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bstract

This study investigated the frequency of apoptosis in rat pulmonary epithelial cells after intraperitoneal endotoxin (LPS) injection,
he effects of LPS on inflammatory markers [myeloperoxidase (MPO), tumor necrosis factor alpha (TNF-�), and vascular endothelial
rowth factor (VEGF)] in lung damage and the protective effects of two known antioxidant agents, erdosteine and N-acetylcysteine
NAC). Male Wistar rats were divided into six groups, each composed of nine rats: two control groups, two LPS-treated groups,
ne erdosteine-treated group (150 mg/kg), and one NAC-treated group. LPS was intraperitoneally injected at a dosage of 20 mg/kg.
ollowing LPS injection, the antioxidants were administered orally. The rats were killed 24 h after LPS administration. Lung tissue
amples were stained with hematoxylin–eosin (H&E) for histopathological assessments. Apoptosis level in epithelial cells was deter-
ined by using TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick endlabelling) method. Staining of cytoplasmic
NF-� in epithelial cells and VEGF in endothelial cells, and epithelial MPO activity were evaluated by immunohistochemistry.
osttreatment with erdosteine and NAC significantly reduced the rate of LPS-induced epithelial cell apoptosis. Posttreatment with

rdosteine and NAC significantly reduced the increases in the local production of TNF-� and VEGF, and epithelial MPO activity.
he effects of NAC on apoptosis, the increases in the local production of TNF-� and VEGF, were weaker than the effects of
rdosteine. This finding suggests that the effects of erdosteine at the administered dose on apoptosis regulation are stronger than
hat of NAC.

2006 Elsevier Ireland Ltd. All rights reserved.
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. Introduction
Sepsis is a life-threating disease caused by an exces-
ive host immune response to infection that can lead to
ultiple organ dysfunction and high mortality. Bacterial
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endotoxin (lipopolysaccharide, LPS), the outer mem-
brane of Gram-negative bacteria, is widely accepted as a
central player in the pathogenesis of sepsis (Freeman and
Natanson, 2000). It has been established that significant
apoptosis (controlled cell death) develops in lymphoid
organs of septic patients and that inhibition of apoptosis
in these organs is associated with improved survival in
experimental animals (Rudkowski et al., 2004; Freitas

et al., 2004). In sepsis, the organ primarily targeted for
injury is the lung, and acute lung injury (ALI) lead-
ing to acute respiratory distress syndrome (ARDS) is a
clinical syndrome associated with respiratory dysfunc-

ed.
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tion, which is often a complication of sepsis (Tsokos
et al., 2003; Hudson et al., 1995). The pathophysiol-
ogy of ALI involves inflammation with diffuse alveolar
damage, increased capillary permeability, interstitial and
alveolar edema, influx of circulating inflammatory cells,
and formation of hyaline membrane (Rojas et al., 2005).

Sepsis and subsequent organ dysfunction/failure rep-
resent a generalized inflammatory response to infection
that under severe conditions may become uncontrolled
and self-destructive (Downey et al., 1999). Apart from
the direct cytotoxicity in response to systemic LPS expo-
sure, proinflammatory cytokines such as tumor necrosis
factor alpha (TNF-�) and interleukin-1 (IL-1) are also
produced by the host and have been shown to either
directly or indirectly mediate many of the hemodynamic
and inflammatory changes and organ damage in sep-
sis (Holub and Lawrence, 2003). The overproduction of
TNF-� has been postulated to contribute to the develop-
ment of tissue injury through the recruitment and acti-
vation of neutrophils, activation of apoptotic pathways,
oxidative injury, and induction of vascular endothelial
growth factor (VEGF) (Tsokos et al., 2003; Spapen et
al., 1998).

