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ABSTRACT: This study was carried out to investigate comparatively the frequency of apoptosis in lung epithelial cells

after intratracheal instillation of endotoxin [lipopolysaccharide (LPS)] in rats and the role of tumor necrosis factor alpha

(TNF-ααααα) on apoptosis, and the effects of erdosteine and N-acetylcysteine on the regulation of apoptosis. Female Wistar

rats were given oral erdosteine (10–500 mg kg−−−−−1) or N-acetylcysteine (10–500 mg kg−−−−−1) once a day for 3 consecutive days.

Then the rats were intratracheally instilled with LPS (5 mg kg−−−−−1) to induce acute lung injury. The rats were killed at 24 h

after LPS administration. Lung tissue samples were stained with hematoxylin-eosin for histopathological assess-

ments. The apoptosis level in the lung bronchial and bronchiolar epithelium was determined using the TUNEL (termi-

nal deoxynucleotidyl transferase-mediated dUTP nick endlabelling) method. Cytoplasmic TNF-ααααα was evaluated by

immunohistochemistry. Pretreatment with erdosteine and pretreatment with N-acetylcysteine at a dose of 10 mg kg−−−−−1 had

no protective effect on LPS-induced lung injury. When the doses of drugs increased, the severity of the lung damage

caused by LPS decreased. It was found that as the pretreatment dose of erdosteine was increased, the rate of apoptosis

induced by LPS in lung epithelial cells decreased and this decrease was statistically significant in doses of 300 mg kg−−−−−1 and

500 mg kg−−−−−1. Pretreatment with N-acetylcysteine up to a dose of 500 mg kg−−−−−1 did not show any significant effect on

apoptosis regulation. It was noticed that both antioxidants had no significant effect on the local production level of

TNF-ααααα. These findings suggest that erdosteine could be a possible therapeutic agent for acute lethal lung injury and its

mortality. Copyright © 2006 John Wiley & Sons, Ltd.
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Introduction

Acute lung injury and its more severe form acute respi-

ratory distress syndrome (ARDS) are significant causes of

morbidity and mortality. It has been established that pul-

monary cell apoptosis (programmed cell death) develops

in the pathogenesis of acute lung injury. Therefore

inhibition of apoptosis is associated with improved sur-

vival in experimental studies (Rudkowski et al., 2004).

Endotoxin [lipopolysaccharide (LPS)] which is a com-

ponent of the membrane in gram-negative bacteria is a

powerful inflammatory mediator and inhalation of LPS

can result in acute lung injury and/or ARDS (Rocksen

et al., 2000).

The respiratory system is continuously exposed to low

levels of LPS which is ubiquitously present as a contami-

nant on airborne particles, including air pollution, organic

dusts and cigarette smoke. Exposure to high concentra-

tions of LPS as, for example, in agricultural workers in

contact with organic dusts, or heavy smokers is known to

provoke acute lung inflammation, initiated via the early

endogenous induction of tumor necrosis factor alpha (TNF-

α) and interleukin-1 (IL-1) in the lungs (Vernooy et al.,

2001; Huffman et al., 2003). These cytokines contribute

to the pathogenesis of acute inflammation by inducing the

expression of endothelial leukocyte adhesion molecules

and chemokines, consequently leading to the recruitment

of neutrophils into alveoli (Thorn and Rylander, 1998;

Medan et al., 2002). Neutrophils play a prominent role in

the host defense against pathogens, but are also consid-

ered to be responsible for pulmonary injury by the release

of toxic contents, such as proteases and oxygen radicals,

manifested by increased lung vascular permeability,

edema and cell death (Haslet, 1999). The normal resolu-

tion of inflammation and remodeling of the lung occur

through the regulated removal by apoptosis of neutrophils

without the release of damaging histotoxins (Parsey et al.,

1999; Fine et al., 2000). Neutrophils readily undergo

apoptosis under homeostatic conditions and are rapidly

cleared by the lung macrophages. Whereas their survival

is prolonged during inflammatory reactions and they are

activated biochemically and functionally (Chilvers et al.,

1998). It has been suggested that there is a finite capac-

ity of macrophages to remove dead and dying neutrophils
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within the lung and lung injury may be potentiated when

