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INTRODUCTION

REACTIVE NITROGEN SPECIES (RNS) are highly active
compounds that can cause cellular damage through oxi-

dation and nitration of biomolecules. RNS include NO and its
derivative peroxynitrite (ONOO). Peroxynitrite is produced
under inflammatory conditions and has been implicated in
promoting the development of various pathologies (28, 31).
Nitrated tyrosine residues represent biological markers for
peroxynitrite-induced tissue damage and have been detected
in inflamed (10) and in aged (4, 11, 55) tissues. The role of
RNS in the activation of the pro-inflammatory transcription
factor NF-�B remains controversial. Several studies have
demonstrated RNS-dependent activation of NF-�B (23, 35),
whereas other studies have contradicted this (25, 36). Extra-
cellular stimuli (6, 22, 23, 26, 27, 39, 43, 51) lead to the acti-

vation of I-�B kinase (IKK) that phosphorylates I-�B on two
conserved serines (Ser32 and Ser36 in I-�B �). This phos-
phorylation marks I-�B for proteasomal degradation, result-
ing in the nuclear translocation and activation of NF-�B (24).
This is considered the classic pathway of NF-�B activation.
Several alternative pathways of NF-�B activation have been
described. For example, hypoxia-reoxygenation has been
shown to activate NF-�B through tyrosine phosphorylation of
I-�B � (40). 

Degenerative conditions that may develop in skeletal mus-
cle include cachexia of cancer (50), inherited muscular dys-
trophies (45), loss of muscle mass that is age-associated or a
consequence of prolonged limb immobilization (7, 34). The
common denominators in all these wasting conditions are the
induction of local inflammation, free radical production (17,
18), and the excessive proteolysis of muscle proteins (2, 15).
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NF-�B activation with I-�B � degradation after SIN-1 treatment. EGCG, but not MG-132 decreased SIN-1-
dependent iNOS expression. Peroxynitrite activates NF-�B in skeletal myocytes through an alternative mech-
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In hindlimb unloading of young rats, an alternative NF-�B
complex, which consisted of p50 homodimer bound to Bcl-
3, was activated in the first days of muscle breakdown (20,
21). Similar indication for the activation of more than one
type of NF-�B has also been reported in hindlimb immobi-
lization of old rats (3). However, little is known about the
role of RNS and NF-�B in skeletal muscle pathology. There-
fore, in this study we attempted to investigate the molecular
mechanisms of the activation of NF-�B by RNS in skeletal
myocytes.

MATERIALS AND METHODS

Cell culture

The rat myoblast L8 cell line was a generous gift from Dr.
E. Bengal from the Department of Biochemistry, Rappaport
Faculty of Medicine, Technion, Israel. The cells were grown
in Dulbecco’s modified Eagle’s medium (Biological Indus-
tries Inc., Kibbutz Bet Haemek, Israel) supplemented with
10% (v/v) Fetal Bovine Serum. The differentiation of the
cells into mature myocytes was not required for this type of
experiments, since previous studies demonstrated that NF-
�B-dependent responses in myoblasts were similar to those of
mature myocytes (30, 58).

Pharmacological treatment of cells

At the beginning of each experiment, culture medium was
replaced by fresh medium in which various substances and
reagents were dissolved. The following substances were
used: (i) NO donor 3-(2-hydroxy-2-nitroso-1-propylhy-
drazino)-1-propanamine (PAPA-NONOate) (32), NO donor
S-nitroso-N-acetylpenicillamine (SNAP) (14), and peroxyni-
trite donor  3-morpholine-sydnonimine (SIN-1) (33) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Au-
thentic peroxynitrite was purchased from Cayman Chemical
Company (Ann Arbor, MI, USA). Stock solutions of 1 mM
of the chemicals were prepared in 1 M NaOH, since RNS
donors are stable in alkaline pH (29). RNS donors were
added to the growth medium at final concentrations of 5
µM–1000 µM (with very little change in pH) and incubated
with the cells for increasing periods of time. The experi-
ments with SNAP were repeated with depleted SNAP (which
was added to culture medium and allowed to stand for more
than 3 half-life times before being applied to myoblasts) in
order to deplete the parent compound of NO, yielding a neg-
ative control that can be tested for nonspecific actions of S-
nitrosothiols on cells. Cell viability was assessed after the
addition of the RNS donors and all of the other reagents by
Trypan Blue (TBP) staining, and viability was at least 90%
at the beginning and at the end of each experiment. (ii) Pro-
teasome inhibitor Z-Leu-Leu-Leu-aldehyde (MG-132) was
obtained from Alexis Biochemicals (San Diego, CA, USA).
The cells were pretreated with 100 µM of MG-132 (52) for
1.5 h prior to the beginning of the experiment. (iii) Tyrosine
nitration inhibitor and antioxidant Epigallocatechine-3-
gallate (EGCG) (44) was obtained from Sigma-Aldrich. The
cells were pretreated with 100 µM EGCG (35) for 6 h prior to
the beginning of the experiment.

Preparation of total cell lysates 
and subcellular fractions

For total lysate preparation, the cells were lysed in lysis
buffer (20 mM Tris/HCl, 150 mM NaCl, 2 mM EDTA,
IGEPAL 0.5% v/v, 0.5 mM PMSF, 1 µg/ml leupeptin). The
lysates were cleared by centrifugation at 10,000 g for 3 min.
For nuclear protein extraction, cells were lysed as above. Fol-
lowing centrifugation, the pellets were washed in lysis buffer
and resuspended in nuclear extraction buffer (HEPES 20 mM,
MgCl2 1.5 mM, NaCl 420 mM, EDTA 0.2 mM, DTT 1 mM,
PMSF 0.5 mM, leupeptin 1 µg/ml). After 30 min on ice, fol-
lowed by brief centrifugation, the supernatants, containing
nuclear proteins were collected. Protein concentrations in the
samples were determined by Bradford assay (Bio-Rad, Her-
cules, CA) using bovine serum albumin (BSA) as a standard.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western 
blot analysis

SDS-PAGE and Western blot analysis were performed as
described (3, 35); 10 µg samples were run in each lane. The
equality of sample loading in each lane was confirmed by
Coomassie Brilliant Blue gel staining and by Ponceau Red
membrane staining following the blotting. A portion of blots
was stripped and reblotted with anti-actin antibody to assess
the levels of this housekeeping protein in comparison to other
proteins tested. Primary antibodies used were: rabbit anti-p65
NF-�B subunit antibody, rabbit anti-I-�B � antibody, mouse
anti-phosphorylated on serine 32 I-�B � antibody, goat anti-
nitrotyrosine antibody, rabbit anti-inducible nitric oxide syn-
thetase (iNOS), mouse anti-actin antibody (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA). Secondary anti-
bodies were goat anti-rabbit IgG, rabbit anti-goat IgG, and
goat anti-mouse IgG (Santa Cruz Biotechnology).

Transient transfection and reporter gene assays

The luciferase reporter construct (pNF-�B-Luc) was pur-
chased from BD Biosciences Clontech (Palo Alto, CA, USA).
The �-galactosidase reporter construct was purchased from
Promega Corporation (Madison, WI, USA). The cells were
grown in 24-well culture plates to ~50% confluence (2 x 105

cells per well). On the second day of culture, the cells were
co-transfected with the above reporters, using Effectene
transfection reagent (Qiagen, Valencia, CA, USA). Subse-
quently, the cells were maintained at 37°C for 12 h. After that,
the growth medium was substituted with serum-free medium
in order to minimalize the activation of signal transduction
cascades by the growth factors present in the serum. The cells
were cultured in the serum-free medium for an additional 24
h, after which the incubations with various substances de-
scribed above were carried out. Each transfection was re-
peated three to five times, in triplicates.

Following each experiment, the cells were harvested and
lysed using the lysis buffer provided in the Luciferase Re-
porter Gene Assay kit (BD Biosciences Clontech). The
lysates were used for the determination of luciferase activity
using the Luciferase Reporter Gene Assay kit, and also for
the determination of �-galactosidase activity using the �-
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galactosidase Reporter Gene Assay kit (Promega Corpora-
tion). The luciferase results were quantified using Anthos
Lucy 1 luminometer (Anthos Labtec, Salzburg, Austria). �-
Galactosidase results were quantified spectrophotometrically
using ELISA Reader Zenyth 2000 (Anthos Labtec). Both lu-
ciferase and �-galactosidase activities were normalized to the
total amount of protein in the samples (as measured by Brad-
ford assay). Subsequently, luciferase activity was plotted
against �-galactosidase activity.

Overexpression of wild-type (WT) 
and mutant (super-repressor) I-�B �

Plasmids containing genes encoding WT and mutant I-�B
� (in which Ser32 and Ser36 are substituted for alanines that
cannot undergo phosphorylation, therefore preventing I-�B �
degradation and NF-�B canonic activation) were a generous
gift of Dr. D. W. Ballard, Vanderbuilt University, Tennessee.
The cells were cultured and co-transfected with the plasmids
and reporter constructs as described above. The incubations
with various substances described above were carried out 36
h after transfection. Each transfection was repeated three to
five times, in triplicate. Finally, the cells were lysed as de-
scribed above. The lysates were used for the determination of
luciferase activity and I-�B � protein levels. 

