ROS
uch as H2O2 in the activation of NFkB has been
voked (18) and it is admitted that NFkB is an oxida-
ive stress-responsive transcription factor in eukary-
tic cells (19).
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In the present study, we demonstrate that supple-
entation of cultured cells with PUFA of the (n-6) and

n-3) series resulted in an oxidative stress, in terms of
OS and lipid peroxidation product generation. Con-

omitantly, an activation of the transcription factors
P1 and NFkB was observed.

ATERIALS AND METHODS

Materials. DMEM medium and fetal calf serum were from Gibco
Grand Island, NY, USA). The oligonucleotide probes for AP1 (59-
GC TAG GTG ACT CAC CAA GCT TGG A-39) and NFkB (59-GCT
CA GAG GGG ACT TTC CGA GAG G9) were synthesized by Euro-
entec, Belgium. [g-32P]ATP 7000 Ci/mmol was from ICN, CA, USA.
ichlorofluorescein-diacetate was purchased from Molecular Probes,

nterchim, France. All other chemicals were of Sigma grade.

Enrichment of cells with PUFA and PUFA analysis. The MRC5
uman fibroblasts were purchased from BioMérieux, France and
aintained in Dulbecco’s MEM supplemented with 10% foetal calf

erum. 24 h after seeding, the cells were cultured for 48 h in medium
evoid of serum and supplemented with 5 3 1025 M of different fatty
cids introduced in bovine serum albumin 0.1% (final concentration).
he modification of the fatty acid content of cellular lipids was
ssessed by capillary gas chromatography as previously described
20) after extraction of the lipids by the method of Bligh and Dyer
21). In some experiments, the antioxidants vitamin E 1025 M and
-acetyl cysteine 5 3 1023 M were introduced simultaneously with
rachidonic acid.

Quantitation of intracellular ROS with dichlorofluorescein-
iacetate and fluorescence microscopy. The increase in fluorescence

n living cells in the presence of this probe allows the quantitation
f reactive oxygen species (23). After the 48 h incubation with
UFA, the cells were incubated for 30 min with 2 3 1026 M
979dichorofluoresceine-diacetate in DMEM without phenol red,
ashed three times with phosphate buffer saline, solubilized in H2O
nd sonicated. The fluorescence was determined at 503/529 nm using
Shimadzu RF-5301PC fluorometer, normalized on a protein basis

nd expressed in percentages of control. Optical and fluorescence
icroscopy was performed using a Nikon Diaphot inverted micro-

cope equipped with a CH250 CCD camera (Photometrics, Ltd., A,
SA). Images were acquired and treated using the V for Windows

oftware (Photometrics, Ltd., A, USA). Fluorescence images were
igitized.

Quantitation of intracellular lipid peroxidation products. After
he 48 h incubation with PUFA, the cells were washed, harvested
nd resuspended in H2O. Intracellular lipid peroxidation end prod-

Modification of the Fatty Acid Composition of MRC5 F

14:0 16:0 16:1 18:0 18:1 18:1
n-9 n-7

ontrol 3.38 26.90 10.70 14.86 28.04 7.06
8:1n-9 3.56 24.50 8.66 12.80 35.93 6.25
8:2n-6 2.22 26.75 7.25 15.36 18.95 5.44
8:3n-6 0.51 24.38 4.44 17.06 20.26 5.95
0:4n-6 2.92 30.97 7.33 14.15 20.59 5.75
8:3n-3 3.14 27.65 6.61 14.95 16.59 4.90
0:5n-3 2.76 30.31 7.29 16.39 19.52 5.53

Note. Cells were cultured for 48 h in DMEM devoid of serum and s
re expressed as means of the percentages of cellular fatty acids (fou
f clarity, S.D. values are not given, but did not exceed 610%. n.d.,
117
cts (thiobarbituric acid reactive substances: TBARS) were deter-
ined by the method of Yagi (24). Results, normalized on a protein

asis, were expressed in percentages of control.

