Molecular Medicine 7(7): 478-487, 2001
© 2001 The Picower Institute Press

The Protective Role of Endogenous Estrogens in Carrageenan-Induced

Lung Injury in the Rat

Salvatore Cuzzocrea,' Emanuela Mazzon,? Lidia Sautebin,® Ivana Serraino,' Laura Dugo,"
Giusi Calabré,' Achille P. Caputi,' and Adriana Maggi*

"nstitute of Pharmacology, University of Messina, Messina, Italy

*Department of Biomorphology, School of Medicine, University of Messina, Messina, Italy

*Department of Experimental Pharmacology, University “Federico I1”, Naples, Italy

“Institute of Pharmacology Sciences, University of Milano, Milan, Italy

Accepted March 5, 2001

Abstract

Background: We have recently demonstrated that 173-
estradiol (E2) inhibits the increase of inducible nitric ox-
ide synthetase (iNOS) activity in selected model systems
such as macrophages, microglia, smooth muscle cells, and
proposed that this effect might be associated with an anti-
inflammatory activity of this hormone. Here we investi-
gate the effects of endogenous estrogens in rats subjected
to carrageenan-induced pleurisy.

Materials and Methods: Adult female rats were ovari-
ectomized 3 weeks before the experiments to deplete
circulating estrogens. Selected inflammatory markers,
landmarks of the delayed phase of carrageenan-induced
pleurisy, were measured in intact (N-OVX), and ovariec-
tomized (OVX) female rats. In addition, the effect of
hormone replacement was evaluated in ovariectomized
rats with intraperitoneal injection of 17B-estradiol (E2;
50 pg/kg) 1 hr before carrageenan treatment (OVX + E2).
Results: Ovariectomy enhanced the carrageenan-induced
degree of pleural exudation and polymorphonuclear
leukocyte migration in rats subjected to carrageenan-
induced pleurisy. Lung myeloperoxidase (MPO) activity

and lipid peroxidation were significantly increased in
estrogens-deprived rats. The iNOS in lung samples was
significantly increased by the surgery. The increase of
iNOS activity was correlated with a marked enhance-
ment in the production of TNF-a and IL-183. Immunohis-
tochemical analysis for P-selectin and ICAM-I, as well as
nitrotyrosine and poly (ADP-ribose) synthetase (PARS)
revealed a positive staining in lungs from carrageenan-
treated rats, which was markedly enhanced in ovariec-
tomized rats when compared to cycling rats, particularly
in the estrous phase of the cycle. Estrogen replacement
counteracted the effect of surgery on all of the above
indicators of lung inflammation, suggesting that in the
cycling rat this hormone plays a key role in the in-
creased sensitivity to inflammatory injury observed in
the OVX rat.

Conclusion: This study demonstrates that endogenous es-
trogens production plays an important protective role
against carrageenan-induced acute inflammation by de-
creasing the expression of specific markers of the delayed
phase of this well-known model of acute inflammation.

Introduction

It is well established that gender or physiologic
states like pregnancy or menopause have a major in-
fluence on the manifestation of several pathologies
with a high inflammatory component. These obser-
vations led to the theory that female sex hormones,
and estrogens in particular, may play a relevant role
in immune system control, and therefore in the evo-
lution of these disorders. Several animal models
support this view; however, the mechanisms under-
lying these effects remain poorly understood. A con-
fusing element in the comprehension of the recipro-
cal influence of estrogens and the immune system in
pathologic and physiologic states is linked to the
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observation that the hormone may have opposite
activities. For instance, it is well known that the
estrogen-dependent maturation of follicles is an in-
flammatory-like reaction (1,2). Similarly, the inci-
dence of autoimmune disorders like systemic lupus
erythematosus (SLE) is much higher in women than
in men, and menopause decreases its symptomatol-
ogy (3). Finally, elevated levels of estrogens are as-
sociated with several markers of systemic inflamma-
tion (4).

