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Abstract

The role of nitric oxide (NO) on the increase in vascular permeability and neutrophil migration induced by staphylococcal enterotoxin
B (SEB; 25mg/paw) in the mouse was investigated in this study. The NO synthase inhibitorNv-nitro-L-arginine methyl ester (L-NAME)
[but not its inactive enantiomerNv-nitro-D-arginine methyl ester (D-NAME)], given intravenously (25–100mmol/kg) or subplantarly
(0.25–1.0mmol/paw), reduced SEB-induced paw oedema significantly. A similar response was observed with aminoguanidine, given either
intravenously (200–600mmol/kg) or subplantarly (2mmol/paw). In contrast to paw oedema, the plasma exudation in response to SEB was
not affected by the subplantar injection ofL-NAME or aminoguanidine. The inhibition of oedema and plasma exudation by systemic
treatment withL-NAME or aminoguanidine was reversed by co-injection of the vasodilator iloprost (0.3 nmol/paw). Subplantar injection
of SEB (25mg/paw) increased by 69% the myeloperoxidase (MPO) activity of SEB-treated paws, indicating the presence of neutrophils.
Intravenous (12.5–50mmol/kg) or subplantar (0.125–0.5mmol/paw) administration ofL-NAME (but not of its inactive enantiomer,
D-NAME) largely reduced the MPO activity in SEB-treated paws. Similarly, intravenous (200–600mmol/kg) or subplantar (2mmol/paw)
administration of aminoguanidine significantly reduced the MPO values of the SEB-injected paws. The vasodilator iloprost (0.3 nmol/paw)
completely reversed the inhibition byL-NAME or aminoguanidine of the MPO activity in SEB-injected paws. Our results show that the
increased vascular permeability and neutrophil accumulation in response to subplantar injection of SEB in the mouse are inhibited by
L-NAME and aminoguanidine by mechanisms probably involving reduction of local microvascular blood flow. © 2001 Elsevier Science
Inc. All rights reserved.
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1. Introduction

Staphylococcal enterotoxins are the most common cause
of acute food poisoning in humans [1]. They represent a
family of structurally related exoproteins (25–30 kDa) pro-
duced by several strains ofStaphylococcus aureusand are
classified into eight distinct immunological types (A-E and

G-I) [2]. The physiopathological responses to staphylococ-
cal enterotoxins involve activation of a number of cell types
such as mast cells, macrophages, and lymphocytes, causing
the release of different mediators including histamine, se-
rotonin, leukotrienes, and various cytokines [3–5]. Among
the staphylococcal toxins, SEB can be easily obtained in
relatively large amounts and purity, and therefore has been
used extensively in experimental investigations. Previous
studies demonstrated that SEB induces hind-paw oedema
and peritoneal neutrophil migration in the mouse, both of
which are believed to be mediated by platelet-activating
factor, histamine, leukotrienes, and neuropeptides [6,7]. In
addition, SEB causes acute inflammatory lung injury char-
acterized by an increase in vascular permeability, granulo-
cyte infiltration, and induction of a number of cell adhesion
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molecules [8]. In the air pouch model in mice, SEB was able
to recruit leukocytes (mainly neutrophils) in the pouch ex-
udate [9]. Neutrophils have been considered the major cell
type involved in the host’s defense againstS. aureus[10],
and accumulation of neutrophils is a prominent feature of
staphylococcal enterotoxin-induced gastroenteritis [11].

NO is produced in physiopathological conditions by
three distinct isoforms of NOS, namely eNOS (isoform III),
bNOS (isoform I), and iNOS (isoform II). The first two
isoforms are expressed constitutively, whereas iNOS is ex-
pressed following exposure to diverse stimuli, such as cy-
tokines (IL-1, TNF, IFN-g) and lipopolysaccharide. SEB is
able to release NO bothin vivo [12] and in vitro [13], and
this seems to play a major role in SEB-induced shock. Since
NO has been shown to modulate acute and chronic inflam-
matory processes [14], in this study we examined the role of
NO on the increase in vascular permeability (plasma exu-
dation and paw oedema) and neutrophil migration induced
by SEB in the mouse paw.

2. Materials and methods

2.1. Drugs

SEB (purchased from the Sigma Chemical Co.) was
dissolved in sterile saline (0.9%, w/v) and stored in a re-
frigerator at a concentration of 1 mg/mL.L-NAME, D-
NAME, aminoguanidine, hexadecyltrimethylammonium
(HTAB), o-dianisidine dihydrochloride, and hydrogen per-
oxide were also obtained from Sigma. Iloprost was obtained
from Schering. L-[2,3,4,5-3H]Arginine (specific activity
60.0 Ci/mmol) was supplied by Amersham. All drugs were
diluted in saline.

