ANTIOXIDANTS & REDOX SIGNALING
Volume 4, Number 1, 2002
© Mary Ann Liebert, Inc.

Rapid Letter

N-Acetylcysteine Negatively Modulates Nitric
Oxide Production in Endotoxin-Treated Rats Through
Inhibition of NF-kB Activation

CRISTINA ROTA,! STEFANIA BERGAMINI! FRANCESCA DANERI,! ALDO TOMASI,!
FABIO VIRGILI,2 and ANNA IANNONE!

ABSTRACT

N-Acetylcysteine (NAC) has a wide spectrum of biological activities, either related to the ability to increase intra-
cellular thiols or directly acting as an antioxidant. We used an in vivo animal model to study NAC modulation of
nitric oxide (NO) production in response to lipopolysaccharide treatment. A comparison was made between NAC
and the N-[3-(aminomethyl)benzyl] acetamidine (1400W), an inhibitor of the inducible NO synthase (iNOS). Both
inhibit NO production, although NAC lacks any effect if given when iNOS is already induced; this indicates that
the decrease of NO generation is not due to an effect on iNOS activity. We found that the DNA binding activity of
nuclear transcription factor-kB in peripheral blood cells was inhibited by NAC given before lipopolysaccharide,
whereas tumor necrosis factor-a secretion was not affected. Antioxid. Redox Signal. 4, 221-226.

INTRODUCTION

-ACETYLCYSTEINE (NAC) is a sulthydryl
Ngroup donor that crosses the cell mem-
brane and restores glutathione (GSH) levels
by providing cysteine for its synthesis. Ac-
cordingly, NAC has been reported to block
nuclear factor-kB (NF-kB) activation induced
in cells by the addition of hydrogen peroxide
(10, 11), corroborating the relationship be-
tween cellular redox status, thiol levels, and
intracellular signaling.

The lipopolysaccharide (LPS) is known to
induce an increase of prooxidant species. In
the macrophages, it induces the secretion of
several cytokines, with subsequent genera-

tion of prooxidant molecules, activation of
the NF-kB pathway, finally leading to the ex-
pression of the inducible form of nitric oxide
synthase (iNOS). Following the reaction of
the produced nitrogen monoxide (NO) with
simultaneously generated superoxide, highly
reactive nitrogen-containing species are
formed. This situation leads to an imbalance
of the redox cellular homeostasis. We have
already reported that LPS administration to
rats is a valid experimental model to study
acute iNOS induction in vivo (1). We also
reported that pretreatment with NAC of
LPS-administered rats was associated with
a decrease in plasma nitrosyl-hemoglobin
(NO-HbDb).
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Here we report the comparison between
NAC and the iNOS inhibitor N-[3-(amino-
methyl)benzyl]acetamidine (1400W), to dem-
onstrate that NAC does not interact directly
with iNOS activity in LPS-treated rats.

MATERIALS AND METHODS

Animals and treatments

Male Wistar rats (150200 g) were kept at 21
+ 1°C and 60% humidity, on a light-dark cycle,
with food and water ad libitum. Housing con-
ditions and experiments were in accordance
with the European Community regulations
(EC Council 86/609, and D.L. 27/01/92, no.
116). Rats were acclimatized for at least 1
week before being used and fasted 24 h at the
time of the experimental procedure.

LPS from Escherichia coli (serotype 055:B5;
Sigma-Aldrich, Milan, Italy) was prepared in
sterile saline and given intraperitoneally (20
mg/kg). Some rats were also given 150
mg/kg i.p. NAC (Zambon Italia) in sterile sa-
line, 30 min before or 3 h after the LPS injec-
tion. Another group was treated with a sub-
cutaneous injection of 1400W (5 mg/kg) 30
min before or 3 h after the LPS injection.

Control groups received (a) saline (two in-
jections), (b) saline and NAC (at —30 min and
3 h, respectively), (c) NAC and saline (at —30
min and 3 h), (d) saline and 1400W (at —30 min
and 3 h), or (e) 1400W and saline (at —30
min and 3 h).

Six hour after the LPS injection, rats were
anesthetized by diethyl ether inhalation.
Blood was collected in heparinized syringes;
1 ml was collected in an EDTA-containing sy-
ringe. The heparinized blood was cen-
trifuged to separate plasma for citrulline and
nitrite assays. The red blood cells were used
for NO-Hb measurement; they were placed
in a quartz tube, frozen in liquid nitrogen,
and stored at —80°C, until the electron spin
resonance (ESR) measurement. The EDTA-
treated blood was also centrifuged to sepa-
rate plasma, added with aprotinin, and
stored at —80°C until enzyme-linked im-
munosorbent assay (ELISA) for tumor necro-
sis factor-a (TNF-a) was performed.
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A separate set of experiments was per-
formed to measure NF-«kB binding activity in
isolated peripheral blood mononuclear cells
(PBMCs); animals were treated with LPS
and/or NAC and killed 90 min after the en-
dotoxin administration. PBMCs were isolated
as previously described (1).

