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Abstract Peroxynitrite is a mediator of toxicity in pathological
processes in vivo and causes damage by oxidation and nitration
reactions. Here, we report a differential induction of mitogen-
activated protein kinases (MAPKs) in WB-F344 rat liver
epithelial cells by peroxynitrite. For the exposure of cultured
cells with peroxynitrite, we employed a newly developed infusion
method. At 6.5 WWM steady-state concentration, the activation of
p38 MAPK was immediate, while JNK1/2 and ERK1/2 were
activated 60 min and 15 min subsequent to 3 min of exposure to
peroxynitrite, respectively. Protein-bound 3-nitrotyrosine was
detected. When cells were grown in a medium supplemented with
sodium selenite (1 WWM) for 48 h, complete protection was
afforded against the activation of p38 and against nitration of
tyrosine residues. These data suggest a new role for peroxynitrite
in activating signal transduction pathways capable of modulating
gene expression. Further, the abolition of the effects of
peroxynitrite by selenite supplementation suggests a protective
role of selenium-containing proteins.
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1. Introduction

Peroxynitrite (ONOO3), an oxidant produced in vivo by
activated phagocytes and endothelial cells [1,2], is involved
in tissue damage in a number of pathological conditions
such as in£ammation, ischemia-reperfusion and neurodege-
nerative disorders in humans and experimental animals (for
review, see [3]). In response to mitogenic stimuli and environ-
mental stresses, the mitogen-activated protein kinase (MAPK)
pathways are activated leading to modulation of gene expres-
sion (for review see [4]). Activation of MAPKs is known to
occur upon exposure to reactive species such as nitric oxide
[5], superoxide [6], hydroperoxides [7,8] and UV irradiation
[9^11]. The purpose of the present work was to examine
whether peroxynitrite is able to activate MAPK signaling
pathways.

Biological systems exhibit protective mechanisms to prevent
damaging e¡ects of peroxynitrite. Selenoproteins such as glu-
tathione peroxidase (GPx) [12] or selenoprotein P [13] protect
against peroxynitrite-mediated oxidation and nitration reac-
tions. Selenite supplementation to cultured cells leads to an
increased synthesis of selenoproteins, e.g. GPx [14]. Since se-
lenite itself does not interact with peroxynitrite [15], we used
selenite supplementation to cultured cells to investigate the

e¡ects of selenoproteins on peroxynitrite-induced MAPK ac-
tivation and nitration of protein-bound tyrosine residues.

2. Materials and methods

2.1. Cell culture
The WB-F344 rat liver epithelial cells were a kind gift from Dr. I.A.

Cotgreave and Dr. L. Waërngard, Institute of Environmental Medi-
cine, Karolinska Institute (Stockholm, Sweden). The cells were cul-
tured in 30 mm dishes with Dulbecco's modi¢ed Eagle's medium
(DMEM) supplemented with 10% fetal calf serum, L-glutamine
(2 mM), streptomycin (0.02 g/l), penicillin (20 000 IU/l). Cytotoxicity
of sodium selenite was determined via the reduction of MTT (3-[4,5-
dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide) to the corre-
sponding formazan. Sodium selenite was supplemented to culture me-
dium 48 h before exposure to peroxynitrite. Cells were grown to con-
£uence and then serum-starved for 24 h before exposure to
peroxynitrite to avoid a high background activation of ERK
(MAPK) by growth factors present in serum.

2.2. Synthesis of peroxynitrite
Peroxynitrite was synthesized from sodium nitrite and H2O2 using a

quenched-£ow reactor as described in [16]; excess H2O2 was elimi-
nated by the passage of the peroxynitrite solution over MnO2 powder.
Peroxynitrite concentration was determined spectrophotometrically at
302 nm (O= 1705 M31 cm31).

2.3. Steady-state exposure of cultured cells to peroxynitrite
The cells were washed twice with PBS and the dishes were inserted

upside-down into a cylinder containing 750 ml PBS, pH 7.2, main-
tained at 25³C. Peroxynitrite (120 mM) was infused (1 ml/min) with a
micropump into the cylinder with the tube approximately 5 mm below
the dish under constant stirring, resulting in a calculated steady-state
concentration of 6.5 WM. The steady-state input concentration of
peroxynitrite was calculated by using the infusion rate of peroxynitrite
(2.67 WM/s) and its decay rate in phosphate bu¡er at 25³C, pH 7.4
(0.41 s31) [17]. For lower concentrations, peroxynitrite was diluted in
0.1% (w/v) NaOH. Exposure of cells was for 3 min. The pH of the
PBS did not change detectably when peroxynitrite was infused to
generate a 1.6 WM or lower steady-state concentration. Infusion of
peroxynitrite to maintain a steady-state concentration of 6.5 WM led
to an increase in pH to 7.7. For `0 WM' peroxynitrite, predecomposed
compound was employed. Peroxynitrite was decomposed by the addi-
tion of HCl; basic conditions were reconstituted by the addition of a
similar amount of NaOH.