2.2. Animals

All experiments were carried out in accordance with the
guidelines of the State University of Campinas (UNICAMP).
Experimental procedures were performed in adult male Swiss
mice (25–30 g) obtained from the Central Animal House
(CEMIB).

2.3. Measurement of paw oedema and vascular
permeability

Groups of five mice were injected intravenously with
Evans blue (25 mg/kg) immediately before subplantar in-
jection of 0.05 mL (25mg/paw) of SEB in the left hind-paw
under light ether anesthesia. The right hind-paw of each
mouse served as the control and received an injection of
0.05 mL of vehicle alone (saline). The oedema and the dye
exudate were measured 4 hr after the stimulus. Briefly, after
being killed, the paws of the animals were amputated at the
tarsocrural joint and weighed on an analytical balance. The
oedema, expressed in milligrams, was the weight variation

between the left (treated) and right (untreated) paw. Each
paw was then chopped into small pieces and placed in a test
tube with 3.0 mL of formamide. The tubes were then incu-
bated in a water bath at 57° for 24 hr. The absorbance of the
supernatants was measured at 619 nm. The concentration of
Evans blue present in the extracts was determined from a
standard curve of the dye prepared in formamide.

2.4. MPO assay

MPO, a hemoprotein located in azurophil granules of
neutrophils, has been used as a biochemical marker for
neutrophil infiltration into tissues. Briefly, each paw was
weighed, chopped into small pieces, and placed in a test
tube in the presence of 0.5% HTAB in 50 mM potassium
phosphate buffer, pH 6.0. Each tissue sample was homog-
enized for 15 sec, then vortexed, and 1-mL aliquots of the
homogenate were decanted into Eppendorf tubes. These
tubes were then centrifuged (Eppendorf centrifuge) for 2
min at maximum speed, and the supernatants were col-
lected. An MPO assay was performed using a microliter
plate scanner (Spectra Max 34, Molecular Devices). This
consisted of mixing 10mL of sample with 200mL of
o-dianisidine solution (0.167 mg/mL ofo-dianisidine dihy-
drochloride and 0.0005% hydrogen peroxide) prior to read-
ing the plate. The changes in absorbance were measured at
460 nm for 30 sec over a period of 5 min. One unit of MPO
activity was defined as that degrading 1mmol of peroxide/
min at 25° [15].

2.5. NOS assay

NOS activity was determined according to the method
described by Fo¨rstermannet al. [16], which is based upon
the conversion of [3H]L-arginine to [3H]L-citrulline. Briefly,
hind-paws were thawed, weighed, and homogenized with
50 mM Tris–HCl, pH 7.4, containing 1 mM phenylmethyl-
sulphonyl fluoride (PMSF) and 1 mML-citrulline in a poly-
tron tissue homogenizer. The homogenates were centri-
fuged (10,000g, 10 min), and 50mL of each supernatant
was incubated for 30 min in the presence of 1 mM NADPH,
2 mM CaCl2, 10 mg/mL of calmodulin, 10mM FAD, 100
mM BH4, and 10mM L-arginine containing 200,000 dpm of
[2,3,4,5-3H]L-arginine monohydrochloride at 37°. Pharma-
cological controls of NOS activity were carried out in par-
allel and consisted of either the omission of CaCl2 and the
addition of 1 mM EGTA, or the addition of 1 mML-NAME
to the incubation medium. The protein content of samples
was determined according to the method of Peterson [17],
and NOS activity was expressed as picomoles ofL-citrulline
per minute per milligram of protein.

2.6. Experimental protocols

For the plasma exudation and paw oedema measure-
ments, the animals receivedL-NAME (25–100 mmol/kg),
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D-NAME (100 mmol/kg), or aminoguanidine (200–600
mmol/kg) intravenously immediately before subplantar in-
jection of SEB (25mg/paw; N 5 5 in each group). In a
separate set of experiments,L-NAME (0.25–1.0mmol/paw),
D-NAME (1.0 mmol/paw), and aminoguanidine (2mmol/
paw) were co-injected with SEB into the paws (N5 5 in
each group). In the experiments designed to examine the
effects of the vasodilator iloprost on SEB-induced re-
sponses, iloprost (0.3 nmol/paw) was injected 1 hr before
the measurement of paw oedema. The increases in paw
weight and plasma exudation were always measured 4 hr
after the subplantar injection of SEB.