On the other hand, several other lines of evi-
dence support the concept that estrogens have anti-
inflammatory action. The incidence of rheumatoid
arthritis (RA) is lower in fertile women than in men
(5). The same is true for cardiovascular insults, pos-
sibly because women have a lower incidence of
chronic inflammation-related atheromatous lesions
(6). Multiple sclerosis undergoes remission during
pregnancy and is exacerbated in the postpartum pe-
riod (7). During menopause, hormone replacement
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therapy users compared to nonusers show a de-
layed manifestation of neurodegenerative diseases
with inflammatory components like Alzheimer’s
disease (8) have a reduced risk of cardiovascu-
lar events (9) and show a slower progression of
osteoporosis (10) possibly because estrogens, by
suppressing inflammatory cytokine production, pro-
mote osteoclastogenesis and bone resorption (11).
In several animal models, estrogens display anti-
inflammatory activity: rat adjuvant-induced arthri-
tis (12), endotoxin-induced uveitis (13), vascular
inflammatory reaction (14), and experimental en-
cephalomyelitis (15). The mechanism by which
the systemic administration of estradiol results in
an anti-inflammatory activity may be due to the
hormone-dependent blockade of cytokine (in-
terleukin 1 [IL-1], IL-6, tumor necrosis factor-«
[TNF-«]) production. Estrogens might also inhibit
macrophage infiltration in the damaged tissues.
Macrophages express both the described intracellu-
lar estrogen receptors (ERa and ERpB) (16) and their
exposure to low concentrations of estradiol results
in decreased production of inflammatory agents
such as IL-la and IL-18 (16) or enzymes facilitat-
ing their migration like metalloproteases (17). In
specific organs, then, estradiol may contribute to
the containment of the inflammatory production by
decreasing the synthesis of inducible nitric oxide
synthetase (iNOS), PGE2«, (e.g., in the brain mi-
croglia) (17), PAI-1 (liver) (18), or others not yet
described.

In view of the increasing number of women
chronically treated with estrogen for oral contracep-
tion or replacement therapy, it is of great importance
to investigate on the activity of this sex hormone in
inflammation.

The aim of the present study was to investigate
the role of endogenous estrogens in a well-known
murine model of acute inflammation like carrageenan-
induced pleurisy (19). It is well known that the
early phase of the carrageenan-induced pleurisy is
related to the production of histamine, leukotrienes,
platelet-activating factors, and possibly cyclooxyge-
nase products. The delayed phase is linked to neu-
trophil infiltration and neutrophil-derived free
radicals and oxidants, such as hydrogen peroxide,
superoxide, and hydroxyl radicals, as well as to re-
lease of other neutrophil-derived mediators (20-24)
that cause tissue necrosis. We here show that de-
creased levels of circulating sex hormones induced
by ovariectomy have significant repercussions in the
delayed phase of the rat inflammatory response to
carrageenan injection by significantly increasing the
expression of selected inflammatory markers. The
observation that estrogen replacement counteracts
the effect of ovariectomy leads us to propose that
this hormone might have anti-inflammatory proper-
ties. These observations are relevant to the under-
standing on the role of this sex hormone in nonre-
productive tissues.

Materials and Methods
Reagents

Primary anti-nitrotyrosine antiserum was from Up-
state Biotech (DBA, Milan, Italy). All other reagents
and compounds used were obtained from Sigma
Chemical Company (Milan, Italy).

Animals

Female Sprague-Dawley rats (300-350 g; Charles
River, Milan, Italy) were housed in a controlled
environment and provided with standard rodent
chow and water. Animal care was in compliance
with Italian regulations on protection of animals
used for experimental and other scientific purposes
(D.M. 116192) as well as with the EEC regulations
(0.J. of E.C. L 358/1 12/18/1986).

Ovariectomy

Surgery was performed under halothane (2%) anes-
thesia followed by nitrous oxygen/O, anesthesia for
about 18 min. Ovariectomy was done through a sin-
gle dorsal midline cutaneous incision followed by
bilateral muscle incisions.

Carrageenan-Induced Pleurisy

Rats were anaesthetized with isoflurane and submit-
ted to a skin incision at the level of the left sixth
intercostal space. The underlying muscle was dis-
sected and saline (0.2 ml) or saline containing 1%
A-carrageenan (0.2 ml) were injected into the pleural
cavity. The skin incision was closed with a suture
and the animals were allowed to recover. Four hours
after the injection of carrageenan, the animals were
killed by inhalation of CO,. The chest was carefully
opened and the pleural cavity rinsed with 2 ml of
saline solution containing heparin (5 U-ml™') and
indomethacin (10 ug-ml~"). The exudate and wash-
ing solution were removed by aspiration and the
total volume was measured. Any exudate contami-
nated with blood was discarded. The amount of
exudate was calculated by subtracting the volume
injected (2 ml) from the total volume recovered.
The leukocytes in the exudate were suspended in
phosphate-buffered saline (PBS) and counted with
an optical microscope in a Burker’s chamber after
vital Trypan blue staining. The effects of carrageenan
(or vehicle) injury were observed in the following
groups of rats: ovariectomized (OVX), cycling in
the estrogenic phase (N-OVX) and ovariectomized
treated with 17B-estradiol (E2; 50 ug/kg; intra-
peritoneally) 1 hr before the carrageenan challenge
(OVX + E2). Each experimental group was com-
posed of 10 rats.