Preparation of nuclear extracts. After the 48 h incubation period
ith PUFA, nuclear extracts were prepared according to Dignam et
l. (22). The cells were resuspended in 10 mM HEPES, 1.5 mM
gCl2, 10 mM KCl, 0.5 mM DTT, 0.1% Nonidet P40 and the protease

nhibitors aprotinin 2 mM, antipain, pepstatin, benzamidine and
eupeptin 1 mg/ml. After homogenization with a Dounce homoge-
izer and a 10 min incubation at 4°C, nuclei were collected by
entrifugation at 20003g for 30 min. The pellet was resuspended in
0 mM HEPES pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
.5 mM DTT, 25% glycerol and the above cited antiproteases. The
uclear proteins were extracted by incubation at 4°C during 30 min.
fter centrifugation at 130003g for 15 min, the supernatant was
ept at 280°C.

Electrophoretic mobility shift assay. The double stranded oligo-
ucleotides were end-labeled using T4 kinase and [g-32P]ATP. 7 mg of
uclear extract was incubated with 100,000 DPM of labeled probe
0.5 ng) in the presence of 1 mg of poly(dIdC) at room temperature for
0 min. Separation of the mixture on a 6% non denaturing polyacryl-
mide gel was then performed in Tris 89 mM/boric acid 89 mM/
DTA 2 mM. After autoradiography, the radioactivity was quanti-
ed by liquid scintillation counting or by quantitative analysis of the
utoradiogram using a Molecular Dynamic laser densitometer (Mo-
ecular Dynamics, CA, USA). Results are representative of at least 3
ndependent experiments.

ESULTS

. Cell Enrichment with PUFA

We first checked the enrichment of cells with PUFA
y determination of the fatty acid percentages by cap-
llary gas chromatography. The data from Table I show
hat a 48 h incubation with 5 3 1025 M fatty acids
nduced an enrichment in their respective percentages
n cellular lipids. In the case of PUFA, the increase in
he introduced PUFA was accompanied by a decrease
n the percentage of palmitoleic acid C16:1 and of oleic
cid C18:1n-9. In addition, preincubation with gamma
inolenic acid C18:3n-6 enhanced the intracellular
ontent of both gamma linolenic and arachidonic acid
20:4n-6, which demonstrates an active conversion of

he former to the latter by MRC5 fibroblasts. Similar

oblasts Cultured in Media Enriched with Fatty Acids

18:2 18:3 18:3 20:3 20:3 20:4 20:5
n-6 n-6 n-3 n-9 n-6 n-6 n-3

2.05 n.d. n.d. n.d. 0.93 5.28 0.80
2.86 n.d. n.d. n.d. 0.60 4.38 0.46

15.60 0.60 n.d. 0.31 1.00 6.02 0.50
2.10 11.83 n.d. n.d. 7.85 5.62 n.d.
5.27 0.35 n.d. n.d. 0.55 10.38 n.d.
3.31 n.d. 17.17 n.d. 0.33 3.07 2.28
2.99 n.d. n.d. n.d. 0.64 3.22 9.08

plemented with 0.1% (w/v) BSA and 5 3 1025 M fatty acids. Results
perimental values from two experiments in duplicate). For the sake
detectable.
ibr

up
r ex
not
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bservation can be made concerning alpha linolenic
cid C18:3n-3, which was converted to eicosapentaenoic
cid C20:5n-3.

. PUFA Increased the Intracellular Level of Reactive
Oxygen Species and Lipid Peroxidation Products

In order to demonstrate the PUFA-induced modifi-
ation of the redox state, we determined the intracel-
ular level of reactive oxygen species by the fluores-
ence of dichlorofluorescein. The results from Fig. 1a
ndicate that again, oleic acid had no significant effect
hereas PUFA induced an elevation in reactive oxygen

pecies, with a less marked increase for the (n-3) series
s compared to the (n-6) series. The TBARS intracel-
ular level was increased in a similar manner (Fig. 1b).
igure 2 shows the fluorescence of cells labeled with
ichlorofluorescein-diacetate after enrichment with
rachidonic acid in the presence or absence of vitamin
. Arachidonic acid markedly enhanced the intracellu-

ar fluorescence (Fig. 2e) as compared to the control
Fig. 2d), and preincubation with vitamin E decreased
he intracellular fluorescence to a value close to that of
he control (Fig. 2f ).