For the MPO assay, groups of five mice were injected
intravenously withL-NAME (12.5–50mmol/kg), D-NAME
(50 mmol/kg), or aminoguanidine (200–600mmol/kg) im-
mediately before the subplantar injection of SEB (25mg/
paw). In a separate set of experiments,L-NAME (0.125–0.5
mmol/paw),D-NAME (0.5 mmol/paw), and aminoguanidine
(2 mmol/paw) were co-injected with SEB into the paws
(N 5 5 in each group). In the experiments designed to
examine the effects of the vasodilator iloprost on SEB-
induced responses, iloprost (0.3 nmol/paw) was injected 1
hr before the measurement of MPO activity. The MPO
activity in the paw homogenates was determined 4 hr after
the subplantar injection of SEB.

2.7. Statistical analysis

Data are reported as the means6 SEM of 4–5 animals.
Results were compared using ANOVA followed by the
Bonferroni test. Values ofP , 0.05 were considered to be
significant.

3. Results

3.1. Plasma exudation and paw oedema

Subplantar injection of SEB in the hind-paws of mice
caused a dose-dependent paw oedema (26 2, 10 6 0.1,
30 6 3.1, and 326 2 mg for 6.25, 12.5, 25, and 50mg/paw
at 4 hr, respectively) and plasma exudation (186 2, 326
2, and 146 2.5 mg for 25mg/paw at 2, 4, and 24 hr,
respectively). The time-course for oedema formation (186
2, 326 2, and 146 2.5 mg for 25mg/paw at 2, 4, and 24
hr, respectively) and plasma exudation (1.46 0.4, 4.36
0.6, and 1.86 0.2 mg/g of Evans blue for 25mg/paw at 2,
4, and 24 hr, respectively; N5 5) revealed that maximal
responses were observed at 4 hr post-SEB injection. For
further studies, SEB was administered routinely at a dose of
25 mg/paw, and both plasma protein exudation and paw
oedema were evaluated 4 hr later.

Figure 1A shows that intravenous administration of
L-NAME (25–100mmol/kg) caused a dose-dependent inhi-
bition of the SEB-induced paw oedema. A significant re-
duction (P , 0.05) in dye exudation was observed only at

the highest dose ofL-NAME (Fig. 1B). The intravenous
administration of the inactive enantiomerD-NAME (100
mmol/kg) affected neither paw oedema (Fig. 1A) nor plasma
exudation (Fig. 1B). At the doses used, intravenous admin-
istration of L-NAME had no significant effect on basal
plasma exudation in saline-injected paws (not shown).

The subplantar administration ofL-NAME (0.25–1.0
mmol/paw), but notD-NAME (1.0 mmol/paw), also reduced
SEB-induced paw oedema significantly without affecting
plasma exudation (Table 1). At the doses used, subplantar
administration ofL-NAME had no significant effect on the
basal plasma exudation of the saline-injected paws (not
shown).

The intravenous administration of the iNOS inhibitor
aminoguanidine (200–600mmol/kg) significantly reduced
(P , 0.05) both paw oedema (Fig. 2A) and plasma exuda-
tion (Fig. 2B) induced by SEB. When given locally into the
paws, aminoguanidine (2mmol/paw) reduced paw oedema
by 44% (P , 0.05), but failed to affect plasma exudation
(4.66 0.8 and 5.66 0.5mg/g of Evans blue for control and
treated-paws, respectively). At the doses used, subplantarly
or intravenously, aminoguanidine had no significant effect
on basal plasma exudation in saline-injected paws (not
shown).

Fig. 1. Effects ofL-NAME (25–100mmol/kg) andD-NAME (100 mmol/
kg) on SEB-induced paw oedema and plasma exudation. The changes in
paw weight (A) and Evans blue exudation (B) were measured 4 hr after the
injection of SEB (25mg/paw). Each column represents the mean6 SEM
of five mice. Key: (*)P , 0.05 compared with the control group (untreated
animals).

Table 1
Effects of subplantar administration ofL-NAME or D-NAME on paw
oedema and plasma exudation induced by SEB (25mg/paw)

D Increase in
paw weight
(mg)

Evans blue
(mg/g)

Control 346 2.4 5.06 0.3
L-NAME (mmol/paw)

0.25 186 2.0* 4.66 1.1
0.5 206 3.2* 4.76 0.9
1.0 206 4.5* 4.86 0.6

D-NAME (mmol/paw)
1.0 306 3.2 4.96 0.9

The increase in paw weight and Evans blue exudation was measured 4
hr after SEB injection. Data represent the means6 SEM of five mice.

*P , 0.05 compared with the control group.
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The subplantar injection of the prostacyclin analogue
iloprost (0.3 nmol/paw) potentiated the SEB-induced paw
oedema and plasma exudation by 65.7 and 42.7% (P ,
0.05), respectively, as expected. In addition, iloprost signif-
icantly reversed the inhibition byL-NAME or aminoguani-
dine of the SEB-induced paw oedema (Fig. 3A) and plasma
exudation (Fig. 3B). Iloprost did not evoke paw oedema or
plasma exudation when injected alone (not shown).