the number of apoptotic neutrophils exceeds the clearing

ability of the alveolar macrophages (Matute-Bello et al.,

1997; Bitterman et al., 1994). The uncontrolled apoptosis

of neutrophils contributes to tissue damage by inducing

extensive damage to alveolar and airway epithelial cells

(Droemann et al., 2000; Uhal, 2002). In addition LPS

results in cytokine-mediated lung injury, it also inhibits

neutrophil apoptosis and in parallel, greatly enhances and

preserves a number of neutrophil functions (Haslet,

1999).

The generation of oxygen radicals has been proposed

as a factor for the induction of apoptosis in the patho-

genesis of LPS-induced acute lung injury (Bannerman

and Goldblum, 2003). When generated in excess or when

antioxidant defence is insufficient, oxygen radicals may

cause DNA strand breaks, lipid peroxidation and inacti-

vation of enzymes. The lung is particularly susceptible to

the effects of oxygen radicals compared with other or-

gans, due to high exposure to oxygen. In addition, lung

tissue contains high concentrations of unsaturated fatty

acids which are easily oxidized and known to generate

oxygen radicals (Cappelletti et al., 1998).

In view of these findings, pharmacological agents that

exert an inhibition of neutrophil accumulation and oxy-

gen radical formation in lungs seem to protect lung tis-

sues from inflammation-induced damage or to accelerate

the repair process.

N-acetylcysteine (NAC) is a membrane-permeable

precursor of glutathione which interacts directly with

intracellular oxidants. In addition to its antioxidant prop-

erties, it has been shown that NAC has the capacity to

inhibit various inflammatory elements related to oxidant

stress and is involved in the pathophysiology of inflam-

mation, such as nuclear factor-κB, TNF-α and cell adhe-

sion molecules (Blacwell et al., 1996; Blesa et al., 2003).

Erdosteine, a novel mucoactive agent, has antioxidant

and antiinflammatory properties. Erdosteine contains two

blocked sulphydryl groups which become free after

hepatic metabolism. These sulphydryl groups account

for the free radical scavenging and antioxidant activity

of erdosteine (Dechant and Noble, 1996; Braga et al.,

2000).

This study was carried out to investigate the frequency

of apoptosis in pulmonary epithelial cells after intra-

tracheal instillation of LPS in rats and the role of TNF-α
in LPS-induced apoptosis, and the protective effects of

erdosteine and NAC on the regulation of apoptosis.

Materials and Methods

Animals

This study was carried out at the experimental research

center, University of Akdeniz (Antalya, Turkey). One

hundred and eight female Wistar rats (200–250 g) were

used in the study. The animals were provided commercial

balanced diet and tap water ad libitum. The rats were

housed in cages and kept in an environment maintained

at a controlled temperature (22 ± 2 °C), humidity (55%–

60%) and 12 h light/dark cycle. This study was approved

by The Animal Care and Use Committee of the Univer-

sity of Akdeniz.

Drugs and Reagents

Erdosteine (Ilsan, Turkey), N-acetylcysteine (Bilim,

Turkey) and lipopolysaccharide (LPS) from Escherichia

coli 055:B5 (Sigma, St Louis, MO) were used. The

in situ cell death detection kit (Roche, Germany) and

anti-TNF alpha kit (Histopathology, Hungary) were

employed.

Erdosteine was dissolved with an equivalent molar

quantity of sodium bicarbonate in distilled water and

NAC was dissolved in distilled water. The drugs were

administered by gavage as a single daily dose for 3 days

before LPS instillation. The control rats were given dis-

tilled water or sodium bicarbonate (equivalent molar

quantity of the highest dose of erdosteine) dissolved with

distilled water by gavage for 3 consecutive days.

