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1 Association between staphylococcal infection and pathogenesis of upper airways disease has been
reported. This study aimed to investigate the mechanisms underlying the rat pulmonary inflammation
induced by airway exposure to staphylococcal enterotoxin A (SEA).

2 SEA (0.3–10 ng trachea�1) caused dose-dependent neutrophil accumulation in BAL fluid, reaching
maximal responses at 4 h (25-fold increase for 3 ng trachea�1). Significant accumulation of both
lymphocytes and macrophages in BAL fluid was also observed at 4 h (2.1- and 1.9-fold increase,
respectively, for 3 ng trachea�1). At later times (16 h), neutrophil counts in bone marrow (immature
forms) and peripheral blood increased by 63 and 81%, respectively. SEA failed to directly induce
chemotaxis and adhesion of isolated neutrophils.

3 Analysis of mRNA expression for iNOS, COX-2 and CINC-2 in lung tissue showed an
upregulation of these enzymes, which paralleled elevated levels of LTB4, PGE2, TNF-a, IL-6 and NO2�

in BAL fluid. Expression of CINC-1 was unchanged, whereas CINC-3 was reduced in SEA-treated
rats. Incubation of isolated alveolar macrophages with SEA (3 mgml�1) resulted in significant
elevations of TNF-a and NO2� levels in the cell supernatants.
4 Dexamethasone (0.5mgkg�1), celecoxib (3mgkg�1) and compound 1400W (5mgkg�1) markedly
reduced SEA-induced lung neutrophil influx and NO2

� levels in BAL fluid. The lipoxygenase inhibitor
AA-861 (100mg kg�1) partly inhibited the neutrophil influx in SEA-treated rats without modifying the
NO2

� levels. None of these treatments reduced the number of mononuclear cells in BAL fluid (except
of dexamethasone, which abolished the increased lymphocyte counts).

5 Our study shows that airways exposure to SEA results in marked neutrophil influx through
mechanisms involving increased expressions of CINC-2, iNOS and COX-2, as well as enhanced
production of NO, PGE2, LTB4, TNF-a and IL-6.
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Introduction

Staphylococcus aureus is one of the most common Gram-

positive pathogens in cases of food poisoning and staphylo-

coccus-associated toxic shock syndrome in humans and

animals (Müller-Alouf et al., 2001), which often progress to

sepsis and multiorgan dysfunction (Kotzin et al., 1993; Lowy,

1998). This pathogen secretes a family of 25–30 kDa exo-

proteins, which are classified into eight distinct immunological

types, namely staphylococcal enterotoxin types A–E and G–I,

and are referred to as superantigens due to their ability to

stimulate T-lymphocyte proliferation in very low concentra-

tions, resulting in fever, shock and death. They bind as intact

molecules to the class II major histocompatibility complex

(MHC) antigens expressed on professional antigen-presenting

cells outside the peptide-binding groove and then sequentially

bind the T-cell receptor (TcR) via the variable region of the

TcR-chain (Proft & Fraser, 2003). A number of studies have

demonstrated that the enteropathogenic events of staphylo-

coccal enterotoxins involve massive release of both stored

(histamine, serotonin) and newly generated inflammatory

mediators (IL-1, IL-2, IL-6, IL-8, TNF-a and IFN-g) from
resident cells and infiltrating leukocytes (Scheuber et al., 1987;*Author for correspondence; E-mail: ivanidesouza@uol.com.br
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Marrack & Kappler, 1990; Micusan & Thibodeau, 1993;

Tessier et al., 1998; Desouza et al., 2001). A neurogenic

component, mediated by substance P, may also take part in

inflammatory responses induced by staphylococcal entero-

toxins in mice (Desouza & Ribeiro-DaSilva 1996; 1998;

Linardi et al., 2000), monkeys and humans (Micusan &

Thibodeau, 1993).