3.2. Measurement of MPO activity

Subplantar injection of SEB (25mg/paw) in the hind-
paws of the mice caused a significant increase (P , 0.05) in
MPO activity, as determined at 4 and 12 hr post-SEB
injection (12.56 0.8 and 15.76 1.1 MPO units/mg) in
comparison with the MPO values in the contralateral paws
injected with sterile saline (7.446 0.5 MPO units/mg). For
further studies, MPO activity was determined routinely at 4
hr post-SEB injection.

Intravenous administration ofL-NAME (12.5–50mmol/
kg) largely reduced the MPO activity in SEB-treated paws.
At the highest dose (50mmol/kg), the increased MPO ac-

tivity was nearly abolished byL-NAME (Fig. 4A). Simi-
larly, subplantar administration ofL-NAME (0.125–0.5
mmol/paw) dose-dependently reduced the increased MPO
activity in SEB-treated paws. A total reversal of the in-
creased MPO activity was observed with 0.5mmol/paw of
L-NAME (Fig. 4B). The inactive enantiomerD-NAME,
given either intravenously (50mmol/kg) or subplantarly
(0.5 mmol/paw), had no effect on the increased MPO activ-
ity in SEB-treated paws (Fig. 4). In addition,L-NAME,
given either intravenously (50mmol/kg) or subplantarly
(0.5mmol/paw), failed to affect the MPO activity of saline-
injected paws significantly (not shown).

The intravenous (200–600mmol/kg) or subplantar (2
mmol/paw) administration of the iNOS inhibitor aminogua-
nidine significantly reduced (P , 0.05) MPO activity in the
SEB-treated paws. However, a complete reduction of MPO
activity was not observed with the use of aminoguanidine
(Table 2).

Subplantar injection of iloprost (0.3 nmol/paw) potenti-
ated by 40% (P , 0.05) the MPO activity of SEB-treated
paws. In addition, iloprost completely reversed the inhibi-
tion by L-NAME (50 mmol/kg, i.v.) or aminoguanidine (600

Fig. 2. Effect of aminoguanidine (200–600mmol/kg, i.v.) on SEB-induced
paw oedema and plasma exudation. The changes in paw weight (A) and
Evans blue exudation (B) were measured 4 hr after injection of SEB (25
mg/paw). Each column represents the mean6 SEM of five mice. Key: (*)
P , 0.05 compared with the control group (untreated animals).

Fig. 3. Effects of iloprost on the inhibition of SEB-induced paw oedema
(A) and plasma exudation (B) byL-NAME (open columns) or aminogua-
nidine (striped columns). The mice were injected intravenously with either
L-NAME (100 mmol/kg) or aminoguanidine (600mmol/kg) immediately
before SEB (25mg/paw). Control (untreated) mice were injected intrave-
nously with saline (solid columns). The mice received either iloprost (0.3
nmol/paw;1 ILO) or saline instead of iloprost (-ILO) 1 hr before paw
oedema analysis. The changes in paw weight and dye exudation were
measured 4 hr after the injection of SEB. Each column represents the
mean6 SEM of five mice. Key: (*)P , 0.05 compared with the control
group.

Fig. 4. Effects of intravenous (A) and subplantar (B) administration of
L-NAME and D-NAME on the MPO activity of SEB-treated paws. The
measurement of MPO activity (UMPO/mg) was carried out at 4 hr after
injection of SEB (25mg/paw). UMPO5 MOP units. Each column repre-
sents the mean6 SEM of five mice. Key: (#)P , 0.05 compared with the
saline group; and (*)P , 0.05 compared with the SEB group.

Table 2
Effects of intravenous (200–600mmol-kg) or subplantar (2mmol/paw)
administration of aminoguanidine on MPO activity of SEB-treated paws
(25 mg/paw)

MPO activity
(MPO units/mg)

Saline 6.96 0.7
SEB 22.16 1.5**
Aminoguanidine (mmol/kg)

200 17.26 0.6**
400 14.96 1.0**
600 14.86 1.1**

Aminoguanidine (mmol/paw)
2 12.76 1.2**

Changes in MPO activity were measured 4 hr after SEB injection. Data
represent the means6 SEM of five mice.

* P , 0.05 compared with the saline group.
** P , 0.05 compared with the SEB-treated group.
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mmol/kg, i.v.) of the MPO activity in SEB-injected paws
(Fig. 5). When injected alone, iloprost did not affect MPO
activity compared with the saline control (7.56 1.1 and
7.6 6 0.4 MPO units/mg, respectively).