Measurement of Circulating Estrogens by Allen-Doisy
Bioassay and Radioimmunoassay
The state of proliferation and keratinization of the

vaginal epithelium is known to closely reflect the
extent of circulating estrogens (25). Vaginal smears
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were therefore performed to assess the phase of the
estral cycle in intact rats. Rats in which the test
showed only cornified cells were selected for the
experiment (Fig.1). Fourteen days after ovariectomy
only leukocytes were present in the vaginal smears,
proving the depletion of circulating estrogens. In
addition, plasma estradiol levels were measured by
using a radioimmunoassay (RIA) (Inalco, Milan,
Italy). The crossreactivity of the estradiol antiserum
with corticosterone was less than 0.017%. The limit
of sensitivity of the assay was 12 pg/ml of plasma.
The intra- and interassay coefficients of variation
were 6% and 7%, respectively. In cycling rats,
plasma levels measured were 29 = 0.33 pg/ml, and
in 3 weeks OVX rats, estradiol was below levels of
detection of the method.

Measurement of Nitrite/Nitrate

Nitrite production, an indicator of NO synthesis,
was measured in the exudate as previously de-
scribed (2). Briefly, the nitrate in the exudate was
first reduced to nitrite by incubation with nitrate
reductase (670 mU-ml~ ') and NADPH (160 uM) at
room temperature for 3 hr. The nitrite concentration
in the samples was then measured by the Griess
reaction, by adding 100 ul of Griess reagent (0.1%
naphthylethylenediamide dihydrochloride in H,O
and 1% sulphanilamide in 5% concentrated H,PO,;
vol 1:1) to 100-ul samples. The optical density at
550 nm (ODss,) was measured using enzyme-linked
immunosorbent assay (ELISA) microplate reader
(SLT Labinstruments, Salzburg, Austria). Nitrite
concentration was calculated by comparison with
ODss, of standard solutions in DMEM medium.

Histologic Examination

Lung biopsies were taken at 4 hr after injection of
carrageenan. The biopsies were fixed for 1 week in
buffered formaldehyde solution (10% in PBS) at
room temperature, dehydrated by graded ethanol,
and embedded in Paraplast (Sherwood Medical, Mah-
wah, NJ, USA). Tissue sections (thickness 7 um)
were deparaffinized with xylene, stained with tri-
chromic Van Gieson, and studied using light
microscopy (Dialux 22 Leitz).

Fig. 1. Allen-Doisy assay. Vaginal smears with the
presence of cornfield cells (A) with large squamous
epithelial cells or with a few leukocytes and nucleated
epithelial cells indicate that the rats are in the estrous
or metaestrus, respectively, phase of the cycle. Only
rats in estrus were used in the N-OVX group. Original
magnification X 145.

Immunofluorescence Localization of ICAM-1,
P-Selectin, Nitrotyrosine, and PARS

Indirect immunofluorescence staining was per-
formed on 7-um thick sections of unfixed rat lung.
Sections were cut in with a Slee and London cryostat
at -30°C, transferred onto clean glass slides, and
dried overnight at room temperature. Sections were
permeabilized with acetone at —20°C for 10 min and
rehydrated in PBS (150 mM NacCl, 20 MM sodium
phosphate, pH 7.2) at room temperature for 45 min.
Sections were incubated overnight with either
rabbit anti-human polyclonal antibody directed at
P-Selectin (CD62P), which reacts with rat and mouse
anti-rat antibody directed at ICAM-1 (CD54) (1:500 in
PBS, v/v) (DBA, Milan, Italy); with anti-nitrotyrosine
rabbit polyclonal antibody (1:500 in PBS, v/v); or with
anti-poly (ADP-Ribose) goat polyclonal antibody rat
(1:500 in PBS, v/v). Sections were washed with
PBS and incubated with secondary antibody (TRITC-
conjugated anti-rabbit and with FITC-conjugated
anti-mouse (Jackson, West Grove, PA, USA) or with
TRITC-conjugated anti-goat antibody (1:80 in PBS,
v/v) for 2 hr at room temperature. Sections were
washed as before, mounted with 90% glycerol in
PBS, and observed with a Nikon RCM8000 confocal
microscope equipped with a 40X oil objective.