Acute lung inflammation is an important component of

pulmonary allergic diseases, including bronchial asthma,

which is associated with mucosal edema, prominent airways

eosinophil infiltration and release of several inflammatory

mediators (Barnes et al., 1998). Evidences suggest a link

between bacterial organisms and exacerbation of asthma,

where these organisms may be implicated in asthma pathogen-

esis (Kraft, 2000). S. aureus is reported as a common and

predominating bacterium of the upper respiratory tract, and

is believed to contribute to the disease pathogenesis of the

respiratory tract through the secretion of its toxins known as

superantigens (Kotzin et al., 1993). The presence of IgE

antibodies to S. aureus enterotoxins was shown to correlate

with the severity of eosinophilic inflammation in upper airway

disease (Bachert et al., 2002a, b; 2003; Rossi & Monasterolo,

2004). On the other hand, several studies report that

nonallergic, IgE-independent bronchial asthma, can be pro-

voked by virus and bacterial infections, but the mechanisms

underlying this type of noneosinophilic asthma particularly

those triggered by Gram-positive bacteria, have not been

extensively investigated (Turner et al., 1995; Wenzel et al.,

1999; Douwes et al., 2002). There is also limited information

available on the local epithelial or mucosal effects caused by

staphylococcal superantigens exposure. Experimental studies

have shown that intravenous (i.v.) administration of staphy-

lococcal enterotoxin type B in mice (Neumann et al., 1997) or

type A (SEA) in rabbits (Miller et al., 1996; Peterson et al.,

1999) produces an acute inflammatory lung injury character-

ized by granulocyte infiltration into the airways (Neumann

et al., 1997). More recently, repetitive intranasal administra-

tion of staphylococcal enterotoxin B in mice has been shown to

trigger an inflammatory response characterized by mucosal

and airway recruitment of lymphocytes, eosinophils and

neutrophils (Herz et al., 1999). However, the resulting

pulmonary inflammation in response to airway exposure to

SEA has not yet been investigated. Therefore, in this study, the

rat airways were exposed to SEA in a dose- and time-

dependent manner and the resulting pulmonary inflammation

was investigated, focusing our attention on the expression

and production of inflammatory mediators involved in the

leukocyte accumulation in bronchoalveolar lavage (BAL)

fluid. In an attempt to understand the pharmacological

mechanisms underlying the SEA-induced airways inflamma-

tion, a number of pharmacological agents were tested

regarding their ability to reduce the neutrophil influx into

the airways.

Methods

Animal experimentation guidelines

The experimental protocols were approved by the Ethical

Principles in Animal Research adopted by the Brazilian

College for Animal Experimentation (COBEA). Male Wistar

rats (250–300 g) were housed in temperature-controlled rooms

and received water and food ad libitum until used.

Intratracheal injection of staphylococcal enterotoxin A
(SEA)

Rats were anesthetized with pentobarbital sodium (50mg kg�1,

intraperitoneally (i.p.)) and intratracheally injected with SEA

(0.3–10.0 ng trachea�1, 0.4ml). Control animals received 0.4ml

of sterile phosphate-buffered saline (PBS) alone. Leukocyte

counts in peripheral blood, BAL and bone marrow were

assessed at selected times thereafter (4, 16, 24 and 48 h).

Leukocyte counts in BAL fluid

BAL was performed at 4–48 h after SEA (or PBS) intratra-

cheal injection. Briefly, the trachea was exposed and cannu-

lated with a polyethylene tube (1mm diameter) connected to a

syringe. The lungs were washed by flushing with PBS solution

containing heparin (20UIml�1). The PBS buffer was instilled

through the tracheal cannula as one 10-ml aliquot followed by

three 5-ml aliquots. The fluid recovered after each aliquot

instillation (approximately 20ml) was combined and centri-

fuged (1000� g for 10min at 201C). The cell supernatant was
stored at �801C and the cell pellet was ressuspended in 2ml of
PBS solution. Total cell counts were carried out done with an

automated cell counter (CELL-DYN 1700), while differential

counts were carried out on a minimum of 200 cells using

cytospin preparation stained with May–Grünwald. The cells

were classified as neutrophils, eosinophils, mast cells, lympho-

cytes and macrophages based on normal morphological

criteria.

Leukocyte counts in peripheral blood and bone marrow

Blood samples were obtained from the abdominal artery after

the SEA (or PBS) injection into the airways. Total cell counts

were carried out with an automated cell counter (CELL-DYN

1700, U.S.A.), while differential counts were carried out on

blood smears stained by the May–Grünwald method. The cells

were classified as neutrophils, eosinophils, mast cells, lympho-

cytes and mononuclear based on normal morphological

criteria.

For measurement of cells in bone marrow, femurs were

removed from rats immediately after killing. The epiphyses

were cut transversely and bone marrow cells were flushed out

with PBS containing heparin (20 IUml�1). Differential count

was carried out on a minimum of 200 cells using cytospin

preparation stained with Leishman. Results are expressed as

the number of leukocytes per femur. Cells were classified as

immature neutrophils (myeloblast, promyelocyte and myelo-

cyte), mature neutrophils (metamyelocyte, band and mature),

eosinophils, mast cells, lymphocytes and mononuclear cells

based on normal morphological criteria.

Measurement of LTB4, TNF-a, IL-10, IL-6, PGE2
and NO2

� in BAL

Rat LTB4, TNF-a, IL-10, IL-6 and PGE2 were measured in
BAL fluid supernatant using commercially available enzyme-

linked immunosorbent assays (ELISA) according to the
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manufacturers instructions for rat TNF-a, LTB4, IL-10, IL-6
and PGE2. Nitrite production in BAL fluid was quantified

colorimetrically after the Griess reaction (Greenberg et al.,

1995). Briefly, BAL fluid supernatant (100 ml) was reacted with
an equal volume of Griess reagent (1% sulfanilamide, 0.1%

naphthylethylenedihydrochloride, 2.5% phosphoric acid) in

duplicate microtiter wells at room temperature. Chromophore

absorbance at 450 nm was determined. Nitrite concentrations

were calculated using sodium nitrite as a standard.

Pharmacological investigation with different drugs

The following drugs were used at the indicated doses and

schedules of administration: (1) dexamethasone (0.5mg kg�1)

was administered i.p. 1 h before SEA exposition (Cunha &

Ferreira, 1986); (2) the lipoxygenase inhibitor AA-861

(100mg kg�1) was administered i.v. 15min before SEA exposi-
tion (Filliatre et al., 2001); (3) the selective cyclooxygenase-2

(COX-2) inhibitor celacoxib (3mg kg�1) was administered i.p.