Convincing experimental evidence has been pre-
sented that reactive oxygen species (ROS) produced
by activated neutrophils, macrophages, and stimulated
pulmonary endothelial cells play a major role in medi-
ating injury to the lung in sepsis. ROS cause lipid per-
oxidation of cellular membranes, denaturation of pro-
teins, polysaccharide depolymerization, and deoxyri-
bonucleotide (DNA) degradation and therefore disrupt
the structural integrity and capacity for cell transport
and energy production. Whereas a variety of endoge-
nous substances can protect cells from exposure to ROS,
endotoxemia and sepsis are associated with a reduced
endogenous antioxidant capacity, thereby resulting in an
oxidant–antioxidant imbalance (Baboolal et al., 2002;
Del Rio et al., 1998). The modulation of apoptosis
with agents known to augment the cellular antioxidant
defense system and neutralize ROS thus seems to pro-
vide a therapeutic tool to control the course of sepsis and
the development of ALI.

Erdosteine [N-(carboxymethylthioacetyl)-homocys-
teine thiolactone] is a novel mucoactive agent that con-
tains two blocked sulphydryl groups, which after hepatic
metabolization, become available for free radical scav-
enging and antioxidant activity (Dechant and Noble,
1996; Braga et al., 2000). N-Acetylcysteine (NAC),

the N-acetyl derivate of the amino acid l-cysteine, has
antioxidant, cytoprotective, and microcirculatory effects
that could prove beneficial under septic conditions. Phar-
macologic actions of NAC include the restoration of
y 228 (2006) 151–161

cellular antioxidant potential by replenishing depleted
reduced glutathione (GSH) stores, the scavenging of
ROS both directly and as a precursor of GSH, the inhi-
bition of neutrophil aggregation and TNF-� production,
and the regeneration of nitric oxide, which is vital for
organ perfusion during endotoxic shock and is readily
inactivated by ROS (Spapen et al., 1998).

This study investigated the frequency of apoptosis in
rat pulmonary epithelial cells after intraperitoneal (IP)
LPS injection, the effects of LPS on inflammatory mark-
ers [Myeloperoxidase (MPO), TNF-�, and VEGF] in
lung damage, and the protective effects of two known
antioxidant agents, erdosteine and NAC.

2. Materials and methods

2.1. Animals

This study was conducted at the experimental research cen-
ter, University of Akdeniz (Antalya, Turkey). Fifty-four Wistar
rats (200–250 g) were used in the study. The animals were
fed a commercial balanced diet and tap water ad libitum. The
rats were housed in cages and kept at a controlled tempera-
ture (22 ± 2 ◦C) and humidity (55–60%) with a 12-h light/dark
cycle. The investigation followed the National Research Coun-
cil guidelines (NIH publication no. 85–23, revised l985) and
was approved by the Animal Care and Use Committee of the
University of Akdeniz.

2.2. Experimental groups

The rats were divided into six groups, each composed of
nine rats: two control groups (IP saline plus oral distilled water
or sodium bicarbonate), two LPS-treated groups (IP LPS plus
oral distilled water or sodium bicarbonate), one erdosteine-
treated group (IP LPS plus erdosteine at a dose of 150 mg/kg),
and one NAC-treated group (IP LPS plus NAC at a dose of
150 mg/kg).

2.3. Experimental procedure

Lipopolysaccharide (LPS) from Escherichia coli 055:B5
(Sigma, St. Louis, MO) was dissolved in 1 ml of sterile saline
solution and injected intraperitoneally at a dosage of 20 mg/kg,
as previously described (Rudkowski et al., 2004). Erdosteine
(Sandoz Drug Industries, İstanbul, Turkey) was dissolved with
an equivalent molar quantity of sodium bicarbonate in dis-
tilled water and NAC (Bılım Drug Industries, Istanbul, Turkey)
was dissolved in distilled water. Following LPS injection, the
antioxidants were administered orally as a single dose via

a syringe with a gavage needle. Control rats were intraperi-
toneally administered isotonic saline solution at a volume equal
to that of the LPS injection, and distilled water at a volume
equal to that of the NAC or a molar quantity of sodium bicar-
bonate equivalent to that of the erdosteine treatment dissolved
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n distilled water was given orally according to the drug admin-
stration protocol. The rats were killed 24 h after LPS admin-
stration by overdose urethane anesthesia and a thoracotomy
as performed, and the lungs were explored. The lung tissue
as processed for histopathological examination and analysis
f apoptosis, TNF-�, MPO, and VEGF.