Immunoprecipitation and co-immunoprecipitation

Total cell lysates (approximately 200 µg protein) were in-
cubated with 2.5 µg of anti-IKK � antibody for the IKK activ-
ity assay. Cytoplasmic fractions were incubated with 2.5 µg
of either anti-I-�B � antibody for determination of I-�B �
modification, or anti-p65 antibody for the determination of 
I-�B � dissociation from NF-�B, at 4°C for 1.5 h. Subse-
quently, protein A agarose slurry (Santa Cruz Biotechnology
Inc.) was added and the mixtures were incubated at 4°C for
1.5 h with agitation. Finally, cytoplasmic fractions were cen-
trifuged at 10,000 g for 3 min, and the precipitates were sepa-
rated and washed. The precipitated IKK was used for IKK ac-
tivity assay. The precipitated I-�B � was used to determine its
nitration or phosphorylation. Both the precipitated p65 and
the supernatant left after its precipitation were used to deter-
mine I-�B � dissociation from NF-�B.

Confirmation of I-�B � dissociation from NF-�B
and determination of I-�B � modification

After immunoprecipitation of p65, the supernatants were
subjected to SDS-PAGE and immunoblotted with anti-I-�B �
antibody. Strong positive results in the supernatant indicated
that I-�B � was dissociated from NF-�B at that particular
point in time. After immunoprecipitation of I-�B �, the pre-
cipitate was subjected to SDS-PAGE and immunoblotted with
either anti-nitrotyrosine or anti-serine-phosphorylated I-�B �
antibody to determine the modification of I-�B �.

Nonisotopic in vitro kinase assay

In the cellular system. Cells were treated with 10 µM
of either SNAP, PAPA-NONOate, SIN-1, or authentic peroxy-
nitrite for 10 and 20 min. Subsequently, the cells were lysed, and

IKK was precipitated. Then, RNS donors were washed out and
IKK was resuspended in kinase buffer (20 mM Tris/HCl, 20 mM
�-glycerophosphate, 100 µM sodium orthovanadate, 10 mM
MgCl2, 50 mM NaCl, 1 mM DTT, 50 µM ATP, 1 mM NaF). Two
micrograms of purified recombinant I-�B � protein (Santa Cruz
Biotechnology Inc.) were added, and the reaction mixture was
incubated at 0°C for 1 h. The reaction was terminated by the ad-
dition of Laemmli buffer and sample boiling. The samples were
subjected to SDS-PAGE and immunoblotted with anti-serine
phosphorylated I-�B � antibody. The level of I-�B � phosphory-
lation on serine 32 was indicative of the level of IKK activity.

In the cell-free system. The assay was performed in
order to determine whether RNS could directly influence the
activity of IKK. IKK � was precipitated from untreated cells as
described above. Subsequently, IKK � was resuspended in PBS
and exposed to increasing concentrations (0, 5, 10, 100, and
1000 µM) of RNS donors for 15 min. IKK � then underwent
thorough washing with PBS, followed by second immunopre-
cipitation in order to remove RNS donors. Subsequently, the
precipitated IKK � was subjected to the IKK activity assay as
described above.

Densitometric analysis

Densitometric quantitative analysis of the protein bands
detected by Western blot was carried out using Bio1D soft-
ware (Vilber Lourmat, Torcy, France).

Statistical analysis

Comparisons of the averages of densitometric analyses
were made using the unpaired Student’s t test with significant
values set at p < 0.05. The results of reporter gene assays
were analyzed using Student’s t test and ANOVA analysis.
The results were expressed as average fold increases versus
the control values ± SEM.

RESULTS

Nitric oxide induces the classic NF-�B activation
pathway in skeletal myoblasts

The cells were exposed to increasing concentrations of
NO donors PAPA-NONOate and SNAP (0 µM–100 µM) for
15 min. Nuclear translocation of p65 NF-�B subunit was
measured by Western blot in the nuclear fractions from the
treated cells. The activation of luciferase reporter gene by NO
donors was also examined. At concentrations up to 10 µM
PAPA-NONOate and 10 µM SNAP, there was a steady in-
crease in both p65 nuclear translocation (measured for
SNAP) and luciferase expression, implying an increase in
NF-�B activity. However, at concentrations higher than 10
µM, there was a decrease in both p65 nuclear translocation
and luciferase expression (Figs. 1A and 1B). �-Galactosidase
activity did not change throughout the experiment (Fig. 1B).
Subsequently, the myoblasts were exposed to 10 µM PAPA-
NONOate and 10 µM SNAP (which was chosen for subse-
quent studies as the optimal working concentration) for 60
min, and p65 nuclear translocation and luciferase expression
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were assessed as a function of time. NO donors caused rapid
induction of p65 nuclear translocation (measured for SNAP,
Fig. 1C) and luciferase expression after 10 min, with a de-
cline after 20–30 min (Fig. 1D).

�-Galactosidase activity showed little change throughout
the experiment (Fig. 1D). In order to determine whether NF-
�B activation by SNAP may result from the nonspecific ef-
fects of RSNO and not NO, the cells were treated with de-
pleted SNAP, as described in Materials and Methods. This
treatment resulted in insignificant activation of luciferase re-
porter gene (Fig. 1E), as compared to the fold increase in Fig-
ure 1D, implying that SNAP functioned as NO donor under
these experimental conditions. 

To determine whether NO donors in myoblasts caused I-�B �
degradation, I-�B � levels were measured in the cytoplasmic
fractions by Western blot. 10 µM of both NO donors led to degra-
dation of the cytoplasmic pool of I-�B � after 10–30 min of 
treatment, with partial I-�B � resynthesis after 60 min (Figs. 

1F and 1G). This was consistent with the notion that 
I-�B � was itself a target gene of NF-�B, and was resynthesized
after NF-�B activation (38). This pattern of NF-�B activation
was similar to the pattern induced by 4 ng/ml TNF �, a potent in-
ducer of the classic pathway (data not shown). The levels of actin
(a housekeeping control protein) did not change throughout this
experiment and in the subsequent I-�B � blots (Figs. 2 and 3).

Persistent production of peroxynitrite 
from SIN-1 induces continuous NF-�B 
activation in skeletal myoblasts

The cells were exposed to 0 µM–100 µM of peroxynitrite
donor SIN-1 between 0 µM and 100 µM for 15 min. Nuclear
translocation of NF-�B was measured by Western blot of
p65 subunit in the nuclear fractions of the treated cells. In-
creasing concentrations of SIN-1 caused high and increasing
levels of p65 nuclear translocation (Fig. 2A) and a steady in-
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FIG. 1. The effect of NO donors treatment on NF-
�B activation in L8 myoblasts. (A) L8 cells were
treated with increasing concentrations (0, 5, 10, 20,
100 µM) of SNAP for 15 min. p65 nuclear transloca-
tion was analyzed by Western blot and quantified den-
sitometrically (see Materials and Methods). *p < 0.01,
**p < 0.05 versus control (0 µM). (B) The cells were
co-transfected with luciferase and �-galactosidase re-
porter constructs (see Materials and Methods) and
treated with increasing concentrations (0, 5, 10, and
100 µM) of SNAP and PAPA-NONOate for 15 min.
Luciferase and �-galactosidase activities were ana-
lyzed as described in Materials and Methods. *p <
0.001, **p < 0.02, ***p < 0.05 versus control (0 µM).
Closed bars, PAPA-NONOate; open bars, SNAP; pat-
terned bars, �-galactosidase. (C) L8 cells were treated
with 10 µM SNAP for 10, 20, 30, and 60 min. p65 nu-
clear translocation was analyzed by Western blot and
quantified densitometrically (see Materials and Meth-
ods). (D) The cells were co- transfected with luciferase
and �-galactosidase reporter constructs (see Materials
and Methods) and treated with 10 µM of SNAP and
PAPA-NONOate for 0, 10, 30, and 60 min. Luciferase
and �-galactosidase activities were analyzed as de-
scribed in Materials and Methods. *p < 0.01, **p <
0.02, ***p < 0.001 versus control (zero time). Closed
bars, PAPA-NONOate; open bars, SNAP; patterned
bars, �-galactosidase. (E) The cells were transfected
with luciferase reporter construct (see Materials and
Methods) and treated with 10 µM of depleted SNAP
(see Materials and Methods) for 0, 10, 30, and 60 min.
Luciferase activity was analyzed as described in Mate-
rials and Methods. (F) and (G) L8 cells were treated
with either 10 µM SNAP (F) or 10 µM PAPA-
NONOate (G) for 10, 20, 30, and 60 min. I-�B �
degradation and actin levels were analyzed by Western
blot and quantified densitometrically (see Materials
and Methods). Data are expressed as average fold in-
crease (± SEM for A, B, D) versus control (0 µM for A
and B, zero time for C–G). The results in (A) were de-
rived from four and in (B–G) from three independent
experiments. *In Y axis, fold increase versus untreated
control, set as fold 1.
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crease in luciferase expression (Fig. 2B). �-Galactosidase ac-
tivity showed little fold change throughout the experiment
(Fig. 2B).