1 h before SEA exposition (Filliatre et al., 2001); (4) the iNOS

selective inhibitor compound 1400W (5mgkg�1) was adminis-

tered i.v. immediately before SEA exposition (Parmentier

et al., 1999).

Analysis of iNOS, COX-2, CINC-1, CINC-2
and CINC-3 gene expression by RT–PCR

Total RNA from whole lung was extracted by the Trizol

reagent method, according to the manufacturers protocol (Life

Technologies, GIBCO-BRL, U.S.A.). cDNA was synthesized

from 15 mg of total RNA using Superscript II (Life Technol-
ogies), and the obtained material was stored at �201C until
use. PCR reactions were performed in a final volume of 50 ml,
containing 5 ml of cDNA solution, 5 ml of 10�PCR buffer,

1.5mM MgCl2, 0.2mM dNTPs, 2U of Taq DNA polymerase

(Life Technologies) and variable concentrations of each

oligonucleotide primer pair (CINC-1: 1mM, CINC-2: 2mM,
CINC-3: 3mM, COX-2 and iNOS: 5 mM, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)- internal control: 3 mM).
The nucleotide sequences of the used primers are show in the

table below:

Amplification cycle for CINCs was carried out with

denaturation for 5min at 941C followed by 23 cycles of

amplification consisting of a denaturation step 951C for 1min,

a primer-annealing step at 561C for 2min and an extension

step at 721C for 3min. After the last amplification cycle,

samples were incubated at 721C for 7min for extension. In all,

33 cycles were performed for the amplification of the COX-2

(1min of denaturation at 941C, 2min of annealing at 561C and

1min of extension at 721C) and 30 cycles were performed for

the iNOS (1min of denaturation at 941C, 45 s of annealing at

651C and 1.5min of extension at 721C). Lungs samples

obtained from rats 6 h after an lipopolysaccharide (LPS)

injection (0.3mg kg�1, i.v.) were run in parallel and served as

positive controls for COX-2 and iNOS expression. PCR

products were separated on 1.8% agarose gels containing

ethidium bromide. Band fluorescence images were acquired

and digitalized using a ChemiImager 5500 system (Alpha

Scientific), and the band intensities were determined by

densitometry using the equipment software. For each sample,

the ratios between the densitometry value for each specific

gene and the corresponding GAPDH were calculated and

statistically analyzed for comparison among the experimental

groups.

Isolation of peripheral blood neutrophils

Neutrophils were separated from rat peripheral blood in

3.13% (w v�1 sodium citrate (10 : 1) and obtained by Dextran

sedimentation by Ficcol (1.077 g l�1) gradient. For each

experiment, a pool of blood of five rats was used. After

separation of monocytes and granulocytes by centrifuging at

400� g for 30min, the granulocyte layer was washed once in
Eagle’s minimum essential medium (MEM; pH 7.2) before

performing a hypotonic lysis to disrupt the red cells. Cells were

washed once again in MEM and resuspended in MEM/0.1%

ovalbumin. Samples of cell suspension were used to determine

total cell number using an improved Neubauer hemocyto-

meter, and then cytospinned onto slides for a differentiation

count. The final cell suspension contained 89% of neutrophils.

Cell viability (495%) was assessed by Trypan blue dye

exclusion test.

Neutrophil adhesion assays in vitro

96-well plates were prepared by coating individual wells with

60 ml of serum (1 : 10 dilution in PBS) overnight at 41C. Wells

were then washed twice with PBS before blocking noncoated

sites with 0.1% (w v�1) bovine serum albumin (BSA) for

60min at 371C. Wells were washed twice again with PBS

before allowing plates to dry. Neutrophils (50 ml of

1� 106 cellsml�1 in MEM/ovalbumin) were seeded onto the
coated wells alone or with SEA and cells were allowed to

adhere for 30min at 371C, 5% CO2. A positive control was run

using the N-formyl-methionyl-leucyl-phenylalanine (fMLP;

10�5M). Following incubation, nonadhered cells were washed

twice with PBS. MEM (50 ml) was added to each well and
varying concentrations of the original neutrophil cell suspen-

sion were added to empty wells to form a standard curve.

Plates were then stored frozen overnight before measuring the

myeloperoxidase (MPO) content of adherent cells (Bradley

et al., 1982). Plates were defrosted on ice before extracting with

hexadecytrimethyl-ammonium bromide (HTAB) in 50mM

potassium phosphate buffer, pH 6.0. In all, 20ml of each well
sample to be measured was mixed with 200ml of o-dianisidine
solution (0.167mgml�1 o-dianiidine dihydrochloride, 0.0005%

Primer Sequence (50-30)

iNOS F: ACA ACA GGA ACC TAC CAG CTC A
(651 bp) R: GAT GTT GTA GCG CTG TGT GTC A
COX-2 F: AGA CAG ATC ATA AGC GAG GAC C
(1158bp) R: CAC TTG CAT TGA TGG TGG CTG T
CINC-1 F: TGGAGAAAGAAGATAGATTGC
(298 bp) R: TTCTTCCCGCTCAACACCTTC
CINC-2 F: CACTGAAGAGTTACGATGTCA
(309 bp) R: TGAGGCTCCATAAATGAAAGA
CINC-3 F: CCTGGAAAGGAAGAACATGGG
(300bp) R: ACCTCCCAACTACATAAGTAA
GAPDH F: GGT GCT GAG TAT GTC GTG GA
(400bp) R: TTC AGC TCT GGG ATG ACC TT

F: forward and R: reverse.