2.4. Phosphorylation of MAPKs
After exposure to peroxynitrite, cells were incubated on 30 mm

dishes in serum free medium for the indicated time and then washed
with PBS and lysed by scraping in 2USDS-PAGE lysis bu¡er
(125 mM Tris, 4% (w/v) SDS, 20% (v/v) glycerol, 100 mM DTT,
0.2% (w/v) bromophenol blue, pH 6.8). The lysates were heated at
95³C for 5 min and used for SDS-PAGE or frozen until use. Samples
(15 Wl) were subjected to gel electrophoresis on 12% SDS-polyacryl-
amide gels and blotted onto nitrocellulose membranes (ECL nitro-
cellulose, Amersham). Immunodetection of phosphorylated p38,
JNK1/2 and ERK1/2 were with polyclonal anti-phospho-p38 (New
England Biolabs, Schwalbach, Germany), polyclonal anti-active-
JNK and polyclonal anti-active-MAPK (Promega, Mannheim, Ger-
many) antibodies, respectively. Incubation with an anti-rabbit secon-
dary antibody conjugated to horseradish peroxidase (Cappel/ICN,
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Eschwege, Germany) was followed by chemiluminescence detection
(LumiGlo, New England Biolabs). After stripping, the membrane
was reprobed with anti-total-p38 (New England Biolabs) or anti-to-
tal-JNK2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) anti-
bodies which served as gel loading and protein controls.

2.5. Assay of protein-bound 3-nitrotyrosine
After the separation of proteins by SDS-PAGE, Western blots us-

ing mouse monoclonal anti-nitrotyrosine antibody (Upstate Biotech-
nology, Lake Placid, NY, USA) were performed essentially as de-
scribed in [12]. After the usual processing and incubation with a
secondary goat anti-mouse antibody coupled to horseradish peroxi-
dase (Cappel/ICN, Eschwege, Germany) chemiluminescence was de-
tected (LumiGlo, New England Biolabs).

2.6. GSH peroxidase assay
GPx activity was followed spectrophotometrically at 340 nm as

described in [18] with minor modi¢cations. GPx activity was calcu-
lated from the rate of NADPH oxidation and expressed per mg pro-
tein. Protein was determined using the Bradford assay (Bio-Rad, Mu-
nich, Germany).

3. Results and discussion

3.1. Activation of MAP kinases by peroxynitrite
Due to the short half-life of peroxynitrite under physiolog-

ical conditions (V1 s at pH 7.4, 37³C) [3], it is di¤cult to
compare its e¡ects on cultured cells in vitro, when peroxyni-
trite is added by bolus addition, with pathological conditions
in vivo, where it is continuously formed. To mimic in vivo
conditions, we developed a new infusion system (see Section
2) for exposure of cultured cells to a steady-state concentra-
tion of peroxynitrite. Exposure of serum-starved rat liver epi-
thelial cells to peroxynitrite to a steady-state concentration of
6.5 WM for 3 min resulted in a transient dual phosphorylation
of p38 MAPK, JNKs and ERKs (Fig. 1). Activation of p38

and ERK1/2 was rapid and maximal immediately or 15 min
after exposure to peroxynitrite, respectively. In contrast,
JNK1/2 were activated only at 1 h after exposure. Activation
of MAPK by peroxynitrite occurred in a concentration de-
pendent manner, as exempli¢ed by p38 phosphorylation
(Fig. 2). Predecomposed peroxynitrite was infused to test
whether the slight increase in pH to 7.7 did a¡ect the activa-
tion of MAPKs (indicated as `0 WM' in Figs. 1^3); MAP
kinases were not activated under these conditions (Figs. 1^3).