Persistent production of peroxynitrite from 
SIN-1 does not induce the classic NF-�B 
activation pathway with I-�B � degradation
in skeletal myoblasts

Myoblasts were exposed to 10 µM of SIN-1 for 60 min.
This caused the rapid induction of p65 nuclear translocation
and luciferase expression after 10 min of treatment. There
was no significant decrease in NF-�B activation with time
(Fig. 2C), in contrast to both NO donors (Figs. 1C and 1D)
and TNF-� (data not shown). There was gradual and signifi-
cant increase in luciferase expression with time (Fig. 2D). �-
Galactosidase activity did not change throughout the experi-
ment (Fig. 2D).

The levels of I-�B � were measured in the cytoplasmic
fraction of myoblasts by Western blot. Neither 10 µM SIN-1
after 30 min, nor 20 µM SIN-1 after 60 min led to the degra-
dation of I-�B � (Fig. 2E). The levels of actin also did not
change (Fig. 2E).

Authentic peroxynitrite induces NF-�B 
activation in skeletal myoblasts

The cells were exposed to 0 µM–100 µM of authentic per-
oxynitrite for 15 min. Nuclear translocation of p65 was mea-
sured by Western blot, and luciferase expression was assessed.
Both p65 nuclear translocation (Fig. 3A) and luciferase ex-
pression (Fig. 3B) exhibited significant increase with the in-
crease in peroxynitrite concentrations. �-Galactosidase
showed little change throughout the experiment (Fig. 3B).

Authentic peroxynitrite does not induce the classic
NF-�B activation pathway with I-�B �
degradation in skeletal myoblasts

The myoblasts were exposed to 10 µM of peroxynitrite for
60 min. Peroxynitrite caused rapid induction of both p65 nu-
clear translocation (Fig. 3C) and luciferase expression (Fig.
3D) after 10 min of treatment. In both cases, there was a grad-
ual decrease in NF-�B activity after 30 min. of treatment. �-
Galactosidase activity did not change throughout the experi-
ment (Fig. 3D). Moreover, 10 µM of peroxynitrite did not lead
to the degradation of I-�B � (Fig. 3E). In fact, I-�B � levels
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FIG. 2. The effect of SIN-1 treatment on NF-�B
activation in L8 myoblasts. (A) and (B) L8 cells
were treated with increasing concentrations (0, 5,
10, and 100 µM) of SIN-1 for 15 min. p65 nuclear
translocation (A) was analyzed by Western blot
and quantified densitometrically (see Materials
and Methods). *p < 0.05, **p < 0.001 versus con-
trol (0 µM). Luciferase and �-galactosidase activi-
ties (B) were analyzed as described in Materials
and Methods. *p < 0.01, **p < 0.05, ***p < 0.02
versus control (0 µM). ANOVA between the groups
of 5–100 µM: NS (nonsignificant). Closed bars,
SIN-1; open bars, �-galactosidase. (C) L8 cells
were treated with 10 µM SIN-1 for 10, 20, 30, and
60 min. p65 nuclear translocation was analyzed by
Western blot and quantified densitometrically (see
Materials and Methods). (D) The cells were co-
transfected with luciferase and �-galactosidase re-
porter constructs (see Materials and Methods).
Subsequently, L8 cells were treated with 10 µM of
SIN-1 for 0, 10, 30, and 60 min. Luciferase and �-
galactosidase activities were analyzed as described
in Materials and Methods. *p < 0.01, **p < 0.001
versus control (zero time). ANOVA between the
groups of 10–60 min: p = 0.0018 with a tendency
for increase. Closed bars, SIN-1; open bars, �-
galactosidase. (E) L8 cells were treated with 10
µM for 10, 20, and 30 min, and with 20 µM SIN-1
for 10, 20, 30, and 60 min. I-�B � degradation and
actin levels were analyzed by Western blot and
quantified densitometrically (see Materials and
Methods). Data are expressed as average fold in-
crease (± SEM for A, B, D) versus control (0 µM
for A and B, zero time for C– G). The results in A
were derived from four to five, in B and C from
three, and in D and E from four independent exper-
iments. *In Y axis, fold increase versus untreated
control, set as fold 1.
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increased with time, probably implying its synthesis de novo.
The levels of actin did not change (Fig. 3E).

Overexpression of the super-repressor form of I-�B � that
could not be phosphorylated and degraded prevented the acti-
vation of luciferase reporter construct by PAPA-NONOate
(Fig. 3F), implying that NO activated NF-�B through I-�B �
degradation. However, it did not prevent the activation of lu-
ciferase reporter construct either by SIN- 1 or by authentic per-
oxynitrite (Fig. 3F), implying that I-�B � degradation after the
exposure to peroxynitrite is not a prerequisite for NF-�B acti-
vation under these conditions. In contrast to that, overexpres-
sion of the wild-type I-�B � prevented NF-�B activation by
both NO and peroxynitrite, as determined by luciferase assay
(Fig. 3F). As expected, both super-repressor and wild-type I-
�B � overexpression resulted in high levels of I-�B � that were
not degraded after the treatment with all the agents (Fig. 3G).

Peroxynitrite causes I-�B � dissociation 
from NF-�B but not its degradation

It was clear that I-�B � was not degraded after exposure to
both SIN-1 and the authentic peroxynitrite. In order to deter-
mine whether I-�B � dissociated from NF-�B at the time of
activation, the cells were treated with 4 ng/ml TNF � (as a
positive control for the classic activation), 10 µM of either
SNAP, PAPA-NONOate, SIN-1, or peroxynitrite for 0–30
min. Subsequently, the cells were lysed, and NF-�B was pre-
cipitated from the lysates using the antibody specific to the
amino terminus of p65 subunit. This antibody was selected
because NF-�B proteins contain Rel Homology Domains in
their N-termini, and these domains interact with I-�B (23,
24). Using this method, bound I-�B � could be co-immuno-
precipitated with NF-�B. Consequently, the supernatants
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FIG. 3. The effect of the authentic peroxynitrite
treatment on NF-�B activation in L8 myoblasts.
(A) and (B) L8 cells were treated with increasing
concentrations (0, 5, 10, and 100 µM) of peroxyni-
trite for 15 min. p65 nuclear translocation (A) was
analyzed by Western blot and quantified densito-
metrically (see Materials and Methods). *p < 0.05
versus control (0 µM). Luciferase and �-galactosi-
dase activities (B) were analyzed as described in
Materials and Methods. *p < 0.01, **p < 0.02 ver-
sus control (0 µM). Closed bars, peroxynitrite; open
bars, �-galactosidase. (C–E) L8 cells were treated
with 10 µM peroxynitrite for 0, 10, 20, 30, and 60
min. p65 nuclear translocation (C) was analyzed by
Western blot and quantified densitometrically (see
Materials and Methods). Luciferase and �-galac-
tosidase activities (D) were analyzed as described in
Materials and Methods. *p < 0.001, **p < 0.01 ver-
sus control (zero time). ANOVA between the
groups of 10–60 min: p = 0.0005 with a tendency
for decrease. Closed bars, peroxynitrite; open bars,
�-galactosidase. I-�B � degradation and actin lev-
els (E) were analyzed by Western blot and quanti-
fied densitometrically (see Materials and Methods).
(F) The cells were co-transfected with luciferase
and �-galactosidase reporter constructs, and also
with plasmids containing the genes for either super-
repressor or wild-type forms of I-�B � (see Materi-
als and Methods) and treated with 10 µM of either
SNAP, PAPA-NONOate, SIN-1, or authentic perox-
ynitrite for 0, 10, and 20 min. Luciferase and �-
galactosidase activities were analyzed as described
in Materials and Methods. Closed bars, luciferase
activity with super-repressor; patterned bars, galac-
tosidase activity with super-repressor; open bars,
luciferase activity with WT. (G) The cells were
transfected with plasmids containing the genes for
either super-repressor or wild-type forms of I-�B �
(see Materials and Methods) and treated with 10
µM of either SNAP, PAPA-NONOate, SIN-1, or au-

thentic peroxynitrite for 0, 10, and 20 min. I-�B � degradation was analyzed by Western blot and quantified densitometrically
(see Materials and Methods). C, control (not transfected and untreated); C*, control (transfected and untreated). Data are ex-
pressed as average fold increase (± SEM for A, B, D, F) versus control (0 µM for A and B, zero time for C–G). The results were
derived from three independent experiments. *In y-axis, fold increase versus untreated control, set as fold 1.
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containing I-�B � that remained in the cytoplasm, were im-
munoblotted with I-�B � -specific antibody.