I.A. Desouza et al SEA-induced lung neutrophil influx 783

British Journal of Pharmacology vol 146 (6)



hydrogen peroxide in 50mM phosphate buffer, pH 6.0)

immediately prior to reading change of absorbance at

460 nm over 5min in a microplate (Multiscan MS, Labsystems,

CA, U.S.A.). Adherence was calculated by comparing

absorbance changes of unknowns to those of the standard

curve.

Neutrophil chemotaxis assays in vitro

Neutrophil migration assays were performed using a 96-well

chemotaxis chamber (NeuroProbe, MD, U.S.A.). In all, 25 ml
of 8� 106 cellsml�1 neutrophils (prepared in MEM containing

0.1% ovalbumin) were added to the upper compartment of the

chamber and separated by a polycarbonate filter (5 mm pore)

from the lower chamber containing 29ml of MEM, SEA or

fMLP (10�7M). The chambers were incubated at 371C in a

5% CO2 atmosphere for 120min. The wells of the upper

compartment were emptied by aspiration, and then disas-

sembled. To detach adherent neutrophil from the filter, the

microtiter plate with attached filter was centrifuged at

1200 r.p.m. for 5min at room temperature (Somersalo et al.

(1990), with modifications). The filter was carefully removed.

The resulting material in each well was homogeneized, and

transferred to another plate where the MPO assay was carried

out, as described above. Migrated neutrophils were calculated

by comparing absorbance changes of unknowns to those of the

standard curve.

Measurement of TNF-a and NO2
� production by alveolar

macrophages in vitro

BAL fluid obtained from naı̈ve rats was centrifuged (10min,

470� g) and cells recovered from pellets were pooled. The cell
pellets were resuspended in culture medium (RPMI 1640)

supplemented with BSA (0.1%), and transferred to 35-mm

diameter tissue culture wells (1ml well�1, six wells). They were

allowed to adhere for 2 h at 371C in a humidified atmosphere

containing 5% CO2. Nonadherent alveolar macrophages were

discarded, and the remaining cells corresponded to 495%.
Cells were incubated for 4 h in the presence of either LPS

(3 mgml�1) or SEA (3 mgml�1), and supernatant from each well
was collected and stored at �701C. The concentrations of
TNF-a were assayed by commercially available enzyme-linked
immunosorbent assays (ELISA) according to the manufac-

turer’s instructions. The NO2
� levels were quantified colori-

metrically after the Griess reaction, as stated above.

Materials

Staphyloccocal enterotoxin A (SEA), minimum essential

medium (MEM), Dextran, AA-861, N-formyl-L-methionyl-L-

leucyl-phenylalanine (fMLP), hexadecytrimethyl-ammonium

bromide (HTAB), lipopolysaccharide (LPS) from Escherichia

coli, dexamethasone and Griess reagent were purchased from

Sigma Chemical Co. (St Louis, MO, U.S.A.). N-(3-(amino-

methyl)benzyl)acetamidine (1400W) was purchased from

Alexis (Nottingham, U.K.). Celecoxib was obtained from

Laboratórios Pfizer Ltd (São Paulo, Brazil). Enzyme-linked

immunosorbent assays (ELISA) for rat TNF-a were obtained
from BD Biosciences (CA, U.S.A.), whereas ELISA for rat

LTB4, PGE2, IL-6 and IL-10 were obtained from R&D

Systems (MN, U.S.A.). The chemicals used in PCR were of the

highest grade available locally.

Statistical analysis

Data are presented as the mean values7s.e.m. and were

analyzed by analysis of variance (ANOVA) for multiple

comparisons followed by Bonferroni test or Student’s unpaired

t-test where appropriate. In both cases, the level of significance

was set at Po0.05.

Results

Intratracheal injection of SEA: total and differential
leukocyte counts in BAL fluid

Figure 1 shows that intratracheal injection of SEA (3.0 ng

trachea�1) caused a marked accumulation of total leukocytes

in BAL fluid, as observed at 4 h post-SEA injection, returning

to basal levels at 16 h thereafter. The neutrophil accumulation

peaked at 4 h (25-fold increase), remaining markedly elevated

(16-fold increase) at 16 h post-SEA injection, in comparison

with the respective PBS group (Po0.05). At 24 and 48 h post-
SEA injection, the number of neutrophils in BAL fluid was not

changed compared with the PBS group. A significant elevation

in the number of lymphocytes and macrophages were detected

only 4 h post-SEA injection, with increases of 2.1- and 1.9-fold,

respectively, in comparison with the PBS groups (Po0.05).
Eosinophils were virtually absent in BAL fluid in all time-

points evaluated.