To confirm that the immunoreaction for the
nitrotyrosine was specificc some sections were
also incubated with the primary antibody (anti-
nitrotyrosine) in the presence of excess nitrotyrosine
(10 mM) to verify the binding specificity. To verify
the binding specificity for PARS, some sections were
also incubated with only the primary (no secondary)
antibody or with only the secondary(no primary)
antibody. To verify the binding specificity for ICAM-1
or P-selectin, some sections were also incubated with
only the primary(no secondary) antibody or with only
the secondary (no primary)antibody. In these situa-
tions, no positive staining was found in the sections
indicating that the immunoreaction was positive in all
the experiments carried out.

Immunofluorescence photographs (n = 5) were
assessed by densitometry. The assay was carried out
by using Optilab Graftek software on a Macintosh
computer as previously described (26).
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Myeloperoxidase Activity

Myeloperoxidase (MPQO) activity, an indicator of poly-
morphonuclear leukocyte (PMN) accumulation, was
determined as previously described (27). Four hours
following the intrapleural injection of carrageenan,
lung tissues were obtained and weighed. Each piece
of tissue was homogenized in a solution containing
0.5% hexa-decyl-trimethyl-ammonium bromide dis-
solved in 10-mM potassium phosphate buffer (pH 7)
and centrifuged for 30 min at 20,000 g at 4°C. An
aliquot of the supernatant was then allowed to react
with a solution of tetra-methyl-benzidine (1.6 mM)
and 0.1 mM of H,O,. The rate of change in absorbance
was measured spectrophotometrically at 650 nm.
MPO activity was defined as the quantity of enzyme
degrading 1 umol of peroxide min~" at 37°C and was
expressed in milliunits per gram weight of wet tissue.

Malondialdehyde Measurement

Malondialdehyde (MDA) levels in the lung tissue
were determined as an indicator of lipid peroxidation
(28). Lung tissues, collected at the specified time, were
homogenized in 1.15% KCI solution. An aliquot
(100 ul) of the homogenate was added to a reaction
mixture containing 200 ul of 8.1% SDS, 1500 ul of
20% acetic acid (pH 3.5), 1500 ul of 0.8% thiobarbi-
turic acid, and 700 ul distilled water. Samples were
then boiled for 1 hr at 95°C and centrifuged at 3000 g
for 10 min. The absorbance of the supernatant was
measured by spectrophotometry at 650 nm.

Determination of Nitric Oxide Synthase Activity

The calcium-independent conversion of r-arginine
to L-citrulline in the homogenates of lungs (obtained
4 hr after carrageenan treatment in the presence or
the absence of E2) served as an indicator of iNOS
activity (29). Cells were scraped into a homogeniza-
tion buffer composed of 50 mM Tris HCI, 0.1 mM
EDTA, and 1 mM phenylmethylsulphonyl fluoride
(pH 7.4) and homogenized in the buffer on ice using
a tissue homogenizer. Conversion of [*H]-L-arginine
to [°H]-L-citrulline was measured in the homo-
genates as previously described (30). Briefly, homo-
genates (30 wl) were incubated in the presence of
[’H]-L-arginine (10 uM, 5 kBq per tube), NADPH
(1 mM), calmodulin (30 nM), tetrahydrobiopterin
(5 uM), and EGTA (2 mM) for 20 min at 22°C. Re-
actions were stopped by dilution with 0.5 ml of
ice-cold HEPES buffer (pH 5.5) containing EGTA
(2 mM) and EDTA (2 mM). Reaction mixtures were
applied to Dowex 50W (Na" form) columns and the
eluted [’H]-L-citrulline activity was measured by a
Beckman scintillation counter.