3.3. Measurement of NOS activity

cNOS activity in the SEB-injected mouse paws was
enhanced markedly (1.76 0.4 pmol citrulline/min/mg)
compared with that of the saline-injected paws (0.46 0.09
pmol citrulline/min/mg, N5 3; P , 0.05). The omission of
Ca21 and the addition of EGTA to the paw homogenates
abolished the increased NOS activity of SEB-injected paws
(0.3 6 0.1 pmol citrulline/min/mg), thus indicating that the
conversion of [3H]L-arginine to [3H]L-citrulline was essen-
tially due to constitutive NOS.

4. Discussion

Our results clearly show that increased vascular perme-
ability and neutrophil accumulation in response to SEB in
the mouse paw were inhibited significantly by local or
systemic treatment of the animals with the NOS inhibitors
L-NAME and aminoguanidine, strongly indicating that NO
modulates both of these phenomena. The failure of the
inactive enantiomerD-NAME to affect the SEB-induced
inflammatory responses confirms the hypothesis that inhi-
bition by L-NAME was, in fact, due to the inhibition of NO
synthesis.

The role of NO in inflammation is still controversial.
Depending on the type and the phase of inflammation and
the individual vascular or cellular response studied, NO
seems to have both pro-inflammatory and anti-inflammatory
properties, suggesting that NO, like other inflammatory me-
diators, has a dualistic function in inflammation [14]. NO
modulates vascular permeability and oedema formation by
mechanisms dependent on, and independent of, local blood
flow [18]. Our results showing thatL-NAME, given intra-
venously or subplantarly, significantly reduced SEB-in-
duced paw oedema are in agreement with previous studies
that demonstrated that this compound reduces oedema for-
mation in a number of animal species, including the mouse
[19,20]. The reduction of inflammatory oedema by NOS
inhibitors has been attributed to their ability to prevent
vasodilatation and decrease regional microvascular blood
flow as a consequence of the inhibition of NO synthesis in
vascular endothelium [21–24]. We speculated, therefore,
that inhibition of SEB-induced paw oedema byL-NAME
reflects a decrease in blood flow of the paw microcirculation
(vasoconstriction) without directly affecting the permeabil-
ity. The finding that iloprost, an analogue of the vasodilator
prostacyclin [25], completely reversed the inhibition by
L-NAME of SEB-induced paw oedema is consistent with
this proposal, as previously suggested for carrageenan-in-
duced rat paw oedema [26]. Aminoguanidine is a compound
known to preferentially inhibit the iNOS isoform with little
or no inhibitory effect on the constitutive (endothelial and
neuronal) NOS isoforms [27–29]. Interestingly, systemic or
subplantar treatment of the mice with aminoguanidine also
reduced SEB-induced paw oedema significantly, and such
reduction was completely reversed by iloprost. This sug-
gests that inhibition of SEB-induced oedema by aminogua-
nidine cannot be explained solely by virtue of its ability to
selectively inhibit the iNOS isoform, but rather involves
inhibition of constitutive NOS activity. Indeed, previous
studies reported that, depending on the dose employed,
aminoguanidine can inhibit constitutive NOS activity [30].
Our findings that subplantar injection of SEB markedly
increased constitutive NOS activity in the paw homogenates
further support the involvement of this isoform in oedema
development. The participation of an inducible, calcium-
independent NOS isoform was excluded since omission of
calcium and addition of EGTA to the paw homogenates
completely prevented the increased NOS activity. Although
the evidence that SEB increases the activity of a constitutive
(but not an inducible) NOS isoform is surprising, previous
studies showed that rat paw oedema induced by carrageenan
is accompanied by a marked increase in constitutive (but not
inducible) NOS in paw homogenates at early (0–4 hr)
phases of oedema [31], an effect recently attributed to NO
synthesized by a neuronal NOS isoform, most probably
within sensory nerves [32]. Accordingly, a recent study
showed that SEB-induced mouse paw oedema is a conse-
quence of a complex neurogenic response involving local
activation of sensory nerves [33].