.4. Histological examination

The lung tissue samples were fixed in 10% buffered forma-
in and embedded in paraffin. Five-micrometer-thick sections
ere placed on polylysine-coated slides and stained with hema-

oxylin and eosin (H&E). The slides were evaluated under
ight microscopy (Olympus BX51; Olympus Corp., Tokyo,
apan) at 40× magnification. The histopathological evaluation
f lung injury was performed based on the following parame-
ers: Inflammation, alveolar damage, and vascular congestion.
he severity of lung injury was judged by using a blind semi-
uantitative scoring system according to the previously defined
riteria: no injury = 0, mild injury = 1, moderate injury = 2, and
evere injury = 3 (Wang et al., 2002).

.5. Analysis of apoptosis

The apoptosis level in the lung bronchiolar and alveo-
ar epithelium was determined by using a terminal deoxynu-
leotidyl transferase-mediated dUTP nick end labelling
TUNEL) kit (Roche, Mannheim, Germany) according to the
anufacturer’s protocol. Briefly, the sections were deparaf-
nized and rehydrated. Then the sections were incubated with
roteinase K, rinsed, incubated in 3% H2O2, permeabilized
ith 0.1% Triton X-100, rinsed again, and incubated in the
UNEL reaction mixture. Following incubation, the sections
ere rinsed and visualized using Converter-POD with DAB.
he sections were counterstained with hematoxylin and eosin

H&E). Apoptotic cells containing DNA fragmentation at a sin-
le cell level were identified by the TUNEL method. The pul-
onary artery endothelial cells per lung section were counted

nder a selected 400× microscopic field by two pathologists
lind to the experimental protocol. The apoptosis index was
xpressed as a percentage of TUNEL-positive cells in 1000
ells counted in the same section (D’Agostini et al., 2001).

.6. Analysis of TNF-�

The local production of TNF-� was evaluated immunohis-
ochemically using an anti-TNF-� kit (Histopathology Ltd.,
kác, Hungary) according to the manufacturer’s protocol.
riefly, the lung tissue samples on polylysine-coated slides
ere deparaffinized and rehydrated. Then, the microwave anti-
en retrieval procedure was performed, and the samples were
ncubated in a 3% H2O2 solution to inhibit endogenous perox-

dase. To block nonspecific background staining, the sections
ere incubated with a blocking solution. Then the sections
ere incubated with primary anti-TNF-� antibody, followed by

ncubation with biotinylated goat anti-mouse antibody. After
ncubating with the chromogenic substrate (DAB), the sec-
y 228 (2006) 151–161 153

tions were counterstained with hematoxylin and eosin (H&E).
The slides were examined under a light microscope (Olympus
BX51; Olympus Corp., Tokyo, Japan) at 400×, and all analyses
were performed by two pathologists blind to the group assign-
ments. The staining of cytoplasmic TNF-� in the bronchiolar
and alveolar epithelial cells was evaluated, and the results were
expressed as the percentage of bronchial and alveolar epithelial
cells cytoplasmically stained positive for TNF-� in 1000 cells
counted in the same section (Yang et al., 2004).