Intratracheal injection of different doses of SEA (0.3–10 ng

trachea�1) resulted in a dose-dependent influx of total

leukocytes and neutrophils in BAL fluid at 4 h, with maximal

neutrophil responses obtained with 3.0 ng trachea�1 (Figure 2).

Maximal accumulation of macrophages was observed with

1.0 ng of SEA, while for lymphocytes maximal response was

observed with 10.0 ng (Figure 2).

To exclude the possibility that SEA-induced pulmonary cell

influx is due to contamination with Gram-negative bacterial

products such as LPS, a solution of SEA (7.5 ngml�1) was

incubated with the antibiotic polymyxin B (30 mgml�1) for
30min at 371C prior to its intratracheal injection (3.0 ng

trachea�1; n¼ 5). At a dose that nearly abolishes the LPS-
induced pulmonary cell influx, polymyxin B had no significant

effect in the neutrophil, lymphocyte and macrophage influxes

in response to SEA (0.8070.30, 0.270.1 and 1.370.3�
106 BAL�1, respectively) compared with untreated SEA

(0.8570.33, 0.1670.03 and 1.4970.21� 106BAL�1, respec-

tively). In addition, reductions of 65, 31 and 27% (Po0.05) in
the neutrophil, lymphocyte and macrophage influxes were

observed when a SEA solution (7.5 ngml�1) was boiled for 1 h,

and then injected at the dose of 3.0 ng trachea�1.

Total and differential leukocyte counts in peripheral blood

At 4 h after intratracheal injection of SEA (0.3–10 ng

trachea�1), no changes in total leukocytes and neutrophil

counts in peripheral blood could be detected at any dose of

SEA used, as compared with PBS (not shown; n¼ 6).

784 I.A. Desouza et al SEA-induced lung neutrophil influx
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However, at later times (16 h), a significant increase (Po0.05)
in total leukocytes and neutrophils was detected (3.0 ng

trachea�1: 6.370.3 and 2.970.2� 106 cellsml�1, respectively)
compared with PBS (5.770.4 and 1.670.1� 106 cellsml�1,
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Figure 1 Time-course alterations in the total and differential
leukocyte counts in BAL fluid of rats exposed to SEA. BAL fluid
was obtained after intratracheal injections of SEA (3.0 ng trachea�1)
at the indicated time-periods. Panels a–d show counts of total
leukocytes, neutrophils, lymphocytes and macrophages, respectively.
The black bars indicate the counts obtained with PBS alone. The
data are the mean values7s.e.m. of six rats. *Po0.05 compared
with respective PBS group.
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Figure 2 Dose-dependent alterations in the total and differential
leukocyte counts in BAL fluid of rats exposed to SEA. The BAL
fluid was obtained after intratracheal injection of SEA (4 h) at the
indicated doses. Panels a–d show counts of total leukocytes,
neutrophils, lymphocytes and macrophages, respectively. The black
bars indicate the counts obtained with PBS alone. The data are the
mean values7s.e.m. of six rats. *Po0.05 compared with respective
PBS group.
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respectively). The lymphocyte number in peripheral blood at 4 h

post-SEA (3.0 ng trachea�1) injection (3.870.3� 106 cellsml�1)
was not significantly affected compared with PBS group

(3.670.3� 106 cellsml�1, respectively). No significant altera-
tions on lymphocyte counts were observed at the other

time-points (not shown; n¼ 6). No eosinophils were detected
in peripheral blood in any time evaluated.

Total and differential leukocyte counts in bone marrow

At 4 h post-SEA intratracheal injection (0.3–10 ng trachea�1),

the number of mature or immature forms of neutrophils in

bone marrow was not significantly affected in comparison with

control animals (not shown, n¼ 6). However, at later times
(16 h), the number of immature neutrophils increased by 63%

(Po0.05) in comparison with the PBS group (7.070.6� 106
and 4.370.4� 106 cells femur�1, respectively). The number of
mature neutrophils did not change significantly between SEA

(3.0 ng trachea�1) at 4, 16, 24 and 48 h (43.572.4, 49.574.5,
45.374.9 and 45.274.0� 106 cells femur�1, respectively) and
PBS (42.372.4� 106 cells femur�1). The number of bone
marrow lymphocytes was not significantly affected at 4 and

16 h post-SEA injection (not shown), but at 48 h a significant

increase in lymphocyte counts could be detected (1.770.3 and
3.070.6� 106 cells femur�1 for PBS and SEA, respectively;
n¼ 6).

Measurements of PGE2, LTB4, NO2
�, TNF-a, IL-6

and IL-10 levels in BAL fluid

The concentrations of LTB4, PGE2, TNF-a, IL-6 and IL-10
were measured in the BAL fluid from control and SEA

(3.0 ng)-treated rats. As shown in Figure 3, the concentrations

of LTB4, PGE2, NO2
�, TNF-a and IL-6 were significantly

higher after SEA instillation when compared with control

groups. The IL-10 levels were not significantly altered between

both groups (0.3470.9 and 0.2670.9 ng BAL�1 for control

and SEA, respectively).

Inducible NOS, COX-2 and CINC mRNA expression
in the lung tissue

To determine whether iNOS and COX-2 are upregulated

during SEA (3.0 ng trachea�1, 4 h)-induced lung inflammation,

lung extracts were assessed for enzymes mRNA expression,

using LPS (0.3mg kg�1, i.v.)-treated rats as positive controls.