Experimental Groups

The rats were divided into 12 groups, each composed of

nine rats: two negative control groups (intratracheal saline

plus oral distilled water or sodium bicarbonate), two posi-

tive control groups (intratracheal LPS plus oral distilled

water or sodium bicarbonate), four groups treated with

different erdosteine doses (LPS plus erdosteine at doses

of 10, 150, 300 and 500 mg kg−1), and four groups treated

with different NAC doses (LPS plus NAC at doses of 10,

150, 300 and 500 mg kg−1).

Experimental Procedure

The rats were anesthetized with inhalation of ether and

fixed on a board at an angle of 50° in a supine position.

After sterilization, a mid-line incision was performed in

the neck to isolate the trachea. LPS was dissolved in 1 ml

sterile saline solution and intratracheally instilled at a

dosage of 5 mg kg−1 with a 29 gauge-needle syringe as

previously described (Su et al., 2004). After intratracheal

LPS instillation, all rats were put in a vertical position to

ensure that the fluid was evenly distributed in both lungs.

The control rats were administered an isotonic saline

solution (an equal volume of LPS) intratracheally. Rats

were killed 24 h after LPS instillation by an overdose

urethane anesthesia and a thoracotomy was performed
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blocking of nonspecific background staining, the sections

were incubated with blocking solution. This was followed

by biotinylated goat anti-mouse antibody. Then the sec-

tions were incubated with primary anti-TNF-α antibody.

After incubating with chromogenic substrate (DAB), sec-

tions were counterstained with hematoxylin and eosin

(H&E). The slides were examined with a light micro-

scope (Olympus BX51) at a magnification of ×100 and

all analyses were done by a pathologist blind to each

sample’s study group assignment. The staining of cyto-

plasmic TNF-α in the bronchial epithelial cells, endo-

thelial cells and inflammatory cells (macrophages and

neutrophils) was evaluated by determining the percent-

age field of positive staining (Wang et al., 2002).

Statistical Analysis

Statistical analyses were conducted by the SPSS statisti-

cal package (SPSS 9. for Windows, Chicago, IL). The

results were expressed as mean values ± standard devia-

tion. Differences between the groups in quantitative

variables were analysed by using one-way analysis

of variance (ANOVA) followed by post-hoc multiple

comparison tests and Student’s t-test. The Mann-Whitney

U-test was used to compare the mean scores of the his-

tological parameters between the groups. All statistical

tests were two-tailed and a p value less than 0.05 was

assumed to be significant.

Results

Histological Analysis

In the present study no significant differences were

observed between the distilled water-treated group and

sodium bicarbonate-treated group in the histological

analysis (data not shown). There were statistically signifi-

cant differences between the control group and the LPS-

treated group in the histopathological examination of the

lung tissue sections (Table 1). In the LPS-treated group,

extensive edema (P = 0.004), congestion (P = 0.009),

emphysema (P = 0.002), necrosis (P = 0.000), eosinophil

infiltration (P = 0.001) and neutrophil infiltration (P =

0.000) were present (Fig. 1). However, there were no

statistically significant differences in the parameters of

hemorrhage and exudation between the control group and

the LPS-treated group.

The effects of pretreatment with erdosteine on lung

histology are given in Table 1. Pretreatment with erdo-

steine at a dose of 10 mg kg−1 had no protective effect on

LPS-induced lung injury. Hemorrhage (P = 0.017)

and congestion (P = 0.002) were reduced with the

150 mg kg−1 dose of erdosteine, hemorrhage (P = 0.039),

exudation (P = 0.035), congestion (P = 0.000), neutrophil

and the lungs were explored. Lung tissue was processed

for the histopathological examination and analysis of apo-

ptosis and TNF-α.