The cytoplasmic pool of I-�B � became partially degraded
after 15 min of treatment with either TNF-�, PAPA-
NONOate, or SNAP, and it remained degraded after 30 min of
treatment (Fig. 4). These results were consistent with the fact
that both TNF-� and NO donors activated NF-�B through the
classic pathway in our experimental model.

After either SIN-1 or authentic peroxynitrite, the super-
natants contained high levels of I-�B � after either 15 or 30
min of treatment (Fig. 4), suggesting both lack of I-�B �
degradation in the cytoplasm and its lack of reassociation
with NF-�B. Moreover, after 30 min of treatment with both
SIN-1 and authentic peroxynitrite, the cytoplasmic pool of I-
�B � was nearly doubled, implying either accumulation or
possible I-�B � synthesis de novo (Fig. 4).

Proteasome inhibition does not prevent NF-�B
activation by peroxynitrite donor SIN-1

Proteasome-dependent degradation of I-�B � is a necessary
step in the classic pathway of NF-�B activation (19, 24). Since
SIN-1 led to NF-�B activation without I-�B � degradation, it
was important to investigate whether proteasome was involved
in that atypical activation pathway. The cell culture was pre-
treated with 100 µM MG-132, a specific and potent proteasome
inhibitor, for 1.5 h (lower concentrations proved to be ineffec-
tive, while higher concentrations were toxic to the cells as deter-
mined by TBP staining, data not shown). Subsequently, the cells
were exposed to 10 µM of SIN-1 as a function of time. p65 nu-
clear translocation and I-�B � levels were assessed by Western
blot. It was found that I-�B � was not degraded (Fig. 5B), while
NF-�B activation remained high and prolonged (Fig. 5A). In
contrast, the treatment of the cells with 10 µM SNAP and MG-
132 led to a significant delay in NF-�B nuclear translocation,
which became apparent only after 30 min instead of the usual
10 min (data not shown). Accordingly, there was no significant
degradation of I-�B � during the measured time frame (data not
shown). These observations were consistent with the classic pro-
teasome-dependent activation of NF-�B by SNAP in L8 cells.

Reactive nitrogen species activate IKK

We found that both SIN-1 and authentic peroxynitrite acti-
vated NF-�B without I-�B � degradation. Theoretically, the
exposure to peroxynitrite could negatively affect I-�B �
phosphorylation by IKK. To address this question, IKK activ-
ity was measured following SNAP, PAPA- NONOate, SIN-1,
or peroxynitrite treatment. The IKK activity assay was run in
a cell-free system (as described in Materials and Methods) in
order to determine whether RNS could directly activate IKK.
The reaction mixture was treated with 0, 10, 100, and 1000
µM SNAP, PAPA-NONOate, and SIN-1 for 15 min, and the
activity of the immunoprecipitated IKK was measured as de-
scribed in Materials and Methods. 10–100 µM NO donors led
to an increase in IKK activation, with peak activity at 100 µM
SNAP and 10 µM PAPA-NONOate (Figs. 6A and 6B). At
1000 µM SNAP and 100 µM PAPA-NONOate, there was a
significant decrease in IKK activation (Figs. 6A and 6B). In
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contrast to that, SIN-1 led to high levels of IKK activity at
10–1000 µM in the cell-free system (Fig. 6C).

In order to explore how RNS influenced IKK activity in
living cells, the cells were treated with 10 µM of either
SNAP, PAPA-NONOate, SIN-1, or peroxynitrite for 10 and
20 min, after which the IKK assay was performed as de-
scribed in Materials and Methods. All RNS agents caused in-
creased levels of IKK activity after 10 min of treatment
(Fig. 6D). The less potent IKK activator was PAPA-
NONOate. After 20 min of treatment with each agent, there
was a decrease in IKK activity, with the exception of PAPA-
NONOate (graph in Fig. 6D). The immunoblot is not de-
picted. This result implied that the activation of IKK by RNS
was transient and thus, it could not explain the nontransient
activation of NF-�B induced by SIN-1.

The alternative activation of NF-�B by
peroxynitrite involves tyrosine nitration

Peroxynitrite is capable of causing the nitration of aro-
matic amino residues in proteins, mainly tyrosine and trypto-
phan (5, 12). Tyrosine nitration has been proposed as a signal-
ing event, similarly to phosphorylation (37).

Consequently, we investigated whether tyrosine nitration
could be involved in NF-�B activation by peroxynitrite. We
used Epigallocatechine-3-gallate (EGCG), a green tea
polyphenol capable of directly reacting with tyrosyl radicals
and interfering with the formation of 3-nitrotyrosine, which
is the main product of tyrosine nitration (37). The cells were
pretreated with 100 µM EGCG for 6 h and then exposed to 10
µM SIN-1 as a function of time. p65 nuclear translocation and
I-�B � levels were assessed by Western blot. No constitutive
NF-�B activation was observed. Instead, NF-�B underwent
the classic activation with peak in activity after 20 min, and
with I-�B � degradation (Figs. 7A and 7B).

Tyrosine nitration of I-�B � interferes 
with its serine phosphorylation

I-�B � phosphorylation on serines 32 and 36 is a crucial
step in the classic activation of NF-�B. In some cases, tyro-
sine nitration has been shown to interfere with the phosphory-
lation of amino residues in the same molecule (35, 37).
Therefore, I-�B � phosphorylation as a result of peroxynitrite
treatment was measured. The cells were treated with 4 ng/ml
TNF-� (as a positive control for the classic activation), or
with 10 µM SNAP, 10 µM PAPA-NONOate, 10 µM SIN-1,
and 10 µM authentic peroxynitrite for 15 min. Subsequently,
I-�B � was precipitated from cell lysates, and its serine phos-
phorylation was assessed (see Materials and Methods). Next,
the blots were stripped and reprobed with anti-nitrotyrosine
antibody.

Both TNF-� and NO donors led to I-�B � serine phospho-
rylation, as could be expected from agents that induced the
classic activation pathway (Fig. 8A). In contrast, both SIN-1
and authentic peroxynitrite led I-�B � serine de-phosphoryla-
tion (Fig. 8A) and high levels of tyrosine nitration of I-�B �,
while both TNF-� and NO donors treatment did not result in
the tyrosine nitration of I-�B � (Fig. 8B).
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Peroxynitrite donor induces high levels of iNOS
expression, which can be markedly reduced by
inhibition of tyrosine nitration but not by inhibition
of proteasome

The cells were exposed to10 µM SIN-1 for periods of 0, 1, 3,
and 24 h. The levels of the pro-inflammatory enzyme, iNOS,
which is a target gene of NF-�B (41, 42, 57) were measured in
total cell lysates by Western blotting. SIN-1 caused rapid iNOS
induction already after 1 h of treatment, and iNOS levels re-
mained high even after 24 h (Fig. 9A). Subsequently the cells
were pretreated with either 100 µM EGCG (tyrosine nitration in-
hibitor) or 100 µM MG-132 (proteasome inhibitor) prior to the
exposure to SIN-1. While the pretreatment with MG-132 caused
some level of reduction of iNOS expression, pretreatment with
EGCG resulted in more pronounced reduction of iNOS expres-
sion compared to the untreated control, than MG-132 (Fig. 9B).

DISCUSSION

Recently, RNS have been implicated in a wide variety of
pathological conditions (13). In particular, RNS have been
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shown to modulate inflammatory processes, mainly in leuko-
cytes (1, 35), and in vascular endothelium (8, 9).

Our studies demonstrated that NF-�B could be transiently
activated by NO donor PAPA-NONOate and NO/RSNO
donor SNAP (which apparently served as primarily NO donor
under our experimental conditions, as determined by the ex-
periment with depleted SNAP, Fig. 1E) through the classic
pathway that involved IKK activation and I-�B serine phos-
phorylation and degradation. This activation occurred in a
concentration-dependent bell-shape manner (Figs. 1A and
1B). This is consistent with a biphasic NO-dependent mecha-
nism of activation (23). Both NO donors also led to transient
time-dependent NF-�B activation (Figs. 1C and 1D), accom-
panied by gradual I-�B � degradation with subsequent resyn-
thesis (Figs. 1F and 1G). Moreover, overexpression of the
mutant super-repressor form of I-�B � resulted in abolishing
of NF-�B activation by NO donors, similarly to the overex-
pression of the wild-type form of I-�B � (Figs. 3F and 3G).
Overall, these data suggest that NO in myocytes constitutes an
independent and powerful signal for transient NF-�B activation.

The next step in our study was to investigate peroxynitrite-
induced NF-�B activation by the use of both peroxynitrite
donor SIN-1, and by directly adding peroxynitrite to the cells.
Peroxynitrite is a highly reactive compound and a potent oxi-
dizing and nitrating agent (46, 56). It is formed both extracel-
lularly and intracellularly from NO• and O2

�• at diffusion-
controlled rates (16) , and is capable of traversing cell
membranes and passing several cell diameters (5–20 µm) be-
fore its decomposition (46). High levels of peroxynitrite are
produced at sites of inflammation (48, 54), in various patho-
logical conditions (4) and in aged tissues (11, 55).