Both COX-2 and iNOS expressions were significantly

increased in both SEA- and LPS-treated rats (Figure 4). The

CINC-1, CINC-2 and CINC-3 mRNA expressions were also

evaluated in lung tissue of SEA (3 ng trachea�1, 4 h)-treated

rats. Figure 5 shows that mRNA expression for CINC-1 did

not differ significantly between control and treated rats,

whereas CINC-2 mRNA expression was significantly in-

creased (Po0.05) in the lung tissue of SEA-treated rats. On
the other hand, the CINC-3 mRNA expression significantly

decreased (Po0.05) in the lung tissue of SEA-treated rats
compared with control animals (Figure 5).

Pharmacological investigation with different drugs in the
neutrophil and mononuclear cell counts, and NO2

� levels
in BAL fluid

For these experimental protocols, BAL fluid was examined at

4 h post-intratracheal injection of 3.0 ng trachea�1 of SEA.

Figure 6 shows that pretreatment of rats with dexamethasone

(0.5mg kg�1, i.p.) nearly abolished both the SEA-induced

neutrophil accumulation and increased levels of NO2
� in BAL

fluid. Significant inhibitory responses in neutrophil influx and

increased NO2
� levels were also observed with the COX-2

inhibitor celecoxib (3mgkg�1, i.p.) and the selective iNOS

inhibitor compound 1400W (5mgkg�1, i.v.). The lipoxygenase

inhibitor AA-861 (100 mg kg�1, i.v.) partly inhibited (Po0.05)
the SEA-induced neutrophil influx in BAL, but had no
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significant effect in the NO2
� levels (Figure 6). Additionally,

none of these treatments reduced the number of mononuclear

cells in BAL fluid, except of dexamethasone, which abolished

the increased lymphocyte counts (not shown, n¼ 4–6).

In vitro neutrophil chemotaxis and adhesion

Table 1 shows that SEA (0.01-1 ng well�1) was not able to

directly induce neutrophil chemotaxis in vitro (371C, 5% CO2)

when compared with random chemotaxis (MEM). In the same

experimental protocols, the chemoattractant fMLP (10�7M)

induced a significant neutrophil chemotaxis. Adhesion of

neutrophils to serum-coated plates was significantly increased

(Po0.05) when cells were seeded onto the coated wells

with fMLP (10�5M), but no neutrophil adhesion was

observed when SEA (0.1–1.0 ng well�1) was used as stimulus

(Table 1).

Measurement of TNF-a and NO2
� levels in isolated

alveolar macrophages

Isolated alveolar macrophages were incubated in vitro

with SEA (3 mgml�1), and at 4 h after incubation levels of
TNF-a and NO2� were evaluated in the alveolar macrophage
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supernatants. Incubation of alveolar macrophages with LPS

(3mgml�1) was used as a positive control. Data showed that
TNF-a production was significantly increased (Po0.05)
in response to SEA (4.470.1ngml�1, n¼ 4) or LPS

(4.870.05ngml�1, n¼ 4), as compared with nontreated cells
(3.170.2ngml�1). Similarly, the NO2

� levels were increased in

alveolar macrophages incubated with either SEA

(24.473.6mM; Po0.05) or LPS (51.673.8mM; Po0.01),
compared with untreated cells (15.973.4mM).

Discussion

Our present study clearly shows that intratracheal instillation

of SEA attracts leukocytes to the rat airways, preferentially

neutrophils, by indirect mechanisms involving increased

expressions of CINC-2, iNOS and COX-2, along with

enhanced productions of NO2
�, PGE2, LTB4, TNF-a and

IL-6. Furthermore, our findings that eosinophils were virtually

absent in all concentrations and time-points evaluated after

SEA instillation indicate that pulmonary inflammation trig-

gered by SEA mimics the noneosinophilic asthma, where

infiltrated neutrophils rather than eosinophils and lympho-

cytes are postulated to underlie this inflammatory condition

(Douwes et al., 2002). The neutrophil accumulation into the

lungs after SEA instillation (4 h) was accompanied by a late

increase in the number of neutrophils (16 h) in bone marrow

(immature forms) and peripheral blood, which was not

observed with lymphocytes and macrophages. Enterotoxins

such as SEA can directly or indirectly trigger the production of

granulocyte-macrophage colony-stimulation factor (GM-

CSF), a glycoprotein known to induce proliferation and

development of neutrophil progenitors in bone marrow

(Sallerfors & Olofsson, 1992). Although our study did

not attempt to assess GM-CSF production in bone marrow,

it is tempting to suggest that increased number of im-

mature neutrophils in bone marrow and mature forms in

peripheral blood at 16 h post-SEA exposition reflects increased

GM-CSF production by pulmonary or bone marrow stromal

cells.