Histological Analysis

The lung tissue samples were fixed in 10% buffered

formalin and embedded in paraffin. Five-micrometer

thick sections were taken on to polylysine-coated slides

and stained with hematoxylin and eosin (H & E). The

slides were evaluated using a light microscope (Olympus

BX51) at a magnification of ×40. The histopathological

evaluation of lung injury was performed based on the

parameters including hemorrhage, edema, exudation,

necrosis, congestion, neutrophil infiltration, eosinophil

infiltration and emphysema. The severity of lung injury

was judged by using a blind semiquantitative scoring

system according to the previously defined criteria

(Mrozek et al., 1997 ): no injury = 0, injury to 25% of

the field = 1, injury to 50% of the field = 2, injury to

75% of the field = 3 and diffuse injury = 4.

Analysis of Apoptosis

The apoptosis level in the lung bronchial and bronchiolar

epithelium was determined by using the TUNEL (termi-

nal deoxynucleotidyl transferase-mediated dUTP nick

endlabelling) method according to the manufacturer’s

protocol. Briefly, the sections were deparaffinized and

rehydrated. Then the sections were incubated with

proteinase K, rinsed, incubated in 3% H2O2, permea-

bilized with 0.1% Triton X-100, rinsed again, and incu-

bated in the TUNEL reaction mixture. Then the sections

were rinsed and visualized using a Converter-POD with

DAB. The sections were counterstained with hematoxylin

and eosin (H&E). Apoptotic cells containing DNA frag-

mentation at a single cell level were identified by the

TUNEL method. The bronchial and bronchiolar epithelial

cells were counted in a selected ×400 microscopic field

per lung section by a pathologist blind to the experimen-

tal protocol. The apoptosis index was expressed as a per-

centage of TUNEL-positive cells in 1000 cells counted in

the same section (D’Agostini et al., 2001).

Analysis of TNF-ααααα

The local production of TNF-α was evaluated using

an anti-TNF-α kit by immunohistochemistry according

to the manufacturer’s protocol. Briefly, the lung tissue

samples on polylysine-coated slides were deparaffinized

and rehydrated. Then, a microwave antigen retrieval

procedure was performed and incubated in a 3% H2O2

solution for inhibition of endogenous peroxidase. For
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Table 1. The effects of pretreatment with erdosteine on lung histology

Histopathological Negative Positive Erdosteine Erdosteine Erdosteine Erdosteine
finding control control 10 mg kg−1 150 mg kg−1 300 mg kg−1 500 mg kg −1

Hemorrhage 2.0 ± 0.7 2.4 ± 0.5 2.3 ± 0.9 1.7 ± 0.5c 1.7 ± 0.7c 1.6 ± 0.5c

Edema 1.4 ± 0.5 2.5 ± 0.5a 2.5 ± 0.5a 2.4 ± 0.7a 2.4 ± 0.7a 1.4 ± 0.5c

Exudation 2.4 ± 0.9 2.8 ± 0.5 3.0 ± 0.8 2.9 ± 0.8 2.2 ± 0.4c 2.1 ± 0.6c

Necrosis 0.2 ± 0.4 2.6 ± 0.5b 2.6 ± 0.5b 2.7 ± 0.7b 2.4 ± 0.7b 1.5 ± 0.5a,c

Congestion 2.0 ± 0.5 2.8 ± 0.5a 2.5 ± 0.5 1.7 ± 0.5c 1.1 ± 0.3d 1.1 ± 0.4d

Eosinophil 0.6 ± 0.5 2.0 ± 0.5a 2.0 ± 0.5a 1.6 ± 0.5a 1.4 ± 0.7a 1.6 ± 0.7a

Neutrophil 0.8 ± 0.4 2.5 ± 0.5b 2.8 ± 0.5b 2.7 ± 0.5b 1.9 ± 0.6a,c 1.3 ± 0.5c

Emphysema 1.9 ± 0.8 3.0 ± 0.0a 2.6 ± 0.0 2.7 ± 0.0 2.1 ± 0.8c 2.0 ± 0.8c

Values are mean ± SD.