2.7. Analysis of MPO

Lung MPO activity was evaluated immunohistochemically
using an anti-MPO kit (NeoMarkers Inc., Portsmouth, NH,
USA) according to the manufacturer’s protocol. Briefly, the
lung tissue samples on polylysine-coated slides were deparaf-
finized and rehydrated. Then, the microwave antigen retrieval
procedure was performed, and the samples were incubated in a
3% H2O2 solution to inhibit endogenous peroxidase. To block
nonspecific background staining, the sections were incubated
with a blocking solution. Then the sections were incubated
with primary anti-MPO antibody, followed by incubation with
biotinylated goat anti-mouse antibody. After incubating with
the chromogenic substrate (DAB), the sections were counter-
stained with hematoxylin and eosin (H&E). The slides were
examined under a light microscope (Olympus BX51; Olympus
Corp., Tokyo, Japan) at 400×, and all analyses were performed
by two pathologists blind to the group assignments. The stain-
ing of cytoplasmic MPO in the neutrophils was evaluated, and
the results were expressed as the percentage of neutrophils
cytoplasmically stained positive for MPO in 1000 cells counted
in the same section (Coimbra et al., 2006).

2.8. Analysis of VEGF

The local production of VEGF in the pulmonary artery
endothelial cells was evaluated immunohistochemically using
an anti-VEGF kit (NeoMarkers Inc., Portsmouth, NH, USA)
according to the manufacturer’s protocol. Briefly, the lung tis-
sue samples on polylysine-coated slides were deparaffinized
and rehydrated. Then, the microwave antigen retrieval pro-
cedure was performed, and the samples were incubated in a
3% H2O2 solution to inhibit endogenous peroxidase. To block
nonspecific background staining, the sections were incubated
with a blocking solution. Then the sections were incubated
with primary anti-VEGF antibody, followed by incubation with
biotinylated goat anti-mouse antibody. After incubating with
the chromogenic substrate (DAB), the sections were counter-
stained with hematoxylin and eosin (H&E). The slides were
examined under a light microscope (Olympus BX51; Olympus
Corp., Tokyo, Japan) at 400×, and all analyses were performed
by two pathologists blind to the group assignments. The stain-

ing of cytoplasmic VEGF in the pulmonary artery endothelial
cells was evaluated, and the results were expressed as the per-
centage of endothelial cells cytoplasmically stained positive
for VEGF in 1000 cells counted in the same section (Wright et
al., 2004).
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Table 2
The effects of the LPS and antioxidant treatments on apoptosis in the
bronchiolar and alveolar epithelial cells

Treated group Apoptosis index (% cells
staining positive),
mean ± S.D.

IP saline 10.6 ± 8.5
IP LPS 85.6 ± 6.2††
IP LPS + erdosteine (150 mg/kg) 19.4 ± 9.8**

IP LPS + NAC (150 mg/kg) 36.1 ± 4.2**

** Statistical analysis: significantly lower compared with the positive
154 R. Demiralay et al. / To

2.9. Statistical analysis

Statistical analyses were conducted using the SPSS sta-
tistical package (SPSS 9. for Windows, Chicago, IL, USA).
The results were expressed as mean values ± standard devi-
ation. Differences in quantitative variables between the
groups were analyzed using one-way analysis of variance
(ANOVA) followed by post hoc multiple comparison tests.
The Mann–Whitney U-test was used to compare the mean
scores of histological parameters between groups. All statisti-
cal tests were two-tailed, and a p-value less than 0.05 indicated
significance.

3. Results

3.1. Histological analysis

In the present study, the histological analysis revealed
no significant differences in histology between the dis-
tilled water-treated group and the sodium bicarbonate-
treated group (data not shown). The effects of the drug
treatments on lung histology are given in Table 1. Sta-
tistically significant differences were observed between
the control group and the LPS-treated group in the
histopathological examination of the lung tissue sec-
tions. In the LPS-treated group, differences in the fol-
lowing histopathogical parameters were found (Fig. 1):
inflammation (p = 0.001) alveolar damage (p = 0), and
vascular congestion (p = 0.001).