The expression of class II molecules is usually limited to

specialized cells of the immune system, but they can also be

expressed in different pulmonary cells, including epithelial cells

and alveolar macrophages, where binding of staphylococcal

enterotoxins (including SEA) to epitopes of MHC-class II

molecules can trigger the release of inflammatory mediators

and leukocyte accumulation (Müller-Alouf et al., 2001;

Schramm & Thorlacius, 2003). Neutrophils do not express

MHC class II molecules in normal conditions, and therefore

may not directly interact with staphylococcal antigens

(Gosselin et al., 1993). Accordingly, our findings showed

that, in conditions where fMLP produced significant neutro-

phil chemotaxis and adhesion, SEA was unable to directly

change these cell functions, confirming that indirect mechan-

isms are rather involved in SEA-induced lung neutrophil

accumulation.

Alveolar macrophages are richly present in alveoli, distal

airspaces and conducting airways, and have been considered

the first line of defense against numerous agents. Direct effects

of superantigens on macrophage activity have been documen-

ted, in particular the production of cytokines (Miller et al.,

1996; Wrigth & Chapes, 1999). They produce both Th1 (TNF-

a) and Th2 cytokines (IL-6 and IL-10), along with other
inflammatory mediators, including nitric oxide and products

of arachidonic acid metabolism such as PGE2 and LTB4.

Moreover, it is well established that iNOS and COX-2 can be

expressed in murine macrophages (J774.2) under stimulation

with cytokines and Gram-negative bacterial toxins such as

LPS (Swierkosz et al., 1995), but no studies have examined the

expression of these enzymes in animals exposed to SEA. Our

present study showed an increased number of macrophages in

BAL fluid at 4 h post-SEA injection, and that was accom-

panied by enhanced expressions of CINC-2, COX-2 and iNOS

in lung tissues, as well as by higher levels of NO2
�, cytokines

(IL-6 and TNF-a) and arachidonic acid products (PGE2 and
LTB4) in BAL fluid. Furthermore, significant amounts of

TNF-a and NO2
� were also found in isolated alveolar

macrophages incubated with SEA. It is likely therefore that

SEA-induced neutrophil infiltration is, at least partly,

mediated by alveolar macrophages. Additionally, in our study,

the elevations of lymphocytes in BAL fluid of SEA-treated rats

were smaller compared with those of neutrophils, which is in

agreement with the air-pouch model in mice, where no T cells

could be detected in inflammatory exudates of SEA-injected

air-pouches (Tessier et al., 1998).

Cytokine networks between alveolar-capillary cell mem-

branes are pivotal to initiation and propagation of the

inflammatory response leading to pulmonary injury. The IL-

8 family of chemokines plays a major role in neutrophil

infiltration into inflamed tissues. In rats, the isomers CINC-1,

CINC-2a, CINC-2b and CINC-3 have been considered the
functional homologs of IL-8, and present similar ability to

induce chemotaxis and to activate rat neutrophils both in vitro

and in vivo (Watanabe et al., 1991; Nakagawa et al., 1998). Our

Table 1 Rat neutrophil chemotaxis and adhesion in vitro induced by SEA

Chemotaxis (� 105/ml) Adhesion (%)

MEM/Control 7.1370.62 MEM/Control 49.570.86
fMLP (10�7M) 11.170.40* fMLP (10�5M) 71.670.89*
SEA (0.01 ng well�1) 4.9070.64 SEA (0.1 ngwell�1) 55.570.14
SEA (0.10 ng well�1) 6.5070.40 SEA (0.3 ngwell�1) 48.671.91
SEA (1.00 ng well�1) 8.0070.51 SEA (1.0 ngwell�1) 53.870.87

Neutrophils were isolated from rat peripheral blood in 3.13% (wv�1) sodium citrate (10 : 1) and obtained by dextran sedimentation using
Ficol (1.077 g l�1) gradient (see Methods).
The myeloperoxidase (MPO) activity was measured, and results were expressed as absolute number of neutrophil that migrated through
the filter (chemotaxis) or % neutrophil adhesion. The data represent the mean values7s.e.m. of three experiments (each in duplicate).
*Po0.05 compared with respective MEM.
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data showed that CINC-2 mRNA expression is increased in

the lung tissue of SEA-treated rats, indicating an important

role for this cytokine in lung inflammation induced by airways

exposure to SEA. This is in agreement with a previous study

demonstrating a remarkable upregulation of CINC-2 mRNA

expression (but not of CINC-1 and CINC-3) in the airways of

Pseudomonas-infected rats, which suggested that CINC-2 acts

as a major chemoattractant for neutrophils in this inflamma-

tory condition (Amano et al., 2000). In our present study, the

CINC-3 mRNA expression in the lung homogenates of SEA-

exposed rats was clearly reduced, whereas CINC-1 mRNA

expression was unchanged. While additional studies are

required to elucidate this aspect, one may suggest that this

reflects the time-course after SEA exposition. For instance,

in LPS-stimulated rat peritoneal macrophages, expression

of CINC-1 expression reaches a maximum at 12 h, while

CINC-2 and CINC-3 expressions increase up to 24 h after

LPS stimulation (Shibata et al., 2000a). Additionally, CINC-3

has been shown to inhibit neutrophil chemotaxis and

calcium mobilization induced by CINC-1 and CINC-2

(Shibata et al., 2000b). Whether elevation of pulmonary

CINC-2 levels downregulates CINC-3 expression remains to

be elucidated.