Measurement of Cytokines

TNF-a and IL-18 levels were evaluated in exudate at
4 hr after the induction of pleurisy. The assay was
carried out by using a colorimetric, commercial kit
(Calbiochem-Novabiochem Corporation, Milan,
Italy).

Statistical Analysis

All values in the figures and text are expressed as
mean * standard error (SEM) of the mean of n
observations. For the in vivo studies, n represents
the number of animals studied. In the experiments
involving histology or immunohistochemistry, the
figures shown are representative of at least three
experiments performed on different experimental
days. The results were analyzed by one-way ANOVA
followed by a Bonferroni post hoc test for multiple
comparisons. A p-value less than 0.05 was consid-
ered significant.

Results
Endogenous Estrogen Production Protects Against
Carrageenan-Induced Pleurisy

All carrageenan-injected (N-OVX) rats developed
acute pleurisy, producing 1.23 = 0.06 ml of turbid
exudate (Fig. 2A). Trypan blue stain revealed 66 *
1.3 X 10° PMNs per rat in comparison to saline-
treated rats (2.2 = 0.9 X 10° per rat) (Fig. 2B). How-
ever, the effect of carrageenan treatment was sig-
nificantly reduced in cycling versus OVX rats.
Similarly, NO, levels were also significantly (p <
0.01) increased in the exudate from carrageenan-
challenged N-OVX rats (46 * 2.8 nmoles per rat ver-
sus 4.4 = 1.2 nmoles per saline rat) (Fig. 3A). In
the lungs obtained from N-OVX rats subjected to
carrageenan-induced pleurisy, a significant increase
of iNOS activity was also detected at 4 hr (129 *
5 fmol/mg/min) (Fig. 3B). Animals treated with saline
demonstrated no abnormalities in the pleural cavity
or fluid. The degree of pleural exudation, polymor-
phonuclear migration, and NO production were sig-
nificantly enhanced in OVX rats when compared
with cycling rats (Figs. 2 and 3). Ovariectomy did
not cause significant changes in these parameters in
saline-treated rats (Figs. 2 and 3). E2 treatment sig-
nificantly reverted the effect of OVX and signifi-
cantly reduced the degree of pleural exudation,
polymorphonuclear migration, and NO formation
in carrageenan-treated rats (Figs. 2 and 3). At 4 hr
after carrageenan administration, lungs were exam-
ined for MPO activity, indicative of neutrophil
infiltration and for MDA, to estimate lipid peroxi-
dation. After carrageenan injection, MPO activity
and MDA levels (58 =2 mU/100 mg wet tissue,
218 = 9 uM/100 mg wet tissue, respectively) in the
lungs of cycling (N-OVX) rats were significantly
higher than in saline-treated rats (19 = 4 mU/100 mg
wet tissue, 175 = 6 uM/100 mg wet tissue, respec-
tively) (Figs. 4A and 4B). Ovariectomy signifi-
cantly augmented the carrageenan-induced MPO
activity and MDA levels (to 99 = 8 mU/100 mg wet
tissue and 301 = 6 uM/100 mg wet tissue, respec-
tively) (Figs. 4A and 4B). E2 treatment significantly
reverted the effects of OVX and significantly re-
duced MPO activity and malondialdehyde levels
(Figs. 4A and 4B).
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Fig. 2. Effect of endogenous estrogen on carrageenan-induced inflammation. Volume exudate (A) and polymorphonuclear
accumulation (B) in pleural cavity at 4 hr after carrageenan injection. Estrogen depletion significantly increased pleural exudation and
leukocyte migration. Data are presented as mean = SEM of 10 rats for each group. *p < 0.01 versus sham. °p < 0.01 versus
carrageenan-treated N-OVX rats. °p < 0.01 versus carrageenan-treated OVX rats.

At 4 hr after carrageenan injection, staining for
ICAM-1 (2.1 = 0.08% of total tissue area) was found
increased along the bronchial epithelium and in ves-
sels from carrageenan-treated N-OVX rats when
compared with saline treaded rats (Fig. 5A arrows).
Lung tissue section obtained from carrageenan-
treated N-OVX rats showed positive staining for
P-selectin (2.30 = 0.09% of total tissue area) local-
ized in the bronchial epithelium and in vessels
(Fig. 5B arrows). In carrageenan-treated OVX rats,
the staining for ICAM-1 (5.30 £ 0.1% of total tissue
area) or P-selectin (5.42 = 0.07% of total tissue area)
was visibly and significantly increased (Figs. 5D
and 5E) in comparison with the cycling rats. It is
important to emphasize that no staining for ICAM-1
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or P-selectin was observed in lungs of saline-treated
rats (data not shown). E2 treatment significantly
reverted the effects of OVX and significantly reduced
the increase of ICAM-1 and P-selectin (data not
shown).