Peroxynitrite induces NF-�B activation in vascular endothe-
lium (8) and murine monocytes (35). According to one study in
human monocytes, peroxynitrite (10 and 200 µM) activated
NF-�B by nitration of tyrosine residues on I-�B � (35). An-
other study showed that peroxynitrite donor SIN-1 (0.5 mM)
activated NF-�B in vascular endothelium cells and caused cy-
clooxygenase-2 upregulation (8). However, the data on NF-�B
activation by peroxynitrite in skeletal muscle are very limited. 

SIN-1 is a chemical that decomposes at physiological pH,
producing both superoxide and NO, which react immediately
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FIG. 4. I-�B � dissociation from NF-�B. L8 cells were
treated with either 4 ng/ml TNF-�, or with 10 µM SNAP, 10
µM PAPA-NONOate, 10 µM SIN-1, 10 µM bolus peroxynitrite,
for 15 and 30 min.  NF-�B was co-immunoprecipitated with 
I-�B � from total cell lysates at each time point. The super-
natants were analyzed for I-�B � by Western blot and quanti-
fied densitometrically (see Materials and Methods). Data are
expressed as average fold increase ± SEM. *p < 0.001, **p <
0.05, +p < 0.001, ++p < 0.02 versus control (zero time). Open
bars, 15 min, closed bars, 30 min. The results were derived
from three independent experiments. *In y-axis, fold increase
versus untreated control, set as fold 1.
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FIG. 5. Proteasome involvement in NF-�B activation by
SIN-1. (A) and (B) L8 cells were pretreated with 100 µM
MG-132 for 1.5 h prior to treatment with 10 µM SIN-1 for 10,
20, and 30 min. p65 nuclear translocation (A) and I-�B �
degradation (B) were analyzed by Western blot and quantified
densitometrically (see Materials and Methods). Data are ex-
pressed as average fold increase versus control (zero time). The
results were derived from four independent experiments. 
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to form peroxynitrite (33, 49). SIN-1 decomposes slowly over
a period of 1–2 h, resulting in the prolonged exposure of the
cells to relatively stable levels of peroxynitrite (33, 49). In
contrast, the half-life of the authentic peroxynitrite under
physiological conditions is about 1 sec (46). Therefore, bolus
addition of peroxynitrite to the cells results in short-term ex-

posure, whereas the addition of SIN-1 most probably mimics
the production of peroxynitrite under physiological and
pathological conditions. Consequently, most of the experi-
ments in this study were performed preferentially with SIN-1.
NF-�B activation by SIN-1 was concentration-dependent and
it increased with the rise in peroxynitrite donor concentrations
(Figs. 2A and 2B). Furthermore, with time SIN-1 caused in-
creasing and prolonged p65 nuclear translocation and lu-
ciferase expression (Figs. 2C and 2D, respectively). Moreover,
peroxynitrite did not cause the degradation of I-�B � (Fig.
2E). Also, overexpression of the super-repressor form of I-�B
� did not abolish NF-�B activation by SIN-1, in contrast to the
overexpression of the wild-type I-�B � (Figs. 3F and 3G),
suggesting that phosphorylation and proteasomal degradation
of I-�B was not required for NF-�B activation by SIN-1. Di-
rect addition of authentic peroxynitrite to the cells also re-
sulted in potent activation of NF-�B. Similarly to SIN-1, both
p65 nuclear translocation and luciferase expression were di-
rectly correlated to the concentrations of peroxynitrite (Figs.
3A and 3B, respectively). NF-�B activity in this case was tran-
sient (Figs. 3C and 3D). Similarly to SIN-1, there was no de-
tectable I-�B � degradation (Fig. 3E), and overexpression of
the super-repressor form of I-�B � did not abolish NF-�B ac-
tivation by peroxynitrite (Fig. 3F), suggesting that NF-�B ac-
tivation by peroxynitrite was not proteasome-dependent.

These results imply that the duration of the exposure to
peroxynitrite directly influences the duration of NF-�B acti-
vation. SIN-1, which releases peroxynitrite gradually over
prolonged periods of time, causes persistent NF-�B activa-
tion. Conversely, the short- lived authentic peroxynitrite leads
to transient NF-�B activation.

Considering the fact that both SIN-1 and peroxynitrite led
to NF-�B activation without I-�B � degradation, it was im-
portant to ascertain whether I-�B � was dissociated from NF-
�B. Indeed, several alternative activation mechanisms re-
cently described involved I-�B � dissociation from NF-�B
without its degradation (32, 43, 53, 60). Both NO donors and
TNF� caused I-�B � degradation in the cytoplasm following
NF-�B activation. However, both SIN-1 and peroxynitrite
caused rapid I-�B � dissociation from NF-�B. The dissoci-
ated I-�B � accumulated in the cytoplasm but did not reasso-
ciate with NF-�B (Fig. 4).

In order to elucidate the role of the proteasome in NF-�B
activation by SIN-1, we partially inhibited the proteasome in
the cell culture using the specific proteasome inhibitor MG-
132. The proteasome inhibition led to a significant delay and
decrease in NF-�B activation and I-�B � degradation after
SNAP treatment (unpublished data). However, the protea-
some did not participate in NF-�B activation by SIN-1, since
its inhibition did not lead to a decrease in NF-�B activation
after SIN-1 treatment (Figs. 5A and 5B). This observation
raised the possibility that peroxynitrite induced a modifica-
tion that prevented the recognition of I-�B � by the ubiqui-
tin–proteasome system. This hypothetic modification could
also cause I-�B � dissociation from NF-�B. Thus, we hypoth-
esized that either I-�B � or IKK upstream of it, might be
modified by peroxynitrite, resulting in the lack of I-�B �
recognition by the ubiquitin–proteasome pathway. To test this
hypothesis, we investigated whether IKK was directly influ-
enced by RNS donors. IKK activity was measured in an iso-
lated cell-free system after the exposure of IKK to RNS

0          10            100                1000    
SNAP concentration  (µM)

Fold       7.6           14.3               0.04

Phospho- I-κB α

0          10            100                1000    
SNAP concentration  (µM)

Fold       7.6           14.3               0.04

Phospho- I-κB α

Phospho- I-κB α

0                 5             10               100  
PAPA- NONOate concentration  (µM)

Fold         7.8              10.1              3.1

Phospho- I-κB α

0                 5             10               100  
PAPA- NONOate concentration  (µM)

Fold         7.8              10.1              3.1

Phospho- I-κB α

0               10              100             1000  

SIN-1 concentration  (µM)
Fold        13.4            16.5              15.8

Phospho- I-κB α

0               10              100             1000  

SIN-1 concentration  (µM)
Fold                    16.5              15.8

Phospho- I-κB α

0      SNAP   NONOate SIN-1   Peroxy.

Fold     10.4         5.5           17.7      14

Phospho- I-κB α

0      SNAP   NONOate SIN-1   Peroxy.

Fold     10.4         5.5           17.7      14

0

5

10

15

20

25

0 SNAP NONOate SIN-1 Peroxy.

+

*

*

*
*

A

B

C

D

Fo
ld

  

FIG. 6. IKK activation by RNS donors. (A) and (C) IKK
was immunoprecipitated from the lysates of untreated cells,
and subsequently treated with 10, 100, and 1000 µM of SNAP
(A), PAPA-NONOate (B), or SIN-1 (C) for 15 min in cell-free
system. Then, IKK activity assay was performed as described
in Materials and Methods. I-�B � serine phosphorylation was
assessed by Western blot of the reaction mixture and quantified
densitometrically. Data are expressed as average fold increase
versus control (no treatment). (D) L8 cells were treated with 10
µM SNAP, 10 µM PAPA-NONOate, 10 µM SIN-1, or 10 µM
bolus peroxynitrite, for 10 and 20 min in whole cell system.
IKK was immunoprecipitated from cell lysates, and IKK activ-
ity assay was performed as described in Materials and Meth-
ods. I-�B � serine phosphorylation was assessed by Western
blot of the reaction mixture and quantified densitometrically.
Data are expressed as average fold increase ± SEM. *p < 0.05,
+p < 0.001 versus control (no treatment). Open bars, 10 min;
closed bars, 20 min. The blot is representative of three inde-
pendent experiments after 10 min of treatment. The results in
A–C were derived from three, and in D from three to five inde-
pendent experiments. *In y-axis, fold increase versus untreated
control, set as fold 1.
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donors. PAPA-NONOate, SNAP, and SIN-1 were capable of
directly activating the inactive IKK (Figs. 6A–6C). NO
donors activated IKK in the concentration range of 10–100
µM. However, at higher concentrations of NO donors (100
µM–1 mM), there was a significant decrease in IKK activity
(Figs. 6A–6C), which was fully consistent with the previous
finding of NF-�B inhibition by high concentrations of NO
donors (ranging from 100 µM to 1 mM), as reported by the
Janssen-Heininger group (47). According to their recent
study, RSNO caused a dose-dependent inhibition of IKK, in
lung epithelial cells (C10) and in Jurkat T cells, which was
associated with S-nitrosylation of the IKK complex.