Posttreatment with erdosteine significantly reduced
inflammation (p = 0.009), alveolar damage (p = 0), and
vascular congestion (p = 0). Posttreatment with NAC sig-
nificantly reduced alveolar damage (p = 0) and vascular
congestion (p = 0.002). The effect of NAC on inflamma-
tion was weaker than that of erdosteine (p = 0.007).
3.2. Analysis of apoptosis

In the present study, the apoptosis analysis revealed no
significant differences in apoptosis between the distilled
water-treated group and the sodium bicarbonate-treated

Table 1
The effects of the LPS and antioxidant treatments on lung histology

Histopathological
findings

IP saline
(mean ± S.D.)

IP + LPS
(mean ± S.D.)

Inflammation 0.2 ± 0.4 2.1 ± 0.8†
Alveolar damage 0.4 ± 0.5 3.0 ± 0.0††
Vascular congestion 0.2 ± 0.4 2.6 ± 0.5††

The severity of lung injury was scored semiquantitatively as follows: no injur
* Statistical analysis: significantly lower compared with the positive contro

** Statistical analysis: significantly lower compared with the positive contro
† Statistical analysis: significantly higher compared with the negative contr
†† Statistical analysis: significantly higher compared with the negative contr
control group (p < 0.0001).
†† Statistical analysis: significantly higher compared with the negative

control group (p < 0.0001).

group (data not shown). The effects of the LPS and
antioxidant treatments on apoptosis in the bronchiolar
and alveolar epithelial cells are given in Table 2. The
numbers of TUNEL-positive bronchiolar and alveolar
epithelial cells were significantly higher in the LPS-
treated group than in the control group (p = 0). LPS
administration resulted in the induction of apoptotic
bodies, which are characteristic of apoptotic cell death
(Fig. 2). Posttreatment with erdosteine (p = 0) and NAC
(p = 0) significantly reduced the rate of LPS-induced pul-
monary epithelial cell apoptosis. The effect of NAC on
apoptosis in the bronchiolar and alveolar epithelial cells
was weaker than that of erdosteine (p = 0.001).

3.3. Analysis of TNF-α

In the present study, the TNF-� analysis revealed no
significant differences in TNF-� between the distilled
water-treated group and the sodium bicarbonate-treated
group (data not shown). The effects of the LPS and the
antioxidants on the local production level of TNF-� in

the bronchiolar and alveolar epithelial cells are given
in Table 3. The percentages of bronchiolar and alveo-
lar epithelial cells that cytoplasmically stained positive
for TNF-� were significantly higher in the LPS-treated

IP LPS + erdosteine
(150 mg/kg; mean ± S.D.)

IP LPS + NAC
(150 mg/kg; mean ± S.D.)

0.9 ± 0.6* 1.9 ± 0.6
0.8 ± 0.6** 1.7 ± 0.5**

0.6 ± 0.5** 1.4 ± 0.5*

y = 0, mild injury = 1, moderate injury = 2, and severe injury = 3.
l group (p < 0.05).
l group (p < 0.0001).
ol group (p < 0.05).
ol group (p < 0.0001).
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ig. 1. Photomicrographs of the histological analysis of the rat lung tis
roup; (C) the erdosteine-treated group; (D) the NAC-treated group.

roup than in the control group (p = 0; Fig. 3). Post-
reatment with erdosteine (p = 0) and NAC (p = 0) sig-
ificantly reduced the increase in TNF-� staining. The
ffect of NAC on the increase in the local TNF-� level
as weaker than that of erdosteine (p = 0).
.4. Analysis of MPO

In the present study, the MPO analysis revealed no
ignificant differences in MPO between the distilled

able 3
he effects of the LPS and antioxidant treatments on the local produc-

ion level of TNF-� in the bronchiolar and alveolar epithelial cells

reated group Local TNF-� level (% cells
staining positive),
mean ± S.D.