After the carrageenan challenge, TNF-o (321 =
12.8 pg/ml versus 10.4 = 1.2 pg/ml/sham rat) and
IL-18 (164 * 8.8 pg/ml versus 12.4 * 1.2 pg/ml/sham
rats) were also significantly (p < 0.01) increased in
the exudate from N-OVX rats in comparison to
saline treated rats (Fig. 6). The degree of TNF-«
(534 £21.8 pg/ml) and IL-18 (273 = 7.8 pg/ml)
production was significantly enhanced in OVX rats
as compared to cycling rats (Fig. 6). E2 treatment sig-
nificantly reverted the effects of OVX and significantly
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Fig. 3. Effect of endogenous estrogen on NO production. Nitrite and nitrate concentrations in pleural exudate (A) and iNOS ac-
tivity in lungs (B) at 4 hr after carrageenan administration. iNOS activity in the carrageenan-treated rats was significantly increased
versus sham group. Estrogen depletion significantly affect the NO production. Value are presented as mean = SEM of 10 rats for each
group. *p < 0.01 versus sham. °p < 0.01 versus carrageenan-treated N-OVX rats. °p < 0.01 versus carrageenan-treated OVX rats.




S. Cuzzocrea et al.: Protective Role of Endogenous Estrogens 483

150 4 ON-OVX
B OVX A
OVX+E2

100 1

Lung MPO activity ( mU/100 mg wet tissue)
n
—]

]
I

VEHICLE CAR

350 B
300 -
250 -
200 -
150 -

100 -

N
=]
1

" Lung MDA level ( 11M/100 mg wet tissue)

VEHICLE CAR

Fig. 4. Effect of endogenous estrogen on polymorphonuclear leukocyte migration and lipid peroxidation. MPO activity (A)
and MDA (B) in the lungs of carrageenan-treated rats sacrificed at 4 hr. MPO activity and MDA levels were significantly increased in
the lungs of the carrageenan-treated rats in comparison to sham-treated rats. Estrogen depletion significantly enhanced the
carrageenan-induced increase in MPO activity and MDA levels. Values are presented as mean * SEM of 10 rats for each group. *p <
0.01 versus sham. °p < 0.01 versus carrageenan-treated N-OVX rats. “°p < 0.01 versus carrageenan-treated OVX rats.

reduced the increase of TNF-« and IL-183 (Fig. 6).
The absence of estrogens did not cause significant
changes in these parameters in sham rats (Fig. 6).

At 4 hr following the intrapleural injection of car-
rageenan, lung sections were analyzed for the pres-
ence of nitrotyrosine. Immunohistochemical analysis
in lungs from carrageenan-treated OVX rats (Fig. 7D
arrows), using a specific anti-nitrotyrosine antiserum,
revealed significantly more positive staining (5.50 =
0.06% of total tissue area) than carrageenan-treated
rats in cycling (N-OVX) rats (2.25 = 0.08% of total
tissue area) (Fig. 7A arrows). Immunohistochemical
analysis for PARS from lung sections obtained from
OVX rats (Fig. 7E arrows) treated with carrageenan
also revealed significantly more positive staining for
PARS (4.32 £ 0.11% of total tissue area) than in
carrageenan-treated cycling (N-OVX) rats (1.40 =
0.05% of total tissue area) (Fig. 7B). Note that there
was no staining for either nitrotyrosine or PARS in
lungs obtained from saline-treated rats (data not
shown). E2 treatment significantly reverted the ef-
fects of OVX and significantly reduced the increase of
nitrotyrosine and PARS (data not shown).

Histologic examination of lung sections of N-
OVX rats treated with carrageenan showed tissue
injury as well as inflammatory cells infiltration
(Fig. 8B). In contrast, the absence of estrogen pro-
duction induced a significant increase in the inflam-
matory cell infiltration as well as a more pronounced
lung injury (Fig. 8A). E2 treatment significantly re-
verted the effects of OVX and significantly reduced
the lung injury (data not shown).