. PUFA Increased AP1 and NFkB Activity

The effect of PUFA enrichment on AP1 and NFkB
NA binding activity was then studied by electro-
horetic mobility shift assay and results from a typical
xperiment are shown in Fig. 3. It can be noted that

FIG. 1. PUFA enrichment increases the intracellular level of reac
n effect prevented by antioxidants. Cells were preincubated for 48
r absence of vitamin E 1025 M or N-acetyl cysteine 5 3 1023 M. Fo
ncubated for 30 min with 2 3 1026 M 2979-dichorofluorescein-dia
hosphate buffer saline, and solubilized in H2O. The fluorescence
xpressed in percentages of control. For the determination of lipid pe
easured as described (24). The results, normalized on a protein
alondialdehyde/mg protein). Means 6 s.d. of 3 experiments in dup
118
hereas the monounsaturated oleic acid had no signif-
cant effect, all the studied PUFA induced an increase
n AP1 (Fig. 3a) and NFkB (Fig. 3b) activities, with a
ess marked effect for the diunsaturated linoleic acid
18:2n-6. Furthermore, the two studied PUFA from the

n-6) series, gamma linoleic C18:3n-6 and arachidonic
20:4n-6 acids, exhibited a somewhat more marked ef-

ect than those from the (n-3) series, alpha linolenic
18:3n-3 and eicosapentaenoic C20:4n-3 acids.

. The Effect of PUFA Was Prevented by Antioxidants

The next experiment was designed to study the ac-
ion of the lipophilic (vitamin E) and hydrophilic (N-
cetylcysteine) antioxidants on the arachidonic acid-
nduced increase in AP1 and NFkB activity. Figure 4
hows that both antioxidants prevented the increase in
he AP1 (Fig. 4a) and NFkB (Fig. 4b). DNA binding
ctivities, which suggests an involvement of the intra-
ellular redox state in the mechanism of action of
UFA. It is of note that Vitamin E completely pre-
ented the arachidonic acid-induced elevation of intra-
ellular ROS and TBARS whereas N acetyl cysteine
artially inhibited this effect (Fig. 1).

ISCUSSION

Our study clearly demonstrate that long term sup-
lementation of cultured cells with PUFA induced a
odification in their fatty acid composition (Table I),

e oxygen species ROS (a) and lipid peroxidation products TBARS (b),
medium supplemented with 5 3 1025 M fatty acid in the presence

he determination of reactive oxygen species, the cells were further
ate (23) in DMEM without phenol red, washed three times with
s determined at 503/529 nm, normalized on a protein basis, and
idation products, the cells were resuspended in H2O and the TBARS
sis, are expressed in percentages of control (100%: 773 pmol eq
te.
tiv
h in
r t
cet
wa

rox
ba

lica
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FIG. 2. The antioxidant vitamin E prevents the arachidonic acid-induced increase in ROS intracellular level. Cells were preincubated for
8 h in the absence (a, d) or presence of arachidonic acid (b, e), or arachidonic acid 1 vitamin E (c, f ). Optical and fluorescence microscopy
as performed using a Nikon Diaphot inverted microscope equipped with a CH250 CCD camera (Photometrics, Ltd., A, USA). Images were
cquired and treated using the V for Windows software (Photometrics, Ltd., A, USA). Fluorescence images were digitized.
119



w
b
u
a
t
h
l
a
i
F

s
a
e
b
c
g
(

v
(
5
5
r
w

i
s
a
N
b
e
r

Vol. 265, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
hich in turn caused an oxidative stress, as indicated
y the increase in the ROS and lipid peroxidation prod-
ct intracellular levels (Figs. 1 and 2). This is in
ccordance with our previous report demonstrating
hat in the same experimental conditions, PUFA en-
anced the secretion of superoxide anion by endothe-

ial cells (25). In addition, we have also noted that the
mount of TBARS secreted in the culture medium were
ncreased by PUFA enrichment (results not shown).
urthermore, the fact that this phenomenon was ob-

FIG. 3. PUFA-enrichment increases AP1 (a) and NFkB (b) activ-
ty. MRC5 human fibroblasts were preincubated for 48 h in medium
upplemented with 5 3 1025 M fatty acid introduced in bovine serum
lbumin solution. Nuclear extracts were then prepared and AP1 and
FkB binding activities were determined by electrophoretic mo-
ility shift assay. The autoradiogram shown is from a representative
xperiment. This experiment was repeated 3 times with similar
esults.
120
erved not only with PUFA from the (n-6) series but
lso with PUFA from the (n-3) series indicates that this
ffect is most probably due to the increase in the num-
er of double bonds and that it is independent of the
yclooxygenase, lipooxygenase or Cyt P450 monooxy-
enase pathways, which only concern PUFA of the
n-6) series.