Measurements of NO-HD, citrulline,
nitrite/nitrate, and TNF-a

NO-Hb, citrulline, and nitrite were mea-
sured as previously described (1). For TNF-a
detection, EDTA-treated plasma was added
with aprotinin to inhibit protease inactivation
of the cytokine; 0.02 trypsin inhibitory unit of
aprotinin/ml of plasma was necessary. An
ELISA kit (Endogen, Inc.,, Woburn, MA,
U.S.A.) was used. A standard curve was per-
formed by using rat TNF-a.

Electromobility shift assay (EMSA) for NF-kB
binding activity

Nuclear extracts from PBMCs were pre-
pared according to Suzuki and Packer (12).
Two double-stranded deoxyoligonucleotides
were end-labeled with [y-32P]ATP (3,000
Ci/mmol; NEN Life Science Products, Boston,
MA, U.S.A.) using a T4 kinase (Amersham
Pharmacia Biotech, Uppsala, Sweden). Nu-
clear extracts (10 ng) were preincubated for 15
min at 2°C with 2 pg of poly(dI-dC) (Pharma-
cia) and incubated with 32P-labeled DN A NE-
kB probe in binding buffer (25 mM HEPES, 5
mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol,
10% glycerol, pH 7.8) for 20 min at room tem-
perature. DNA binding activity was separated
from the free probe using 5% polyacrylamide
gel in 0.5 X Tris-borate-EDTA buffer, run at
200 V. Following electrophoresis, the gel was
dried and autoradiographed. The specificity
of the NF-kB band was checked by incubating
the positive control with 20-fold excess of
nonlabeled probe.

RESULTS

LPS treatment leads to the expression of
iNOS, which is downstream from the activa-
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tion of response factors such as NF-kB. iNOS
generates sustained levels of NO rapidly dif-
fusing in the blood. The measurement of ni-
trite and nitrate in plasma is a reliable
method to confirm NO overproduction in
vivo, although confounding factors, such as
intestinal sources of nitrogen species entering
the circulation stream as a consequence of
LPS-induced intestinal injury, may affect the
interpretation of the data. Hence we used
three different ways to measure NO, includ-
ing ESR analysis of the NO-Hb adduct.

Six hours after LPS treatment (20 mg/kg
i.p.), the ESR signal related to NO-Hb was
well evident, indicating the generation of NO
and the subsequent reaction with the heme
group of deoxyhemoglobin (Fig. 1A). Concur-
rently, nitrites in plasma of LPS-treated ani-
mals significantly increased (Fig. 1B). The

223

concentration of citrulline, the by-product of
NO synthesis from L-arginine breakdown,
followed the same pattern and increased
within the same time window, indicating an
induction of de novo synthesis (Fig. 1C).

When animals were treated with NAC (150
mg/kg i.p.) 30 min before LPS, these parame-
ters were significantly and negatively af-
fected (Fig. 1), indicating that NO synthesis is
inhibited. On the other hand, when NAC was
administered 3 h following LPS injection, NO
generation was not affected. Surprisingly,
though, the citrulline levels were signifi-
cantly higher with respect to the group of rats
injected with LPS alone (Fig. 1C). Overall,
these data indicate that NO inhibition is ob-
tained by NAC acting on the transactivation
of the iNOS gene, and not as an inhibitor of
the enzyme itself.
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To clarify this point further, we adminis-
tered subcutaneously the specific iNOS in-
hibitor 1400W (5 mg/kg), 30 min before or
following the LPS challenge. 1400W is a mole-
cule that tightly binds and selectively inhibits
iNOS both in vivo and in vitro (6, 7, 13). A sig-
nificant inhibition of NO generation, as as-
sessed by determination of NO-Hb, nitrite,
and citrulline formation, was observed only
when 1400W was given 3 h after the endo-
toxic stimulus (Fig. 1). No effect on NO pro-
duction was detected when 1400W was ad-
ministered before LPS. This differential
activity on the basis of the treatment timing
suggests that the half-life of this molecule is
probably <3 h, which corresponds to the peak
time of iNOS expression and NO generation
due to the endotoxic stimulus. This pattern of
activity, clearly different from that observed
for the NAC treatment, indicates that the
thiol compound does not directly influence
iNOS activity.

The neosynthesis of iNOS induced by LPS
depends on the activation of tyrosine kinase
and on the nuclear DNA binding by the tran-
scription factor NF-«kB heterodimers p50/c-
Rel and p65/RelA (15). In turn, the produc-
tion of NO inhibits NF-kB binding to DNA (8,
9), thus acting as a feedback regulator of the
overall NO flow. We have already reported
that iINOS-mRNA expression in PBMCs from
LPS-treated rats is inhibited by NAC treat-
ment (1).