Discussion

The results of the present study suggest that endoge-
nous estrogens are a protective factor against the

carrageenan-induced development of acute inflam-
mation. Our findings are in agreement with previ-
ous reports from our (31) and other laboratories
(32,33), which show that estrogens may inhibit
inflammatory responses in which PMN play a key
role. The mechanism underlying this effect has not
been elucidated. To our knowledge, this is the first
investigation to address the molecular mechanism of
endogenous estrogens anti-inflammatory activity.

Endogenous Estrogen Protects Against Lung Injury
by Controlling Neutrophil Migration

The most evident finding in the present study was
that the ovariectomized rats showed a remarkable
increase in the degree of pleural exudate and poly-
morphonucleate cells migration than cycling ani-
mals. Neutrophils play a crucial role in the full man-
ifestation of the inflammatory process and their
infiltration into inflamed tissues is essential for the
fate of foreign antigens and production of oxidative
products leading to tissue injury and remodeling.
The extravasation of PMNs into the inflamed tissue
involves leukocyte rolling, followed by adherence
and transendothelial migration. In this process
P-selectin, a member of the selecting family of ad-
hesion molecules, directs the initial phase of these
cell migrations, which involves their rolling along
the vascular endothelium. This is instrumental to
tethering the unstimulated neutrophil to the endo-
thelium, which is activated to express substances
such as platelet activating factor promoting adher-
ence (34,35). The P-selectin-mediated adherence of
neutrophils to the endothelial cells is not sufficient
for the transendothelial migration, a process requir-
ing a more stable intracellular association (36),
which is provided by interaction between B2 inte-
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Fig. 5. Immunohistochemical localization of ICAM-1 and
P-selectin in the lung. Section obtained from carrageenan-
treated N-OVX rats showed intense positive staining for
ICAM-1 (A) and for P-selectin (B) on bronchial epithelium
(arrows). The degree of bronchial epithelium staining for
ICAM-1 (D) and for P-selectin (E) was markedly increased in tis-
sue section obtained from OVX rats. C and F represent the stain-
ing combination of panels A and B and D and E, respectively.
Original magnification X 145. Figure is representative of at least
three experiments performed on different experimental days.
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grins (i.e., CD11/CD18) on the PMN surface and in-
tracellular adhesion molecule 1 (ICAM-1) on the en-
dothelial cells surface (37,38). Our study provides a
potential mechanism by which endogenous estro-
gens contribute to the regulation of neutrophil infil-
tration by showing that the lack of endogenous es-
trogens results in higher production of P-selectin
and ICAM-1 in tissues exposed to an inflammatory
agent like carrageenan. This is in line with emerging
experimental evidence linking estrogen activity
with cell adhesion molecules. It has been demon-
strated in fact that in cycling women there is a max-
imal decrease in P-selectin levels during the luteal
phase. In addition, a single intramuscular injection
of 17B-estradiol significantly lowered soluble P-se-
lectin levels in healthy male volunteers (39).

Ovariectomy Results in Higher Production of Oxidative
Products in Carrageenan-Induced Pleurisy

Previous studies have shown the important role
played by infiltrating inflammatory cells in the
development of the pathologic features of pleurisy
(21,40). Several hypotheses may explain this phe-
nomenon. Although NO itself is a weak oxidant,
biochemical studies have shown that NO rapidly
interacts with superoxide anion to yield peroxyni-
trite and its conjugate acid, peroxynitrous acid,
which then decomposes to form highly reactive oxi-
dant species, such as hydroxyl and nitrogen dioxide.

Using nitrotyrosine immunohistochemistry, this
study confirms the production of peroxynitrite in
the lung of rats subjected to carrageenan-induced
pleurisy. Nitrotyrosine formation, along with its
detection by immunostaining, was initially proposed
as a relatively specific marker for the detection of the
endogenous formation “footprint” of peroxynitrite
(41). There is, however, recent evidence that certain
other reactions can also induce tyrosine nitration
(e.g., the reaction of nitrite with hypochlorous acid
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Fig. 6. Effect of endogenous estrogen on cytokines production. TNF-a (A) and IL-13 (B) levels in pleural exudate at 4 hr after
carrageenan administration. Cytokine production in the carrageenan-treated N-OVX rats was significantly increased versus sham-
treated group. Estrogen depletion significantly affect the cytokines production. Value are presented as mean = SEM of 10 rats for each
group. *p < 0.01 versus sham. °p < 0.01 versus carrageenan-treated N-OVX rats. “°p < 0.01 versus carrageenan-treated OVX rats.
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Fig. 7. Immunohistochemical localization for nitrotytosine
and for PARS in the lung. Immunohistochemistry for nitroty-
rosine (A) and for PARS (B) show positive staining along the
vessels (big arrows) and in the bronchial epithelium (small
arrows) from a carrageenan-treated N-OVX rats. The intensity
of the positive staining for nitrotyrosine (D) and for PARS