FIG. 4. The antioxidants vitamin E and N-acetyl cysteine pre-
ented the arachidonic acid-induced increase in AP1 (a) and NFkB
b) activity. Vitamin E (dI-a tocopherol) 1025 M and N-acetyl cysteine
3 1023 M were introduced during the 48 h incubation period with
3 1025 M arachidonic acid. The autoradiogram shown is from a

epresentative experiment. This experiment was repeated 3 times
ith similar results.
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It is of note that our experiments were designed to
nvestigate the effects of an increase the intracellular
ercentages of PUFA induced by a by a 48 h supple-
entation on AP1 and NFkB transcription factors. Nu-
erous previous works have been concerned with the

hort term action of arachidonic acid and its deriva-
ives. In particular, the role of this fatty acid and
elated PUFAs as second messengers in cell signal
ransduction events such as Ca21 mobilization (26), Gi

rotein activity (27) or p38 MAPK phosphorylation (28)
as been reported. But these short term effects appear
o be mediated by the arachidonic acid molecular spe-
ies released by activation of phospholipase A2. Metab-
lites of arachidonic acid from the Cyt P450 epoxyge-
ase pathway such as epoxyeicosatrienoic acids also
lay a role as second messengers in response to Epi-
ermal Growth Factor (29) or in mediating the recov-
ry of Ca21 pools (30). In our experimental model, we
ound no short term (4 h) effect of arachidonic acid on
he intracellular level of ROS (data not shown).

The PUFA-induced oxidative stress is accompanied
y an increase in AP1 and NFkB activity (Figs. 3 and
). Concerning the activation of AP1 activity, it has
een shown that ROS such as H2O2 (31) or hydroxyl
adical OH• (31, 32) can increase the DNA binding
ctivity of this transcription factor. In addition, the
ole of ROS in mediating the agonist-induced activa-
ion of AP1 has also been reported: in this case, ROS
ediate the increase in ERK, JNK and p38 MAPK

ctivity as well as c-Fos, c-Jun and JunB expression
15). 4 hydroxynonenal, one of the main end products of
ipid peroxidation, can also activate stress signaling
athways including JNK, p38 MAPK and ERK activity
ogether with c-Jun expression, an effect which in-
olves an intracellular ROS production (33).
Concerning the NFkB activation, besides the fact

hat superoxide anion and H2O2 have been evoked to be
nvolved in the activation of this transcription factor
34, 35), it has been also demonstrated that N-acetyl-
ysteine and other thiol compounds block the increase
n NFkB activity induced by TNF-alpha, Interleukin 1
r lipolysaccharides (18). Vitamin E derivatives also
revent NFkB activation by TNF-alpha (36). It was
urther reported that the oxidant status of the cytosol
ncreases the phosphorylation and degradation of the
nhibitor IkB (37, 38). A short term activation of NFkB
y PUFA such as linoleic acid (39) or arachidonic acid
40) has also been described. However, in the latter
ase, the effect was attributed to arachidonate metab-
lites such as prostaglandines and leukotrienes, since
he (n-3) PUFA eicosapentaenoic acid were ineffective.
y contrast, arachidonic acid and its non metabolizable
nalogue eicosatetraynoic acid both inhibit the degra-
ation of IkappaB and thus the translocation of NFkB
o the nucleus (41).

Our report demonstrates that the accumulation of
he double bonds included in PUFA obviously initiates
121
n oxidative stress, leading to the activation of the
tress-responsive transcription factors AP1 and NFkB
nd regulation of specific genes. It must be noted that
ther transcription factors, kinases and phosphatases
re most probably concerned. Our study also highlights
he fact that oxidative stress might have an endoge-
ous origin, arising from the number of double bonds

ncluded in the fatty-acid of the cellular lipids. This
ndogenous stress will then in turn play a regulatory
ole by means of the activity of stress-responsive tran-
cription factors and enzymes involved in cellular met-
bolic regulation. The possible consequences of the
hanges in the activities of oxidative stress-related
ranscription factors with the diet composition must
herefore be kept in mind.