The cytokine TNF-a produced by alveolar macrophages has
been shown to exert critical roles in neutrophil influx induced

by staphylococcal enterotoxins in the mice air-pouch (Tessier

et al., 1998). In addition, incubation of human peripheral

mononuclear cells with SEA in vitro induces the secretion of

TNF-a that leads to endothelial damage (Fujisawa et al.,

1998). Additionally, the pleiotropic cytokine IL-6 regulates

inflammatory responses during Gram-positive bacterial infec-

tion (Hack et al., 1989), but the exact role of this cytokine in

the lung pathophysiology is still unclear, since it may present

both pro- and anti-inflammatory effects. In our present study,

the exposure of rat airways to SEA significantly increased

the levels of both TNF-a and IL-6 in BAL fluid, further

supporting a major role for these two cytokines in SEA-

induced lung inflammation. However, this study cannot

ascertain if IL-6 acts to attenuate the SEA-induced lung

inflammation, downregulating the TNF-a production and

NF-kB signaling (Trepicchio et al., 1997). Of interest, in IL-6-
deficient mice, IL-6 has been shown to downregulate the

activation of the cytokine network in the lung of mice treated

with the Gram-positive bacteria Streptococcus pneumoniae

(van der Poll et al., 1997). Several evidences show that the

cytokine IL-10 reduces the levels and expression of TNF-a by
activated monocytes and/or macrophages, and this has been

associated with clinical protection and reduction of lung

pathology (Morrison et al., 2000). In our study, the marked

elevations of TNF-a and IL-6 in BAL fluid were not

accompanied by concomitant elevations in the IL-10 levels,

suggesting that SEA-induced lung injury does not undergo

downregulation by this cytokine. This contrasts with a

previous study where staphylococcal enterotoxin B, injected

i.p. in mice, was able to induce the release of significant

amounts of plasma IL-10, and that the TNF-a levels were
markedly elevated in IL-10-deficient mice (Haskó et al., 1998).

In our hands, staphylococcal enterotoxin B, given intratrache-

ally in rats, also elevated by 211% the IL-10 levels in BAL

fluid (data not showed). Therefore, the findings that SEA is

incapable to release IL-10 may explain its much higher potency

to induce inflammation compared with Staphylococcal entero-

toxin B (Tessier et al., 1998).

It has been shown that COX-2, via its product PGE2,

modulates the iNOS pathway, and conversely the COX

enzyme system contributes to iNOS gene induction and the

resultant NO production. It is suggested that this crosstalk

between iNOS and COX-2 represents an important mechanism

by which the inflammatory responses can be amplified or

attenuated (Goodwin et al., 1999). In our study, pretreatment

of the animals with either the selective iNOS inhibitor

1400W or the selective COX-2 inhibitor celecoxib markedly

reduced SEA-induced neutrophil influx and NO2
� levels

into the airways, emphasizing the importance of both NO

and/or PGE2, derived from iNOS and COX-2, respectively,

to trigger SEA-induced pulmonary neutrophil accumula-

tion. Consistent with this, high serum levels of nitrite

and nitrate were detected in mice after i.p. injection of

staphylococcal enterotoxin B (Florquin et al., 1994) and

detectable expression of mRNA for iNOS was found in mouse

endothelial cells treated with this enterotoxin (LeClaire et al.,

1995).

Besides its well-established capacity to inhibit the arachi-

donic acid metabolism, glucocorticoids are also known to

suppress gene expressions which are subject to NF-kB
regulation (Adcock & Caramori, 2001), such as CINCs,

TNF-a, iNOS and COX-2. Dexamethasone potently attenu-
ates Gram-negative bacterial toxin-induced mediator expres-

sion, leukocyte recruitment and associated tissue injury during

endotoxemia (Satoh et al., 2001; Schramm & Thorlacius,

2003), but the effects of dexamethasone on SEA-induced

inflammatory responses have been neglected. Our findings that

dexamethasone nearly abolished the SEA-induced neutrophil

influx and NO2� levels into the airways strongly suggests that

it is due to suppression of functions in SEA-activated cells,

including inhibition of CINCs, iNOS and COX-2 expressions,

and reductions of NO2
�, TNF-a, IL-6 and PGE2 release in the

lung tissue. In immune inflammation in mice, TNF-a induces
in vivo peritoneal neutrophil migration via mechanisms

involving release of LTB4 (Canetti et al., 2001). This may

explain the moderate (but significant) increase in LTB4 levels

in BAL fluid of SEA-treated rats and the partial inhibitory

effects of the selective lypoxygenase inhibitor AA861 in SEA-

induced neutrophil influx.

In conclusion, this study shows that airways exposition to

SEA in rats mimics a nonallergic inflammation characterized

by a large influx of neutrophils and absence of eosinophils

in BAL fluid. The mechanisms underlying this neutrophil

influx involve complex interactions of different pathways,

resulting in increased expressions of CINC-2, iNOS and

COX-2, as well as enhanced production of NO, PGE2,

LTB4, TNF-a and IL-6. It is reasonable to suggest that

elucidation of the key mediators in lung inflammation by SEA

along with the discovery of specific inhibitory agents would

make it possible to develop clinically effective anti-inflamma-

tory therapy.
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