P saline 4.4 ± 3.9
P LPS 90.6 ± 5.6††
P LPS + erdosteine (150 mg/kg) 14.4 ± 8.2**

P LPS + NAC (150 mg/kg) 30.0 ± 5.6**

** Statistical analysis: significantly lower compared with the positive
ontrol group (p < 0.0001).
†† Statistical analysis: significantly higher compared with the negative
ontrol group (p < 0.0001).
ions (H&E; 40×). (A) The negative control group; (B) the LPS-treated

water-treated group and the sodium bicarbonate-treated
group (data not shown). Table 4 shows the effects of the
LPS and the antioxidants on the lung MPO activity. The
percentage of neutrophils with cytoplasm that stained
positive for MPO was significantly higher in the LPS-
treated group than in the control group (p = 0; Fig. 4).

Posttreatment with erdosteine (p = 0) and NAC (p = 0)
significantly reduced the increase in lung MPO activity,
and there were no significant differences in MPO activity
between the two antioxidants groups.

Table 4
The effects of the LPS and antioxidant treatments on the lung MPO
activity

Treated group Lung MPO activity (% cells
staining positive),
mean ± S.D.

IP saline 19.4 ± 11.0
IP LPS 92.9 ± 4.2††
IP LPS + erdosteine (150 mg/kg) 29.8 ± 16.2**

IP LPS + NAC (150 mg/kg) 53.0 ± 19.8**

** Statistical analysis: significantly lower compared with the positive
control group (p < 0.0001).
†† Statistical analysis: significantly higher compared with the negative

control group (p < 0.0001).
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n the b
he LPS-
Fig. 2. Photomicrographs of apoptotic cells (brown-stained nuclei) i
(original magnification, 200×). (A) The negative control group; (B) t
group.

3.5. Analysis of VEGF

In the present study, the VEGF analysis revealed no

significant differences in VEGF between the distilled
water-treated group and the sodium bicarbonate-treated
group (data not shown). The effects of the LPS and
the antioxidants on the local production level of VEGF

Table 5
The effects of the LPS and antioxidant treatments on local production
of VEGF in pulmonary artery endothelial cells

Treated group Local production level of
VEGF (% cells staining
positive), mean ± S.D.

IP saline 3.9 ± 4.2
IP LPS 88.3 ± 11.8††
IP LPS + erdosteine (150 mg/kg) 18.8 ± 19.6**

IP LPS + NAC (150 mg/kg) 60.0 ± 16.8*

* Statistical analysis: significantly lower compared with the positive
control group (p < 0.05).
** Statistical analysis: significantly lower compared with the positive

control group (p < 0.0001).
†† Statistical analysis: significantly higher compared with the negative

control group (p < 0.0001).
ronchiolar and alveolar epithelia as detected by the TUNEL method
treated group; (C) the erdosteine-treated group; (D) the NAC-treated

in the pulmonary artery endothelial cells are given in
Table 5. The percentages of pulmonary artery endothe-
lial cells that cytoplasmically stained positive for VEGF
were significantly higher in the LPS-treated group than
in the control group (p = 0; Fig. 5). Posttreatment with
erdosteine (p = 0) and NAC (p = 0.002) significantly
reduced the increase in VEGF staining. The effect of
NAC on the increase in local production of VEGF in
pulmonary artery endothelial was weaker than that of
erdosteine (p = 0).

4. Discussion

ALI is thought to result from an unchecked inflam-
matory response leading to pulmonary epithelial and
endothelial cell injury (Bernard et al., 1997). LPS has
been found to cause apoptotic cell death in endothelial
cells, bronchiolar and epithelial cells, and inflammatory
cells in lung tissues (Haimovitz-Friedman et al., 1997;

Fujita et al., 1998).