Conversely, SIN-1 led to high levels of IKK activity even at
the high concentrations of 100–1000 µM (Fig. 6C). Further-
more, when the living cells were treated with 10 µM of either
NO donors, SIN-1, or authentic peroxynitrite, each agent, in-
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cluding SIN-1 and peroxynitrite, led to high and transient IKK
activity in the living cells (Fig. 6D). Therefore, the limited du-
ration of IKK activation could not explain the nontransient ac-
tivation of NF-�B by SIN-1. Moreover, since either SIN-1 or
peroxynitrite increased IKK activity, but prevented I-�B �
degradation, it was probable that the hypothetical peroxyni-
trite-induced modification occurred downstream to IKK.

Peroxynitrite has been demonstrated to trigger nitration of
proteins, yielding 3-nitrotyrosine (59). Tyrosine nitration has
been observed in various pathological conditions. It has been
proposed to represent one of the major pathophysiological
protein modifications (59) and to modulate signal transduc-
tion (37).

I-�B � has been also the main target of modifications in
the few alternative pathways of NF-�B activation that have
been described (38, 43, 53). These observations led us to the
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Fig. 7. The involvement of tyrosine nitration in NF-�B acti-
vation by RNS donors. (A) and (B) L8 cells were pretreated
with 100 µM EGCG for 6 h prior to treatment with 10 µM SIN-
1 for 10, 20, and 30 min. p65 nuclear translocation (A) and I-
�B � degradation (B) were analyzed by Western blot and quan-
tified densitometrically (see Materials and Methods). Data are
expressed as average fold increase ± SEM. *p < 0.01 versus
control (zero time). The results were derived from six (A) or
five (B) independent experiments. *In y-axis, fold increase
versus untreated control, set as fold 1.
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FIG. 8. Tyrosine nitration of I-�B � interferes with its ser-
ine phosphorylation. (A) and (B) L8 cells were treated ei-
ther with 4 ng/ml TNF-�, or with 10 µM SNAP, 10 µM PAPA-
NONOate, 10 µM SIN-1, and 10 µM bolus peroxynitrite for 20
min. I-�B � serine phosphorylation (A) *p < 0.01, **p < 0.02
versus control (no treatment) and tyrosine nitration (B) *p <
0.05, **p< 0.01 versus control (no treatment)) were assessed as
described in Materials and Methods and quantified densito-
metrically. Data are expressed as average fold increase ± SEM.
The results were derived from four to five (A) and five (B) in-
dependent experiments. *In y-axis, fold increase versus un-
treated control, set as fold 1.
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FIG. 9. iNOS induction by SIN-1. (A) L8 cells were treated
with 10 µM of SIN-1 for 1, 3, and 24 h. iNOS induction was as-
sessed by Western blot and quantified densitometrically (see
Materials and Methods). (B) L8 cells were pretreated with ei-
ther 100 µM MG-132 for 1.5 h or 100 µM of EGCG for 6 h and
treated with 10 µM of SIN-1 for 1, 3, and 24 h. iNOS induction
was assessed by Western blot and quantified densitometrically
(the blots are not shown). Data are expressed as average fold
increase in iNOS versus control (no treatment) ± SEM (in B).
*p < 0.001, **p < 0.05, ***p < 0.02 versus control (no treat-
ment). Closed bars, SIN-1; patterned bars, SIN-1 + MG-132;
open bars, SIN-1 + EGCG. The results were derived from three
to seven independent experiments. *>In y-axis, fold increase
versus untreated control, set as fold 1.

TABLE 1. THE OUTCOMES OF RNS TREATMENTS ON NF-�B ACTIVATION IN L8 MYOBLASTS

p65 NF-�B I-�B � I-�B �
nuclear I-�B � inhibition dissociation serine I-�B � iNOS 

Endpoints trans- Luciferase degrada- by from IKK phosphory- tyrosine expres-
Intervention location activation tion SuperR` NF-�B activation lation nitration sion

PAPA- Biphasic Biphasic Biphasic
NONOate, (Bell (Bell (Bell 
Increasing shape) shape) shape)
concentrations

PAPA- Transient Transient Transient Inhibition Dissociation Transient Phosphory- Insignificant
NONOate, and lation
time- degradation
dependent

SNAP, Biphasic Biphasic Biphasic
Increasing (Bell (Bell (Bell 
concentrations shape) shape) shape)

SNAP, Transient Transient Transient Inhibition Dissociation Transient Phosphory- Insignificant
time- and lation
dependent degradation

SIN-1 Increasing Increasing Constitutive
Increasing
concentrations

SIN-1 Constitutive Constitutive No degrada- No inhibi- Dissociation Transient Insignificant Nitration Very
time- tion tion degradation high
dependent

Peroxynitrite, Increasing Increasing
Increasing
concentrations

Peroxynitrite, Transient Transient No degrada-= No inhibi- Dissociation Insignificant Nitration
time- tion tion no
dependent degradation

SNAP + No trans- No degrada-
MG-132 location tion

SIN-1+ Constitutive No degrada- High
MG-132 tion

SNAP + No trans- No degrada-
EGCG location tion

SIN-1 + Transient Transient Low
EGCG
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possibility that peroxynitrite could induce a modification of
I-�B � (such as tyrosine nitration) which, in turn, could cause
the alternative activation of NF-�B by peroxynitrite. To test
this hypothesis, nitrotyrosine formation was inhibited by the
use of the nitration inhibitor, EGCG, prior to the treatment of
the cells with SIN-1. EGCG is an antioxidant that reacts with
tyrosyl radicals, thus preventing their reaction with RNS and
subsequent formation of nitrotyrosine (35). EGCG in combi-
nation with SIN-1 led to the induction of the classic activa-
tion with transient NF-�B activation and I-�B � degradation
(Figs.7A and 7B). This shows that tyrosine nitration indeed is
involved in and is vital for the alternative activation of NF-�B
by peroxynitrite. In addition, both SIN-1 and authentic perox-
ynitrite, in contrast to both TNF-� and NO donors, caused 
I-�B � serine dephosphorylation (Fig. 8A) and high I-�B �
tyrosine nitration (Fig. 8B). Therefore, peroxynitrite caused
tyrosine nitration of I-�B�, which probably interfered with
its serine phosphorylation. Since serine phosphorylation
marks I-�B � for proteasomal degradation, once this phos-
phorylation is abolished, I-�B � cannot be recognized by the
specific ubiquitin ligases and therefore cannot undergo pro-
teasomal degradation. Moreover, in some cases tyrosine ni-
tration may induce conformational change in the protein (37),
which may explain I-�B � dissociation from NF-�B.

Furthermore, our study implies that the nitrated I-�B �
cannot be degraded in the proteasome, and instead accumu-
lates in the cytoplasm. Tyrosine-nitrated I-�B � dissociates
from NF-�B probably as a result of a conformational change
or steric hindrance imposed by the nitration and dephospho-
rylation. In this fashion, tyrosine nitration of I-�B � leads to
the constitutive activation of NF-�B and the loss of the nega-
tive feedback on such activation, resulting in continuous pro-
duction of inflammatory mediators.

Theoretically, as NF-�B activity continues, new I-�B �
would be synthesized and, if the presence of peroxynitrite per-
sists, as in the case of SIN-1, this new I-�B � would also be-
come a target for tyrosine nitration. In this manner, NF-�B
cannot be removed from the nucleus, and its activity will not
significantly decrease with time. One possible implication of
this phenomenon is that in tissues where high concentrations of
peroxynitrite are produced for protracted periods, NF-�B may
exit the autoinhibitory loop and enter the vicious cycle of con-
stitutive activation. Therefore, high levels of inflammatory me-
diators such as iNOS (Fig. 9) may be produced, resulting in
high levels of NO which, after reacting with intracellular su-
peroxide, may lead to even higher peroxynitrite levels, thus
contributing to the vicious cycle of inflammation proposed
above. Short-term exposure to peroxynitrite, such as bolus ad-
dition of authentic peroxynitrite to the cell culture, also results
in I-�B � nitration and dephosphorylation. However, since this
type of exposure is limited, the newly synthesized I-�B �
would not become nitrated, and NF-�B activation would be
transient. The findings of this study are summarized in Table 1.
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ABBREVIATIONS

�-Gal, �-Galactosidase; EGCG, epigallocatechine-3-
gallate; I-�B, inhibitor of �B; IB, immunoblotting; IP, immuno-
precipitation; IKK, inhibitor of �B kinase; Luc, luciferase; MG-
132, Z-leucine-leucine-leucine aldehyde; NF-�B, nuclear
factor-�B; NS, nonsignificant; PAPA-NONOate, 3-(2-hydroxy-
2-nitroso-1-propylhydrazino)-1-propanamine; RNS, reactive
nitrogen species; RSNO, S-nitrosothiols; SIN-1, 3-morpholino-
sydnonimine; SNAP, S-nitroso-N-acetylpenicillamine; TNF-�,
tumor necrosis factor �; WT, wild type.