Fig. 5. Effects of iloprost on the reduction of MPO activity byL-NAME
(open columns) or aminoguanidine (striped columns). The mice were
injected intravenously with eitherL-NAME (50 mmol/kg) or aminoguani-
dine (600mmol/kg) immediately before SEB (25mg/paw). Control (un-
treated) mice were injected intravenously with saline (solid columns). The
mice received either iloprost (0.3 nmol/paw;1 ILO) or sterile saline
instead of iloprost (-ILO). The changes in MPO activity (UMPO/mg) were
measured 4 hr after the injection of SEB. UMPO5 MPO units. Each
column represents the mean6 SEM of five mice. Key: (*) P , 0.05
compared with the control group.
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It is well documented that development of inflammatory
oedema is due primarily to an increase in protein efflux,
which decreases the lymph-to-plasma total-protein ratio
(L/P ratio), thus virtually eliminating the transmural colloid
osmotic pressure gradient, whereas the transmural hydro-
static pressure gradient is increased markedly. The rise in
microvascular pressure (Pmv) is not accepted as an impor-
tant determinant of oedema formation [34]. Our results
showed that whileL-NAME (or aminoguanidine) reduced
SEB-induced paw oedema, the plasma exudation was re-
duced only by the higher doses of these compounds (in the
case of systemic treatment) or was not affected (in the case
of subplantar treatment). This implies that in situations
where paw oedema is reduced, the amount of extravasated
proteins is not modified significantly. Although these results
are unclear, they suggest thatL-NAME and aminoguanidine
reduce SEB-induced paw oedema mainly by reducing the
transmural hydrostatic pressure gradient; the findings that
the vasodilator iloprost reversed the inhibition of paw oe-
dema byL-NAME and aminoguanidine reinforce this pro-
posal. Furthermore,L-NAME inhibits carrageenan-induced
paw oedema without affecting the permeability kinetics
[26]. In this respect, it is interesting to note thatL-NAME
has been shown to increase the microvascular protein efflux
by mechanisms dependent on, and independent of, leuko-
cyte adhesion [35,36]. However, it is unlikely that this
mechanism contributes to the overall phenomenon in the
mouse paw microcirculation sinceL-NAME and aminogua-
nidine failed to affect basal plasma exudation, as observed
in the saline-treated paws.

Neutrophil migration from circulating blood to sites of
injury is a crucial event during inflammatory processes, a
phenomenon mediated by various substances including
C5a, leukotriene B4, IL-1, IL-8, TNF-a, and IFN-g. Some
of these cytokines such as IL-1, TNF-a, and IFN-g can
induce iNOS activity in a variety of cells (including neu-
trophils), leading to enhanced NO formation [30]. The role
of NO on leukocyte recruitment has been investigated ex-
tensively, but results are still conflicting. Inhibitors of NOS
such asNG-monomethyl-L-arginine attenuatedin vitro hu-
man neutrophil chemotaxis [37,38]. In thein vivo pleurisy
model,L-NAME can either inhibit [39,40] or have no effect
on [41] pleural neutrophil accumulation. Additionally, in
both cat mesenteric [42] and rat hindlimb muscle [43] prep-
arationsin vivo, L-NAME increases leukocyte adhesion to
vascular endothelium. Our results showed that subplantar
injection of SEB markedly increased MPO activity in
mouse paw homogenates at 4 hr, indicating that the number
of neutrophils in the paws was enhanced by this enterotoxin.
The increased MPO activity values of SEB-treated paws
were reduced significantly byL-NAME (but not D-NAME)
and aminoguanidine, indicating that NO modulates this phe-
nomenon. SinceL-NAME (and aminoguanidine) reduced
SEB-induced paw oedema by a mechanism probably related
to decrease of local blood flow, we next examined whether
attenuation of infiltrating neutrophils by the NO inhibitors

also reflects a decrease of regional microvascular blood
flow, a condition that may restrict the number of infiltrating
cells into inflammatory sites. Our findings that the vasodi-
lator iloprost potentiated the MPO activity in SEB-treated
paws and completely reversed the inhibitory effects ofL-
NAME (and aminoguanidine) on the SEB-induced increase
in MPO activity are consistent with the suggestion that
reduction of basal blood flow is the mechanism by which
L-NAME and aminoguanidine inhibit neutrophil accumula-
tion in SEB-treated paws. In a similar way, the vasodilators
sodium nitroprusside and prostaglandin E1 also reversed the
inhibitory effects ofL-NAME on the neutrophil accumula-
tion induced by zymosan-activated serum in guinea-pig skin
[23], thus reinforcing our proposal. Furthermore, the failure
of L-NAME to affect the MPO activity in the contralateral
paws injected with saline may rule out that increased MPO
activity in SEB-treated paws reflects an enhancement of
neutrophil adhesion to vascular endothelium.

In conclusion, our results demonstrate that the increased
vascular permeability and neutrophil accumulation ob-
served in response to subplantar injection of SEB in mice
were inhibited significantly by NOS inhibitors such asL-
NAME and aminoguanidine. Reduction of local blood flow
seems to be the main mechanism by which the NO inhibi-
tors exert their anti-inflammatory effects.
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[5] HaskóG, Virág L, Egnaczyk G, Salzman AL, Szabo´ C. The crucial
role of IL-10 in the suppression of the immunological response in
mice exposed to staphylococcal enterotoxin B. Eur J Immunol 1998;
28:1417–25.