Significantly higher compared with the negative control group (a P < 0.05, b P < 0.001).

Significantly lower compared with the positive control group (c P < 0.05, d P < 0.001).

There were no statistically significant differences in the parameters of hemorrhage and exudation between the negative control group and the LPS-treated

group.

Figure 1. Photomicrographs of histological analysis
of the lung tissue sections (H&E, ×40). (A) the
negative control group. (B) the LPS-treated group.
This figure is available in colour online at
www.interscience.wiley.com/journal/jat

infiltration (P = 0.049) and emphysema (P = 0.006)

were reduced with the 300 mg kg−1 dose of erdosteine,

and all of the histopathological parameters except

eosinophil infiltration were reduced with 500 mg kg−1 of

erdosteine. There were statistically significant differences

between the negative control group and the group treated

with erdosteine at a dose of 500 mg kg−1 in the para-

meters of necrosis and eosinophil infiltration.

The effects of pretreatment with NAC on lung his-

tology are given in Table 2. Pretreatment with NAC at

a dose of 10 mg kg−1 had no protective effect on LPS-

induced lung injury. Hemorrhage (P = 0.032), necrosis

(P = 0.011) and neutrophil infiltration (P = 0.003) were

reduced with the 150 mg kg−1 dose of NAC, hemorrhage

(P = 0.019), edema (P = 0.034), necrosis (P = 0.000),

neutrophil infiltration (P = 0.000) and emphysema

(P = 0.001) were reduced with the 300 mg kg−1 dose of

NAC, and all of the histopathological parameters except

exudation and eosinophil infiltration were reduced with

the 500 mg kg−1 dose of NAC. There were statistically

significant differences between the negative control group

and the group treated with NAC at a dose of 500 mg kg−1

in the parameters of necrosis and eosinophil infiltration.

Analysis of Apoptosis

There were no statistically significant differences be-

tween the distilled water-treated group and the sodium

bicarbonate-treated group in the analysis of apoptosis

(data not shown). The effects of the treated groups

on the apoptosis level in the bronchial and bronchiolar

epithelial cells are given in Table 3. The number of

TUNEL-positive bronchial and bronchiolar epithelial

cells were statistically higher in the LPS-treated group

than in the control group (P = 0.000). LPS administra-

tion resulted in induction of DNA fragmentation ladders

which are considered to be characteristic of apoptotic

cell death (Fig. 2). It was found that as the pretreatment

dose of erdosteine increased, the rate of apoptosis caused
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Table 2. The effects of pretreatment with NAC on lung histology

Histopathological Negative Positive NAC 10 NAC 150 NAC 300 NAC 500
finding control control mg kg −1 mg kg−1 mg kg−1 mg kg −1

Hemorrhage 2.0 ± 0.7 2.4 ± 0.5 2.1 ± 0.6 1.7 ± 0.5c 1.7 ± 0.7c 1.2 ± 0.4c

Edema 1.4 ± 0.5 2.5 ± 0.5a 2.4 ± 0.7a 2.4 ± 0.8a 1.8 ± 0.7a,c 1.7 ± 0.7c

Exudation 2.4 ± 0.9 2.8 ± 0.5 2.3 ± 0.7 2.4 ± 0.5 2.6 ± 0.5 2.3 ± 0.5

Necrosis 0.2 ± 0.4 2.6 ± 0.5b 2.6 ± 0.5b 1.9 ± 0.4b,c 1.1 ± 0.3b,d 0.8 ± 0.4a,d

Congestion 2.0 ± 0.5 2.8 ± 0.5a 2.4 ± 0.7b 2.4 ± 0.5 2.1 ± 1.0 1.9 ± 0.8c

Eosinophil 0.6 ± 0.5 2.0 ± 0.5a 2.1 ± 0.6b 2.0 ± 0.8a 2.1 ± 0.9a 1.6 ± 0.5a

Neutrophil 0.8 ± 0.4 2.5 ± 0.5b 2.2 ± 0.4 1.3 ± 0.5c 1.1 ± 0.3d 1.0 ± 0.0d

Emphysema 1.9 ± 0.8 3.0 ± 0.0a 2.7 ± 0.5a 2.7 ± 0.5 2.0 ± 0.9c 1.7 ± 0.7c

Values are mean ± SD.