REFERENCES

1. Andreadis AA, Hazen SL, Comhair SA, and Erzurum SC.
Oxidative and nitrosative events in asthma. Free Radic
Biol Med 35: 213–225, 2003.

2. Attaix D, Aurousseau E, Combaret L, Kee A, Larbaud D,
Ralliere C, Souweine B, Taillandier D, and Tilignac T.
Ubiquitin-proteasome-dependent proteolysis in skeletal
muscle. Reprod Nutr Dev 38: 153–165, 1998.

3. Bar-Shai M, Carmeli E, Coleman R, Rozen N, Perek S,
Fuchs D, and Reznick AZ. The effect of hindlimb immobi-
lization on acid phosphatase, metalloproteinases and nu-
clear factor-kappaB in muscles of young and old rats.
Mech Ageing Dev 126: 289–297, 2005.

4. Beal MF. Oxidatively modified proteins in aging and dis-
ease. Free Radic Biol Med 32: 797–803, 2002.

5. Beckman JS. Oxidative damage and tyrosine nitration
from peroxynitrite. Chem Res Toxicol 9: 836–844, 1996.

6. Byun MS, Jeon KI, Choi JW, Shim JY, and Jue DM. Dual
effect of oxidative stress on NF-kappaB activation in HeLa
cells. Exp Mol Med 34: 332–339, 2002.

7. Carmeli E, Coleman R, and Reznick AZ. The biochemistry
of aging muscle. Exp Gerontol 37: 477–489, 2002.

8. Cooke CL and Davidge ST. Peroxynitrite increases iNOS
through NF-kappaB and decreases prostacyclin synthase
in endothelial cells. Am J Physiol Cell Physiol 282: C395–
C402, 2002.

9. Darley-Usmar V and Halliwell B. Blood radicals: reactive ni-
trogen species, reactive oxygen species, transition metal ions,
and the vascular system. Pharm Res 13: 649–662, 1996.

10. Dedon PC and Tannenbaum SR. Reactive nitrogen species
in the chemical biology of inflammation. Arch Biochem
Biophys 423: 12–22, 2004.

11. Drew B and Leeuwenburgh C. Aging and the role of re-
active nitrogen species. Ann NY Acad Sci 959: 66–81,
2002.

12. Ducrocq C, Blanchard B, Pignatelli B, and Ohshima H.
Peroxynitrite: an endogenous oxidizing and nitrating
agent. Cell Mol Life Sci 55: 1068–1077, 1999.

13. Eiserich JP, Patel RP, and O’Donnell VB. Pathophysiology
of nitric oxide and related species: free radical reactions
and modification of biomolecules. Mol Aspects Med 19:
221–357, 1998.

14211c37.pgs  4/28/06  2:22 PM  Page 650



PEROXYNITRITE-INDUCED NF-�B ACTIVATION PATHWAY 651

14. Feelisch M. The use of nitric oxide donors in pharmaco-
logical studies. Naunyn Schmiedebergs Arch Pharmacol
358: 113–122, 1998.

15. Glass DJ. Molecular mechanisms modulating muscle
mass. Trends Mol Med 9: 344–350, 2003.

16. Goldstein S and Czapski G. The reaction of NO• with O2
•�

and HO2
•: a pulse radiolysis study. Free Radic Biol Med

117:12078–12084, 1995.
17. Grover AK, Kwan CY, and Samson SE. Effects of per-

oxynitrite on sarco/endoplasmic reticulum Ca2+ pump iso-
forms SERCA2b and SERCA3a. Am J Physiol Cell Phys-
iol 285: C1537–C1543, 2003.

18. Grune T, Klotz LO, Geiche J, Rudeck M, and Sies H. Pro-
tein oxidation and proteolysis by the nonradical oxidants
singlet oxygen or peroxynitrite. Free Radic Biol Med 30:
1243–1253, 2001.

19. Hay RT, Vuillard L, Desterro JM, and Rodriguez MS. Con-
trol of NF-kappa B transcriptional activation by signal in-
duced proteolysis of I kappa B alpha. Philos Trans R Soc
Lond B Biol Sci 354: 1601–1609, 1999.

20. Hunter RB and Kandarian SC. Disruption of either the
Nfkb1 or the Bcl3 gene inhibits skeletal muscle atrophy. J
Clin Invest 114: 1504–1511, 2004.

21. Jackman RW and Kandarian SC. The molecular basis of
skeletal muscle atrophy. Am J Physiol Cell Physiol 287:
C834–C843, 2004.

22. Janssen-Heininger YMW, Macara I, and Mossman BT. Co-
operativity between oxidants and tumor necrosis factor in
the activation of nuclear factor (NF)-kappaB: requirement
of Ras/mitogen-activated protein kinases in the activation
of NF-kappaB by oxidants. Am J Respir Cell Mol Biol 20:
942–952, 1999.

23. Janssen-Heininger YMW, Poynter ME, and Baeuerle PA.
Recent advances towards understanding redox mecha-
nisms in the activation of nuclear factor kappaB. Free
Radic Biol Med 28: 1317–1327, 2000.

24. Karin M and Ben-Neriah Y. Phosphorylation meets ubiqui-
tination: the control of NF-[kappa]B activity. Annu Rev
Immunol 18: 621–663, 2000.

25. Katsuyama K, Shichiri M, Marumo F, and Hirata Y. NO in-
hibits cytokine-induced iNOS expression and NF-kappaB
activation by interfering with phosphorylation and degra-
dation of IkappaB-alpha. Arterioscler Thromb Vasc Biol
18: 1796–1802, 1998.

26. Kosmidou I, Vassilakopoulos T, Xagorari A, Zakynthinos
S, Papapetropoulos A, and Roussos C. Production of inter-
leukin-6 by skeletal myotubes: role of reactive oxygen
species. Am J Respir Cell Mol Biol 26: 587–593, 2002.

27. Kuno K and Matsushima K. The IL-1 receptor signaling
pathway. J Leukoc Biol 56: 542–547, 1994.

28. Leeuwenburgh C, Hardy MM, Hazen SL, Wagner P, Oh-
ishi S, Steinbrecher UP, and Heinecke JW. Reactive nitro-
gen intermediates promote low density lipoprotein oxida-
tion in human atherosclerotic intima. J Biol Chem 272:
1433–1436, 1997. 

29. Lepore DA, Stewart AG, Tomasi A, Anderson RL, Hurley
JV, and Morrison WA. The survival of skeletal muscle my-
oblasts in vitro is sensitive to a donor of nitric oxide and
superoxide, SIN-1, but not to nitric oxide or peroxynitrite
alone. Nitric Oxide 3: 273–280, 1999.

30. Li YP and Reid MB. NF-kappaB mediates the protein loss
induced by TNF-alpha in differentiated skeletal muscle
myotubes. Am J Physiol Regul Integr Comp Physiol 279:
R1165–R1170, 2000.

31. Lowe DT. Nitric oxide dysfunction in the pathophysiology
of preeclampsia. Nitric Oxide 4: 441–458, 2000.

32. Mahabeleshwar GH and Kundu GC. Tyrosine kinase p56lck
regulates cell motility and nuclear factor kappaB-mediated
secretion of urokinase type plasminogen activator through
tyrosine phosphorylation of IkappaBalpha following hy-
poxia/reoxygenation. J Biol Chem 278: 52598– 52612, 2003.

33. Malan D, Levi RC, Alloatti G, Marcantoni A, Bedendi I, and
Gallo MP. Cyclic AMP and cyclic GMP independent stimu-
lation of ventricular calcium current by peroxynitrite donors
in guinea pig myocytes. J Cell Physiol 197: 284– 296, 2003.

34. Marcell TJ. Sarcopenia: causes, consequences, and preven-
tions. J Gerontol A Biol Sci Med Sci 58: M911–M916, 2003.

35. Matata BM and Galinanes M. Peroxynitrite is an essential
component of cytokines production mechanism in human
monocytes through modulation of nuclear factor-kappa B
DNA binding activity. J Biol Chem 277: 2330–2335, 2002.

36. Matthews JR, Botting CH, Panico M, Morris HR, and Hay
RT. Inhibition of NF-kappaB DNA binding by nitric oxide.
Nucleic Acids Res 24: 2236–2242, 1996.

37. Monteiro HP. Signal transduction by protein tyrosine nitra-
tion: competition or cooperation with tyrosine phosphory-
lation-dependent signaling events? Free Radic Biol Med
33: 765–773, 2002.