In this study on LPS-treated rats, the lung injury pat-
tern was characterized by extensive alveolar damage,
inflammation, and vascular congestion. Posttreatment



R. Demiralay et al. / Toxicology 228 (2006) 151–161 157

F and alv
( he LPS-
g

w
i
s
g
o
N

i
e
t
t
t
m
a
e
h
a
(
e
s
a
c

t
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original magnification, 100×). (A) The negative control group; (B) t
roup.

ith erdosteine significantly reduced alveolar damage,
nflammation, and vascular congestion, whereas NAC
ignificantly reduced alveolar damage and vascular con-
estion. These findings suggest that the protective effect
f erdosteine on lung histology is stronger than that of
AC.

LPS administration in the present study resulted in the
nduction of apoptotic bodies in bronchiolar and alveolar
pithelial cells, indicating apoptosis of these cells. Post-
reatment with erdosteine and NAC significantly reduced
he rate of LPS-induced pulmonary epithelial cell apop-
osis. These results illustrate that LPS toxicity may be

ediated, at least in part, by oxidative stress and may be
ttenuated by antioxidants (Del Rio et al., 1998). Sev-
ral in vivo and in vitro studies have indicated that NAC
as the ability to attenuate oxidative stress, DNA dam-
ge, and other signals that ultimately trigger apoptosis
Gillissen and Nowak, 1998). However, the effects of
rdosteine on the regulation of sepsis-induced apopto-
is have not been previously examined. These findings

re consistent with the idea that the septic response is
onducive to the induction of apoptosis.

The generation of an immune response to endo-
oxins involves the activation of effector cells, mainly
eolar epithelial cells, as detected by immunohistochemical staining
treated group; (C) the erdosteine-treated group; (D) the NAC-treated

phagocytes, and the subsequent production of cytokines
such as TNF-� (Haveman et al., 1999). In sepsis, TNF-
� is released during the first 30–90 min after expo-
sure to LPS, and in turn activates a second level
of inflammatory cascades, including cytokines, lipid
mediators, and ROS, and up-regulates cell adhesion
molecules to initiate inflammatory cell migration into
tissues (Goodman et al., 1996). TNF-� is a detrimental
mediator involved in endotoxic shock that has effects on
different steps of the phagocytic process and is a known
inducer of apoptosis in a variety of cells (Medan et al.,
2002).

In this study, the administration of LPS increased the
rate of TNF-� staining in the cytoplasm of bronchio-
lar and alveolar epithelial cells, suggesting that TNF-�
plays an important role in LPS-induced lung injury. High
TNF-� levels have been found in the bronchoalveolar
lavage (BAL) fluid of patients at risk of ARDS and
those with established ARDS (Bohlinger et al., 1996).
Neutralization of TNF-� by anti-TNF-� antibody pre-

treatment before a lethal LPS challenge was found to sig-
nificantly reduce TNF-�-induced DNA fragmentation
and membrane lysis in lung parenchymal cells (Gosset
et al., 1999). In the present study, posttreatment with
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as detec
ated gr
Fig. 4. Photomicrographs of the MPO analysis in the rat lung tissue,
200× magnification). (A) The negative control group; (B) the LPS-tre

erdosteine and NAC significantly lowered the increases
in the local production of TNF-�, suggesting their anti-
inflammatory properties. NAC inhibited the activation of
nuclear transcription factor (NF)-�B produced by LPS,
which could result in a decrease in TNF-� synthesis
(Victor and De la Fuente, 2002).

Systemic neutrophil activation (cytokine-mediated) is
a direct consequence of sepsis and if excessive, can lead
to multiple organ dysfunction syndrome (MODS) and
multiple organ failure. As a consequence of an overactive
sepsis response, neutrophils become activated within the
general circulation and some then lodge within the pul-
monary microcirculation (Goodman et al., 1996). Upon
activation, neutrophils not only generate oxygen radicals
but also secrete MPO as part of their oxidative repertoire.
This enzyme catalyzes the formation of hypochlorous
acid (HOCl), a strong oxidizing agent that can distrupt
cell membranes and produce cell death (Matute-Bello et
al., 2001).