Therefore, we sought to investigate
whether the observed decrease of NO flow,
associated with NAC administration in LPS-
treated animals, is due to an effect at the tran-
scriptional level. As it is known that iNOS in-
hibitors augment the NF-kB binding activity
to DNA through the lack of negative feedback
produced by NO (2, 4, 14), we performed the
NF-kB assay 90 min after LPS intoxication,
when the NO levels are still undetectable in
blood (1). Figure 2 shows the EMSA for NF-
kB transcription factor performed on the nu-
clear protein extracts of PBMCs collected
from LPS-injected rats. In basal conditions,
NF-kB binding activity was almost unde-
tectable in PBMCs (Fig. 2, lane 1). After endo-
toxin stimulus, the binding of RelA-proteins
to the DNA consensus sequence significantly
increased (Fig. 2, lane 2), eventually leading
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FIG. 2. NAC inhibits NF-kB activation in PBMCs from
LPS-treated rats. NF-kB DNA binding activity of the nu-
clear extract of PBMCs obtained from LPS-treated rats is
shown. Lane 1, control animal; lane 2, rat treated with
LPS; lane 3, rat treated with NAC; lanes 4 and 5, rats
treated with both NAC and LPS; and lane 6, as in lane 2
plus cold competitor. One representative experiment of
three is presented.

to the transactivation of iNOS gene. When
rats were treated with NAC, the NF-kB bind-
ing activity was significantly inhibited (Fig. 2,
lanes 4 and 5) with respect to the levels ob-
served after LPS injection alone. NAC treat-
ment alone had no effect on NF-«B binding
activity (Fig. 2, lane 3). This observation indi-
cates that NAC acts at the transcriptional
level, possibly inhibiting some of the steps
upstream from NF-«B activation and transfer
to the cell nucleus.

The signaling and response cascade follow-
ing the LPS stimulus on PBMCs acts through
the intervention of TNF-a. To evaluate if the
observed inhibition of NF-kB binding activity
is due, at least in part, to a decrease of TNF-a-
mediated response, we measured the levels of
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TaBLE 1. EFFECT OF NAC ON PLASMA LEVELS OF
TNF-a IN LPS-TREATED RATS

Groups of treatment pg/ml TNF-a

Control 18.5+15.2(4)
NAC 0x0(3)
LPS 93.7 = 17.7 (5)*
NAC + LPS 72.5+2.1(9)
LPS + NAC 135.6 = 63 (4)

LPS was alwyas administered 6 h before animals were
killed and NAC 30 min before LPS (NAC + LPS group) or
3 h after LPS treatment (LPS + NAC group). The values
are means * SE (number of experiments). *p < 0.05, vs.
control.

this cytokine in plasma collected from ani-
mals 6 h after treatment with either LPS alone
or LPS plus NAC. It is known that the plasma
levels of this cytokine increase in the rat
within 1 h following the administration of
1 pg/kg i.v. of LPS (3). In our model system,
we found that TNF-a levels persist at a rela-
tively high level up to 6 h after the adminis-
tration of a larger intraperitoneal dose of LPS
(Table 1). At this time, we evaluated the effect
of NAC, administered 30 min before or 3 h
after the endotoxin; this thiol did not signifi-
cantly affect TNF-a levels, indicating that the
inhibition of NF-kB binding activity by NAC
is independent of TNF-a secretion and is pos-
sibly due to its intervention in the redox-sen-
sitive pathway of NF-«kB activation.

DISCUSSION

We have recently reported on LPS adminis-
tration in the rat as an experimental model to
study acute overproduction of NO by iNOS
and to evaluate the effect of NAC on this re-
sponse (1).

To understand better the molecular basis of
the inhibitory effect of NAC on NO genera-
tion in septic shock, in this study we investi-
gated both the possibility of a direct inhibi-
tion of iNOS enzyme activity and its effect on
the signaling cascade leading to iNOS expres-
sion. For this purpose, the effects of NAC and
1400W on iNOS were compared.

We administered NAC either before or
after LPS treatment. The different effect ob-
served after the administration of the iNOS
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inhibitor 1400W points out that NAC does
not directly inhibit iNOS enzyme activity.

We sought to understand further at what
level NAC is affecting the signaling cascade
between endotoxic stimulus and iNOS-mRNA
expression. It is known that LPS-induced ex-
pression of iNOS is dependent on the activa-
tion of tyrosine kinase and on the binding of
NF-kB to DNA (5). We have demonstrated
that activation of this transcriptional factor oc-
curs also in vivo following endotoxin treat-
ment, as indicated by the significant increase
of NF-kB binding activity to the consensus se-
quence, tested by EMSA in PBMCs. The ad-
ministration of NAC significantly decreases
the response induced by LPS.

On the other hand, TNF-a secretion is not
affected by NAC. This indicates that the pri-
mary response to LPS is not thiol-regulated
and suggests that the block by NAC of the sig-
naling cascade activated by LPS could be due
rather to a combination of the following activ-
ities: (a) The thiol donor activity of NAC im-
proves the cellular antioxidant network and
down-regulates the redox-sensitive mecha-
nisms of NF-kB activation. This effect can be
achieved either by providing the fuel for the
ex novo GSH synthesis or by increasing the
thiol intracellular levels. (b) There may exist a
specific activity on a step upstream from the
release of the inhibitory subunit I-kB, such as
the maintenance at reduced status of critical
cysteine residual on the protein skeleton.
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