(E) was markedly increased in tissue section obtained from car-
rageenan-treated OVX rats. C and F represent the staining com-
bination of panel A and B, and D and E, respectively. Original
magnification X 145. Figure is representative of at least three
experiments performed on different experimental days.

and the reaction of myeloperoxidase with hydrogen
peroxide can lead to the formation of nitrotyrosine)
(42). Increased nitrotyrosine staining is, therefore,
considered an indication of “increased nitrosative
stress” rather than a specific marker of the genera-
tion of peroxynitrite.

The more pronounced nitrotyrosine staining
may be also due to increased production of NO, as
demonstrated by the measurement of lung iNOS
activity.

Both superoxide and peroxynitrite, directly or
via reactive intermediates, may induce cytotoxicity
via a number of mechanisms including tyrosine
nitration, lipid peroxidation, DNA strand breaks,
and the consequent activation of poly-ADP ribose
synthase (43-45). Furthermore, nitrogen-centered
oxidants may also degrade the iron-sulphur clus-
ters of mammalian mitochondrial NADH-coenzyme
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Fig. 8. Effect of endogenous estrogen on lung injury. The
lung section from a carrageenan-treated N-OVX rat demon-
strates inflammatory cells infiltration (A). The lung section from
a carrageenan-treated OVX rat demonstrates a marked increased
in cellular infiltration (B). Original magnification X125. Figure
is representative of at least three experiments performed on dif-
ferent experimental days.

Q reductase, succinate dehydrogenase, aconitase,
and ATPase. As a consequence, intracellular iron
homoeostasis may be disrupted, providing a catalyst
for further generation of deleterious oxygen species
from neutrophils (46,47). This study confirms previ-
ous reports showing that estradiol down-regulates
inducible nitric oxide synthase in rat smooth muscle
cells in culture (48), in human macrophages and rat
microglia (Vegeto et al., submitted) (49).

Endogenous Estrogens Oppose the Production
of Inflammatory Cytokines

TNF-« and selected cytokines are present in inflamed
tissues and their concentration increases in plasma
during inflammation. Direct evidence of the role of
these compounds in the pathogenesis of experimental
pleurisy and other models was obtained by blocking
their activity and showing a delay in the onset of the
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pleurisy, suppressing the inflammatory reaction
and limiting the lung necrosis ensuing the inflam-
matory process. Recent studies show that estrogens
regulate the production of inflammatory cytokines
(IL-1, IL-6, TNF-a) in bone (18), monocytes and
macrophages (50,51), bovine chondrocytes (52).
and astroglia (53). In accordance with these find-
ings, we observed that ovariectomy causes a signif-
icant increase in carrageenan-induced production
of TNF-« and IL-1p.

Concluding Remarks

To our knowledge, this is the first demonstration
that ovariectomy results in lowered protection
against inflammatory lung injury. In spite of the fact
that several reports have provided evidence for a
mechanistic interaction between sex hormones syn-
thesized in the ovaries (estrogens in particular) and
the molecules involved in the inflammatory reac-
tion, our in vivo study clearly shows that the physi-
ologic concentration of hormones present in cycling
rat is sufficient to significantly lower the inflamma-
tory response observed in gonadectomized rats. The
finding that estrogen replacement reverts the effect
of ovariectomy strongly supports the view of a main
protective effect of estradiol at least in this model of
acute inflammation.

Our study therefore provides a biochemical sup-
port to the concept of a decreased resistance to the
manifestation of immune diseases in postmenopausal
women based on anedoctal and epidemiologic evi-
dence (54,55). Considering the growing interest in
the pharmacologic use of natural and synthetic es-
trogens, our findings indicate the necessity of a more
systematic evaluation of estrogens in inflammatory
pathologies.
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