This di¡erential activation pattern of MAPKs by peroxyni-
trite is distinct from that reported for other stimuli. Nitric
oxide-induced activation of p38 and JNK was maximal after
a few minutes of treatment of Jurkat T cells with NO, whereas
ERK1/2 activity rose slowly with the time of exposure to NO
[5]. Superoxide exposure resulted in activated ERKs after 10
min in vascular smooth muscle cells [6]. Further, UVA or
singlet oxygen show an activation of p38 and JNK but not
ERKs in skin ¢broblasts [9,19]. UVB leads to a more pro-
longed activation of p38, JNKs and ERKs, which remained
activated for 8 h and 24 h, respectively [10]. UVC caused an
increased activation of all three MAP kinases 15^30 min after
irradiation [11,20,21]. Hydrogen peroxide-induced activation
of MAPKs is di¡erent in that it shows a delayed and more
prolonged response of p38 and ERK than that caused by
peroxynitrite [8]. Thus, the observed MAPK activation pat-
tern by peroxynitrite may be regarded as unique in compar-
ison to the other reactive oxygen and nitrogen species men-
tioned above.

The activation of p38 MAPK, JNKs and ERKs is known
to lead to the induction of Fos and Jun expression which form
the transcription factor AP-1 which, in turn, is capable of
inducing the expression of other genes (reviewed in [4]).
Thus, a new aspect of the role of peroxynitrite in vivo could
be the modulation of gene expression.

3.2. Attenuation of p38 MAP kinase activation by peroxynitrite
upon supplementation with selenite

When cells were grown in a medium supplemented with
sodium selenite (1 WM) for 48 h, a 14-fold increase in GPx
activity was observed rising from 4.3 þ 0.6 in the controls to
54.3 þ 1.4 nmol/min/mg protein (means þ S.E.M., n = 3^5).
Supplementation of selenite (1 WM) for 48 h had no detectable
cytotoxic e¡ects. For high concentrations of selenite (100
WM), e¡ects on cellular signal transduction were observed
[22] ; however, the concentration we used did not a¡ect
MAP kinase activation (Fig. 3A, lane 2). When peroxynitrite
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Fig. 1. Activation of MAP kinases upon exposure of rat liver epi-
thelial cells to peroxynitrite. Serum-starved WB-F344 rat liver epi-
thelial cells were exposed to peroxynitrite to maintain a steady-state
concentration of 6.5 WM for 3 min. For 0 WM peroxynitrite, prede-
composed compound was employed. After exposure, the cells were
lysed immediately (V1 min) or incubated with serum-free medium
at 37³C and lysed after 15, 30, 60 and 120 min. Activation was as-
sessed as the dual phosphorylation of p38, JNK1/2 and ERK 1/2 in
Western blots employing polyclonal phospho-speci¢c antibodies.
Equal protein loading was ascertained by stripping and reprobing
with anti-total-p38 antibodies and anti-total-JNK antibodies (data
not shown). The results of one of three independent experiments are
shown.

Fig. 2. Concentration dependence of p38 MAPK activation elicited
by peroxynitrite. Serum-starved WB rat liver epithelial cells were ex-
posed to di¡erent steady-state concentrations of peroxynitrite. Cells
were lysed immediately after exposure and p38 phosphorylation was
assessed as in Fig. 1. As a positive control, cells were treated with
H2O2 for 2 h in serum free medium.
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was infused to maintain a 6.5 WM steady-state concentration
(see Section 2), cells supplemented with sodium selenite
showed substantially lower activation of p38 than control cells
(Fig. 3A). Nitration of protein-bound tyrosine residues, a cel-
lular marker for peroxynitrite, was also found to be substan-
tially lower than in unsupplemented cells (Fig. 3B).

Recently, we demonstrated that GPx catalytically protects
against oxidation and nitration reactions [12]. Supplementa-
tion of sodium selenite leads to an increased synthesis of se-
lenoproteins such as GPx [14], as veri¢ed in the present ex-
periments (see above). Here, we show that selenite
supplementation to cultured cells leads to protection against
peroxynitrite-induced MAP kinase activation and against ni-
tration of protein-bound tyrosine residues. Since selenite itself
does not interact with peroxynitrite [15] this suggests a pro-

tective e¡ect of cellular selenium-containing proteins against
peroxynitrite.
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Fig. 3. Attenuation of peroxynitrite-mediated activation of p38
MAPK (A) and protein-bound tyrosine nitration (B) in rat liver epi-
thelial cells by selenite supplementation. WB cells were grown in
culture medium supplemented with selenite for 48 h. Then serum-
starved cells were exposed to peroxynitrite as in Fig. 1. Cells were
then immediately lysed, and phosphorylation of p38 (A) was as-
sessed as in Fig. 1. Nitrotyrosine (B) was detected with a mono-
clonal anti-3-nitrotyrosine antibody (see Section 2). The results of
one of three independent experiments are shown.
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