[6] Desouza IA, Bergdoll MS, Ribeiro-DaSilva G. Pharmacological char-
acterization of mouse paw edema induced by staphylococcal entero-
toxin B. J Nat Toxins 1996;5:61–71.

[7] Desouza IA, Ribeiro-DaSilva G. Resident macrophages modulate the
neutrophil migration induced by staphylococcal enterotoxin B into
the mouse peritoneal cavity. J Nat Toxins 1996;5:341–50.

[8] Neumann B, Engelhardt B, Wagner H, Holzmann B. Induction of
acute inflammatory lung injury by staphylococcal enterotoxin B.
J Immunol 1997;158:1862–71.

[9] Tessier PA, Naccache PH, Diener KR, Gladue RP, Neote KS, Clark-
Lewis I, McColl SR. Induction of acute inflammationin vivo by

1310 C.F. Franco-Penteado et al. / Biochemical Pharmacology 61 (2001) 1305–1311



staphylococcal superantigens. II. Critical role for chemokines,
ICAM-1, and TNF-a. J Immunol 1998;161:1204–11.

[10] Hill HR, Estensen RD, Hogan NA, Quie PG. Severe staphylococcal
disease associated with allergic manifestations, hyperimmunoglobu-
linemia E, and defective neutrophil chemotaxis. J Lab Clin Med
1976;88:796–806.

[11] Zehavi-Willner T, Shenberg E, Barnes A.In vivo effect of staphylo-
coccal enterotoxin A on peripheral blood lymphocytes. Infect Immun
1984;44:401–5.

[12] Florquin S, Amraoui Z, Dubois C, Decuyper J, Goldman M. The
protective role of endogenously synthesized nitric oxide in staphylo-
coccal enterotoxin B-induced shock in mice. J Exp Med 1994;180:
1153–8.

[13] LeClaire RD, Kell WM, Sadik RA, Downs MB, Parker GW. Regu-
lation of staphylococcal enterotoxin B-elicited nitric oxide production
by endothelial cells. Infect Immun 1995;63:539–46.

[14] Moilanen E, Vapaatalo H. Nitric oxide in inflammation and immune
response. Ann Med 1995;27:359–67.

[15] Bradley PP, Priebat MD, Christensen MD, Rothstein G. Measurement
of cutaneous inflammation: estimation of neutrophil content with an
enzyme marker. J Invest Dermatol 1982;78:206–9.

[16] Förstermann U, Gorsky LD, Pollock JS, Schmidt HHHW, Heller M,
Murad F. Regional distribution of EDRF/NO-synthesizing enzyme(s)
in rat brain. Biochem Biophys Res Commun 1990;168:727–32.

[17] Peterson GL. A simplification of the protein assay method of Lowry
et al. which is more generally applicable. Anal Biochem 1977;83:
346–56.

[18] Moncada S, Higgs A. TheL-arginine-nitric oxide pathway. N Engl
J Med 1993;329:2002–12.

[19] Ianaro A, O’Donnell CA, Di Rosa M, Liew FY. A nitric oxide
synthase inhibitor reduces inflammation, down-regulates inflamma-
tory cytokines and enhances interleukin-10 production in carrag-
eenin-induced oedema in mice. Immunology 1994;82:370–5.

[20] Musoh K, Nakamura N, Ueda Y, Inagaki N, Nagai H. Possible role
of nitric oxide in IgE-mediated allergic cutaneous reaction in mice.
Int Arch Allergy Immunol 1998;115:91–6.

[21] Hughes SR, Williams TJ, Brain SD. Evidence that endogenous nitric
oxide modulates oedema formation induced by substance P. Eur
J Pharmacol 1990;191:481–4.

[22] Ialenti A, Ianaro A, Moncada S, Di Rosa M. Modulation of acute
inflammation by endogenous nitric oxide. Eur J Pharmacol 1992;211:
177–82.

[23] Teixeira MM, Williams TJ, Hellewell PG. Role of prostaglandins and
nitric oxide in acute inflammation reactions in guinea-pig skin. Br J
Pharmacol 1993;110:1515–21.

[24] Mariani-Pedroso SR, Bizeto L, Antunes E, Zatz R, De Nucci G.
Dissimilarity between prostaglandin E1 and nitric oxide donors as
potentiators of plasma exudation in the rabbit skinin vivo. Prosta-
glandins Leukot Essent Fatty Acids 1995;52:399–402.