Significantly higher compared with the negative control group (a P < 0.05, b P < 0.001).

Significantly lower compared with the positive control group (c P < 0.05, d P < 0.001).

Figure 2. Photomicrographs of apoptotic cells (brown-
stained nucleus) as detected by the TUNEL method in
the bronchiolar epithelium of the LPS-treated group
(original magnification ×100). This figure is available in
colour online at www.interscience.wiley.com/journal/jat

by LPS in lung epithelial cells decreased and this

decrease was statistically significant at doses of

300 mg kg−1 and 500 mg kg−1 (P = 0.020 and P = 0.009,

respectively). Pretreatment with NAC up to the

500 mg kg−1 dose did not show a statistically significant

effect on apoptosis regulation.

Analysis of TNF-ααααα

There were no statistically significant differences be-

tween the distilled water-treated group and the sodium

bicarbonate-treated group in the analysis of TNF-α
(data not shown). The effects of the treated groups on the

local production level of TNF-α are given in Table 4.

The percentage field of the staining of cytoplasmic TNF-

α in the bronchial epithelial cells, endothelial cells and

inflammatory cells (macrophages and neutrophils) were

statistically higher in the LPS-treated group than in the

control group (Fig. 3). Neither erdosteine nor NAC had

statistically significant effects on the increase of local

production level of TNF-α.

Table 3. The effects of the treated groups on
apoptosis level in the bronchial/bronchiolar epithelial
cells

Treated group Apoptosis index (%)

Negative control 0.0 ± 0.0

Positive control 74.1 ± 7.9a

Erdosteine (10 mg kg−1) 76.4 ± 8.9a

Erdosteine (150 mg kg−1) 75.5 ± 11.9a

Erdosteine (300 mg kg−1) 49.6 ± 27.5a,b

Erdosteine (500 mg kg−1) 50.4 ± 20.6a,b

NAC (10 mg kg−1) 70.7 ± 24.3a

NAC (150 mg kg−1) 66.6 ± 22.0a

NAC (300 mg kg−1) 58.4 ± 19.7a

NAC (500 mg kg−1) 59.9 ± 26.1a

Values are mean ± SD.

Significantly higher compared with the negative control group (a P < 0.001).

Significantly lower compared with the positive control group (b P < 0.05).

Discussion

Apoptosis plays a major regulatory role in the

pathogenesis of inflammatory diseases such as acute lung

injury, diffuse alveolar damage and idiopathic pulmonary

fibrosis (Medan et al., 2002). Apoptosis that can be

triggered by a variety of intrinsic and extrinsic signals,

is important during remodelling. Clearance of damaged

bronchial epithelial cells by the process of apoptosis pre-

vents distruption of the epithelial layer (Fine et al., 2000).
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Table 4. The effects of the treated groups on the
local production level of TNF-α

Treated group Local production level of
TNF-α (percentage field)

Negative control 6.0 ± 3.6

Positive control 77.5 ± 10.4a

Erdosteine (10 mg kg−1) 81.3 ± 11.2a

Erdosteine (150 mg kg−1) 76.7 ± 15.8a

Erdosteine (300 mg kg−1) 65.6 ± 18.1a

Erdosteine (500 mg kg−1) 70.0 ± 14.1a

NAC (10 mg kg−1) 77.8 ± 17.9a

NAC (150 mg kg−1) 72.9 ± 20.6a

NAC (300 mg kg−1) 75.6 ± 12.4a

NAC (500 mg kg−1) 70.0 ± 14.la

Values are mean ± SD.

Significantly higher compared with the negative control group (a P < 0.001).