CKNOWLEDGMENTS

We thank the Fondation de France, the Association pour la Re-
herche sur le Cancer, the Ligue Nationale contre le Cancer, Comité
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2

2

2

2
2

2

2

2

2

3

31. Pinkus, R., Weiner, L. M., and Daniel, V. (1996) J. Biol. Chem.

3

3

3

3

3

3
3

3

4

4

Vol. 265, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Chevy, F., Wolf, C., Driss, F., Dubertret, L., and Mazière, J. C.
(1995) J. Invest. Dermatol. 104, 964–969.

1. Bligh, E. G., and Dyer, W. Y. (1959) Can. J. Biochem. Physiol. 27,
911–915.

2. Dignam, J. D., Levovitz, R. M., and Roeder, R. G. (1983) Nucleic
Acids Res. 11, 1475–1489.

3. Scott, J. A., Homcy, C. J., Khaw, B. A., and Rabito, C. A. (1988)
Free Rad. Biol. Med. 4, 79–83.

4. Yagi, K. (1987) Lipids 45, 337–351.
5. Mazière, C., Dantin, F., Conte, M. A., Degonville, J., Ali, D.,

Dubois, F., and Mazière, J. C. (1998) Biochem. J. 336, 57–62.
6. Gamberucci, A., Fulceri, R., Bygrave, F., and Benedetti, A.

(1997) Biochem. Biophys. Res. Commun. 241, 312–316.
7. Glick, J., Santoyo, G., and Casey, P. (1996) J. Biol. Chem. 271,

2949–2954.
8. Hii, C. S. T., Huang, Z. H., Bilney, A., Costabile, M., Murray,

A. W., Rathjen, D. A., Der, C. J., and Ferrante, A. (1998) J. Biol.
Chem. 273, 19277–19282.

9. Chen, J. K., Wang, D. W., Falck, J. R., Capdevila, J., and Harris,
R. C. (1999) J. Biol. Chem. 274, 4764–4769.

0. Graber, M. N., Alfonso, A., and Gill, D. L. (1997) J. Biol. Chem.
272, 29546–29553.
122
271, 13422–13429.
2. Pinkus, R., Weiner, L. M., and Daniel, V. (1995) Biochemistry 34,

81–88.
3. Uchida, K., Shiraishi, M., Naito, Y., Torii, Y., Nakamura, Y., and

Osawa, T. (1999) J. Biol. Chem. 274, 2234–2242.
4. Baeuerle, P., and Henkel, T. (1994) Ann. Rev. Immunol. 12,

141–179.
5. Schmidt, T., Amstad, P., Ceruti, P., and Baeuerle, P. (1995)

Chem. Biol. 2, 13–22.
6. Suzuki, Y. J., and Packer, L. (1993) Biochem. Biophys. Res.

Commun. 193, 277–283.
7. Baeuerle, P., and Baltimore, D. (1996) Cell 87, 13–20.
8. Flohe, L., Brigelius-Flohe, R., Saliou, C., Traber, M. G., and

Packer, L. (1997) Free Rad. Biol. Med. 22, 1115–1126.
9. Hennig, B., Toborek, M., Joshi-Barve, S., Barger, S. W., Barve,

S., Mattson, M. P., and McClain, C. J. (1996) Am. J. Clin. Nutr.
63, 322–328.

0. Camendola, S., Leonarduzzi, G., Mazzo, T., Varesio, L., Carini,
R., Scavazza, A., Chiarpotto, E., Baeuerle, P. A., and Poli, G.
(1996) Biochem. Biophys. Res. Commun. 229, 643–647.

1. Stuhlmeier, K. M., Kao, J. J., and Bach, F. H. (1997) J. Biol.
Chem. 272, 24679–24683.


	TABLE I
	MATERIALS AND METHODS
	RESULTS
	FIG. 1

	DISCUSSION
	FIG. 2
	FIG. 3
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