[25] Skuballa W, Raduchel B, Vorbruggen H. Chemistry of stable pros-
tacyclin analogues: synthesis of iloprost. In: Gryglewsli R, Stock G,
editors. Prostacyclin and its stable analogue iloprost. Berlin: Springer,
1987. p. 17–24.

[26] Medeiros MV, Binhara IM, Moreno H, Zatz R, De Nucci G, Antunes
E. Effect of chronic nitric oxide synthesis inhibition on the inflam-
matory responses induced by carrageenin in rats. Eur J Pharmacol
1995;285:109–14.

[27] Corbett JA, Tilton RG, Chang K, Hasan KS, Ido Y, Son JR, Mc-
Daniel ML. Aminoguanidine, a novel inhibitor of nitric oxide forma-
tion, prevents diabetic vascular dysfunction. Diabetes 1992;41:
552– 6.

[28] Griffiths MJ, Messent M, MacAllister RJ, Evans TW. Aminoguani-
dine selectively inhibits inducible nitric oxide synthase. Br J Phar-
macol 1993;110:963–8.

[29] Misko TP, Moore WM, Kasten TP, Nickols GA, Corbett JA, Tilton
RG, McDaniel ML, Williamson JR, Currie MG. Selective inhibition
of the inducible nitric oxide synthase by aminoguanidine. Eur J Phar-
macol 1993;233:119–25.

[30] Southan GJ, Szabo´ C. Selective pharmacological inhibition of distinct
nitric oxide synthase isoforms. Biochem Pharmacol 1996;51:383–94.

[31] Salvemini D, Wang ZQ, Wyatt PS, Bourdon DM, Marino MH,
Manning PT, Currie MG. Nitric oxide: a key mediator in the early and
late phase of carrageenan-induced rat paw inflammation. Br J Phar-
macol 1996;118:829–38.

[32] Handy RLC, Moore PK. A comparison of the effects ofL-NAME,
7-NI andL-NIL on carrageenan-induced hindpaw oedema and NOS
activity. Br J Pharmacol 1998;123:1119–26.

[33] Linardi A, Costa SKP, DaSilva GR, Antunes E. Involvement of
kinins, mast cells and sensory neurons on the plasma exudation and
paw oedema induced by staphylococcal enterotoxin B in the mouse.
Eur J Pharmacol 2000;399:235–42.

[34] Grega GJ, Adamski SW. The role of venular endothelial cells in the
regulation of macromolecular permeability. Microcirc Endothelium
Lymphatics 1988;4:143–67.

[35] Kubes P, Granger DN. Nitric oxide modulates microvascular perme-
ability. Am J Physiol 1992;262:H611–5.

[36] Harris NR. Opposing effects ofL-NAME on capillary filtration rate in
the presence or absence of neutrophils. Am J Physiol 1997;273:
G1320–5.

[37] Kaplan SS, Billiar T, Curran RD, Zdziarski UE, Simmons RL, Bas-
ford RE. Inhibition of chemotaxis with NG-monomethyl-L-arginine: a
role for cyclic GMP. Blood 1989;74:1885–7.

[38] Belenky SN, Robbins RA, Rennard SI, Gossman GL, Nelson KJ,
Rubinstein I. Inhibitors of nitric oxide synthase attenuate human
neutrophil chemotaxisin vitro. J Lab Clin Med 1993;122:388–94.

[39] Menezes-de-Lima-Ju´nior O, Werneck-Barroso E, Cordeiro RSB,
Henriques MGMO. Effects of inhibitors of inflammatory mediators
and cytokines on eosinophil and neutrophil accumulation induced by
Mycobacterium bovis bacillus Calmette-Gue´rin in mouse pleurisy.
J Leukoc Biol 1997;62:778–85.

[40] Vianna RMJ, Calixto JB. Characterization of the receptor and the
mechanisms underlying the inflammatory response induced by des-
Arg9-BK in mouse pleurisy. Br J Pharmacol 1998;123:281–91.

[41] Ferreira HHA, Medeiros MV, Lima CSP, Flores CA, Sannomiya P,
Antunes E, De Nucci G. Inhibition of eosinophil chemotaxis by
chronic blockade of nitric oxide biosynthesis. Eur J Pharmacol 1996;
310:201–7.

[42] Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous mod-
ulator of leukocyte adhesion. Proc Natl Acad Sci USA 1991;88:
4651–5.

[43] Mitchell DJ, Yu J, Tyml K. LocalL-NAME decreases blood flow and
increases leukocyte adhesion via CD18. Am J Physiol 1998;274:
H1264–8.

1311C.F. Franco-Penteado et al. / Biochemical Pharmacology 61 (2001) 1305–1311