38. Mukhopadhyay A, Manna SK, and Aggarwal BB. Pervana-
date-induced nuclear factor-kappaB activation requires ty-
rosine phosphorylation and degradation of I�B�. Compar-
ison with tumor necrosis factor-alpha. J Biol Chem 275:
8549–8555, 2000.

39. Muller JM, Ziegler-Heitbrock HW, and Baeuerle PA. Nu-
clear factor kappa B, a mediator of lipopolysaccharide ef-
fects. Immunobiology 187: 233–256, 1993.

40. Natarajan R, Fisher BJ, Jones DG, and Fowler III AA.
Atypical mechanism of NF-kappaB activation during re-
oxygenation stress in microvascular endothelium: a role for
tyrosine kinases. Free Radic Biol Med 33: 962–973, 2002.

41. Nomura Y. NF-�B activation and I�B � dynamism in-
volved in iNOS and chemokine induction in astroglial
cells. Life Sci 68: 1695–1701, 2001.

42. Pahl HL. Activators and target genes of Rel/NF-kappaB
transcription factors. Oncogene 18: 6853–6866, 1999.

43. Pahlavani MA and Harris MD. Effect of in vitro generation
of oxygen free radicals on T cell function in young and old
rats. Free Radic Biol Med 25: 903–913, 1998.

44. Pannala AS, Rice-Evans CA., Halliwell B, and Singh S. In-
hibition of peroxynitrite-mediated tyrosine nitration by
catechin polyphenols. Biochem Biophys Res Commun 232:
164–168, 1997.

45. Pignone A, Fiori G, Del Rosso A, Generini S, and Matucci-
Cerinic M. The pathogenesis of inflammatory muscle dis-
eases: on the cutting edge among the environment, the genetic
background, the immune response and the dysregulation of
apoptosis. Autoimmun Rev 1: 226–232, 2002.

46. Radi R, Peluffo G, Alvarez MN, Naviliat M, and Cayota A.
Unraveling peroxynitrite formation in biological systems
Free Radic Biol Med 30: 463–488, 2001.

14211c37.pgs  4/28/06  2:22 PM  Page 651



652 BAR-SHAI AND REZNICK

47. Reynaert NL, Ckless K, Korn SH, Vos N, Guala AS, Wouters
EF, van der Vliet A, and Janssen-Heininger YJM. Nitric
oxide represses inhibitory kappaB kinase through S-nitrosy-
lation. Proc Natl Acad Sci USA 101: 8945–8950, 2004.

48. Robbins RA, Hadeli K, Nelson D, Sato E, and Hoyt JC.
Nitric oxide, peroxynitrite, and lower respiratory tract in-
flammation. Immunopharmacology 48: 217–221, 2000.

49. Rosenkranz B, Winkelmann BR, and Parnham MJ. Clini-
cal pharmacokinetics of molsidomine. Clin Pharma-
cokinet 30: 372–384, 1996.

50. Rubin H. Cancer cachexia: its correlations and causes.
Proc Natl Acad Sci USA 10: 5384–5389, 2003.

51. Sen CK, Khanna S, Reznick AZ, Roy S, and Packer L. Glu-
tathione regulation of tumor necrosis factor-alpha-induced
NF-kappa B activation in skeletal muscle-derived L6 cells.
Biochem Biophys Res Commun 237: 645–649, 1997.

52. Szabo C. Multiple pathways of peroxynitrite cytotoxicity.
Toxicol Lett 140–141: 105–112, 2003.

53. Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar
GH, Singh S, and Aggarwal BB. Hydrogen peroxide acti-
vates NF-kappa B through tyrosine phosphorylation of I
kappa B alpha and serine phosphorylation of p65: evidence
for the involvement of I kappa B alpha kinase and Syk pro-
tein-tyrosine kinase. J Biol Chem 278: 24233– 24241, 2003.

54. Torreilles F, Salman-Tabcheh S, Guerin M, and Torreilles
J. Neurodegenerative disorders: the role of peroxynitrite.
Brain Res Rev 30: 153–163, 1999.

55. Viner RI, Ferrington DA, Williams TD, Bigelow DJ, and
Schoneich C. Protein modification during biological
aging: selective tyrosine nitration of the SERCA2a iso-
form of the sarcoplasmic reticulum Ca2+-ATPase in skele-
tal muscle. Biochem J 340: 657–669, 1999.

56. Virag L, Szabo E, Gergely P, and Szabo C. Peroxynitrite-
induced cytotoxicity: mechanism and opportunities for in-
tervention. Toxicol Lett 140–141:113–124, 2003.

57. Williams G, Becker L, Bryant D, Willis S, and Giroir BP.
Effects of transforming growth factor-beta 1 on nitric
oxide synthesis by C2C12 skeletal myocytes. Am J Physiol
Regul Integr Comp Physiol 270: R145–R152, 1996.

58. Williams G, Brown T, Becker L, Prager M, and Giroir BP.
Cytokine-induced expression of nitric oxide synthase in
C2C12 skeletal muscle myocytes. Am J Physiol 267:
R1020–R1025, 1994.

59. Xie QW and Nathan C. The high-output nitric oxide path-
way: role and regulation. J Leukoc Biol 56: 576–582, 1994.

60. Zwacka RM, Zhang Y, Zhou W, Halldorson J, and Engel-
hardt JF. Ischemia/reperfusion injury in the liver of
BALB/c mice activates AP-1 and nuclear factor kappaB
independently of IkappaB degradation. Hepatology 28:
1022–1030, 1998.

Address reprint requests to:
Abraham Z. Reznick

Department of Anatomy and Cell Biology
Rappaport Faculty of Medicine

Technion-Israel Institute of Technology
P. O. Box 9649

Haifa 31096, Israel

E-mail: reznick@tx.technion.ac.il

Received after final revision September 4, 2005; accepted Sep-
tember 4, 2005.

14211c37.pgs  4/28/06  2:22 PM  Page 652



This article has been cited by:

1. Jennie L. Williams, Ping Ji, Nengtai Ouyang, Levy Kopelovich, Basil Rigas. 2011. Protein nitration and nitrosylation by NO-
donating aspirin in colon cancer cells: Relevance to its mechanism of action. Experimental Cell Research 317:10, 1359-1367.
[CrossRef]

2. Ali Karaman, Do#an Nas#r Binici, Meltem Alkan Meliko#lu. 2011. Comet assay and analysis of micronucleus formation
in patients with rheumatoid arthritis. Mutation Research/Genetic Toxicology and Environmental Mutagenesis 721:1, 1-5.
[CrossRef]

3. Lucy Poveda, Michael Hottiger, Norbert Boos, Karin Wuertz. 2009. Peroxynitrite Induces Gene Expression in Intervertebral
Disc Cells. Spine 34:11, 1127-1133. [CrossRef]

4. 2008. Inhibitor Design for Human Heat Shock Protein 70 ATPase Domain by Pharmacophore-based in silico Screening.
Bulletin of the Korean Chemical Society 29:9, 1717-1722. [CrossRef]

5. L. I. Filippin, R. Vercelino, N. P. Marroni, R. M. Xavier. 2008. Redox signalling and the inflammatory response in rheumatoid
arthritis. Clinical & Experimental Immunology 152:3, 415-422. [CrossRef]

6. Roumyana D. Petrova, Jamal Mahajna, Solomon P. Wasser, Nili Ruimi, Cvetomir M. Denchev, Sherbel Sussan, Eviatar Nevo,
Abraham Z. Reznick. 2008. Marasmius oreades substances block NF-#B activity through interference with IKK activation
pathway. Molecular Biology Reports . [CrossRef]

7. Marina Bar-Shai, Eli Carmeli, Predrag Ljubuncic, Abraham Z. Reznick. 2008. Exercise and immobilization in aging animals:
The involvement of oxidative stress and NF-#B activation. Free Radical Biology and Medicine 44:2, 202-214. [CrossRef]

8. Csaba Szabó, Harry Ischiropoulos, Rafael Radi. 2007. Peroxynitrite: biochemistry, pathophysiology and development of
therapeutics. Nature Reviews Drug Discovery 6:8, 662-680. [CrossRef]

9. Roumyana D. Petrova, Jamal Mahajna, Abraham Z. Reznick, Solomon P. Wasser, Cvetomir M. Denchev, Eviatar Nevo.
2007. Fungal substances as modulators of NF-#B activation pathway. Molecular Biology Reports 34:3, 145-154. [CrossRef]

http://dx.doi.org/10.1016/j.yexcr.2011.03.001
http://dx.doi.org/10.1016/j.mrgentox.2010.11.014
http://dx.doi.org/10.1097/BRS.0b013e31819f2330
http://dx.doi.org/10.5012/bkcs.2008.29.9.1717
http://dx.doi.org/10.1111/j.1365-2249.2008.03634.x
http://dx.doi.org/10.1007/s11033-008-9237-0
http://dx.doi.org/10.1016/j.freeradbiomed.2007.03.019
http://dx.doi.org/10.1038/nrd2222
http://dx.doi.org/10.1007/s11033-006-9027-5