In the present study, LPS increased the ratio of neu-

trophils that stained cytoplasmically for MPO, indicating
that neutrophils play an important role in LPS-induced
lung inflammation. Posttreatment with erdosteine and
NAC significantly lowered the increase in lung MPO
ted by immunohistochemical staining (40× magnification; inset box,
oup; (C) the erdosteine-treated group; (D) the NAC-treated group.

activity attributable to LPS administration. These results
suggest that the antioxidants reached concentrations
in the lung tissue in sufficient amounts to exert anti-
inflammatory and antioxidant effects and to reduce
the migration of neutrophils into the inflamed region,
thereby mitigating tissue damage in the lungs. NAC
has been shown to reduce neutrophil recruitment and
aggregation significantly in experimentally injured lungs
(Schmidt et al., 1997). Erdosteine is reported to inhibit
the LPS-induced neutrophil influx into lung tissues and
decrease the production of ROS in phagocytic cells (Jang
et al., 2003).

Pulmonary injury in ARDS results in the disrup-
tion of the alveolar-capillary membrane. Inflammatory
mediators create an acute inflammatory response in the
microvessels of the lung, and locally released inflamma-
tory cell products damage the endothelial cells, resulting
in increased permeability (Thickett et al., 2001). VEGF
is an endothelial, cell-specific, multifunctional cytokine
that plays a pivotal role in angiogenesis and vascular

permeability. However, the role of VEGF in the control
of pulmonary permeability is controversial. Systemic
expression of VEGF has been shown to cause widespread
multiorgan capillary leakage in an animal model, sug-
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ation, 200×). (A) The negative control group; (B) the LPS-treated gr

esting that the overexpression of VEGF plays a pivotal
ole in the development of pulmonary edema (Kaner et
l., 2000). In contrast, recent animal studies and clin-
cal data support a protective role for VEGF in ALI
nd ARDS patients (Thickett et al., 2002), and increased
lasma levels of VEGF and a reduction of VEGF in BAL
uid were documented in patients with ARDS (Perkins
t al., 2005). TNF-� has been found to up-regulate the
xpression and functions of VEGF receptors in human
ascular endothelial cells in a dose- and time-dependent
aner (Giraudo et al., 1998).
In the current study, the administration of LPS

ncreased the rate of VEGF staining in the cytoplasm
f pulmonary artery endothelial cells, suggesting that
ulmonary endothelial cells secrete VEGF in response
o LPS and that VEGF plays a role in LPS-induced vas-
ular injury during ALI. Indeed, the biological activity
f VEGF is dependent upon its interaction with spe-
ific receptors, and pulmonary endothelial cells have
een shown to express VEGF receptors (Thickett et al.,

001). Posttreatment with erdosteine and NAC signifi-
antly reduced the increases in the local production of
EGF. In clinical studies, patients with sepsis-related
RDS who were given NAC showed improvement in
cells as detected by immunohistochemical staining (original magnifi-
) the erdosteine-treated group; (D) the NAC-treated group.

pulmonary vascular resistance, cardiac output, oxygen
delivery, and repletion of GSH (Domenighetti et al.,
1997). NAC has been shown to selectively affect the acti-
vation of transcription factors implicated in the control of
VEGF expression and to block the growth factor-induced
protein kinase activation and gene expression that are
implicated in the mitogenic response (Sundaresan et al.,
1995).

In conclusion, the results of this study suggest that
IP administration of LPS can lead to apoptotic damage
in pulmonary epithelial cells; posttreatment with antiox-
idants may be of therapeutic benefit in protecting the
lungs from the damaging effects of LPS; and the effects
of NAC on apoptosis, the increases in the local produc-
tion of TNF-� and VEGF, were weaker than the effects
of erdosteine. An understanding of the detailed cellu-
lar and molecular events of the apoptosis process will
provide information that will allow the development of
therapeutics for the treatment of ALI.
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