Figure 3. Photomicrographs of TNF-α analysis in the
bronchial epithelial cells, epithelial cells and inflamma-
tory cells by immunohistochemical staining (original
magnification ×100). This figure is available in colour
online at www.interscience.wiley.com/journal/jat

But the main barrier between the environment and the

respiratory system is disturbed and induced apoptotic cell

death contributes to tissue damage if the downstream

phagocytic clearance mechanism is limited (Vernooy

et al., 2001).

LPS is an extremely potent toxin and induces an

acute lung inflammation preceeded by apoptosis in the

bronchial epithelial cells throughout the bronchial tree

(Rocksen et al., 2000). LPS also inhibits neutrophil

apoptosis and results in the production of neutrophil-

mediated oxygen radicals and the onset of the apoptosis

process (Medan et al., 2002). As a matter of fact, it has

been demonstrated that the administration of the

apoptosis-inducing agent Fas (CD95/APO1) antibody into

lungs caused neutrophil influx and apoptosis which

subsequently led to pulmonary inflammation and fibrosis

(Hagimoto et al., 1997).

The mechanism by which oxygen radicals contribute to

LPS-induced apoptosis remains unknown. But oxygen

radicals have been reported to increase mitocondrial

membrane permeability, resulting in the release of the

proapoptotic factor, cytochrome c. Furthermore, oxygen

radicals have been proposed to increase the activation

of the death receptors, Fas or TNF-α followed by both

the expression and activation of caspase 8 (Rudkowski

et al., 2004; Bannerman and Goldblum, 2003).

In this study, in the LPS-treated group, an acute lung

injury pattern was seen to be characterized as edema,

congestion, emphysema, necrosis, eosinophil infiltration

and neutrophil infiltration. Both pretreatment with

erdosteine and pretreatment with NAC at a dose of

10 mg kg−1 had no protective effect on LPS-induced lung

injury. But, as the doses of drugs increased, the severity

of lung damage caused by LPS decreased. As a matter

of fact, it has been reported that the administration of

antioxidants to animals, either before or at the onset of

injury, prevented LPS-induced tissue damage (Hayashi

et al., 2000). In this study, both erdosteine and NAC

might have exhibited protective effects on lung injury

due to their decreasing effects on lung neutrophil

infiltration. In a few recent studies it has been reported

that both erdosteine and NAC decreased the neutrophil

influx into lungs and thus limitted the production of oxy-

gen radicals and protected the cells against oxygen

radicals (Nawrocka et al., 1999; Jang et al., 2003). Also,

it has been proposed that acute lung injury induced by

LPS is a result of excessive neutrophil recruitment and

inhibition of neutrophil apoptosis (Chilvers et al., 1998;

Parsey et al., 1999; Kawasaki et al., 2000). Thus inhibi-

tion of neutrophil apoptosis could also prolong neutro-

philic alveolitis and increase neutrophil necrosis that

could contribute to acute lung injury (Matute-Bello et al.,

1997; Vernooy et al., 2001).

In this study, LPS administration resulted in the induc-

tion of DNA fragmentation ladders in the bronchial and

bronchiolar epithelial cells and they are considered to be

characteristic of apoptotic cell death. It was found that

as the pretreatment dose of erdosteine increased, the rate

of apoptosis caused by LPS in lung epithelial cells

decreased and this decrease was statistically significant

for the doses of 300 mg kg−1 and 500 mg kg−1. Pre-

treatment with NAC up to the 500 mg kg−1 dose did not

show any significant effect on apoptosis regulation.

Other studies have demonstrated that NAC inhibited

oxygen radical-mediated apoptosis in different pathological
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conditions (De Flora et al., 2001). But no study

related to the effects of erdosteine on apoptosis regula-

tion has been encountered. Also NAC suppresses nuclear

factor-κB activation which occurs after endotoxemia and

has antiapoptotic effects (Gillissen and Nowak, 1998). It

has been reported that NAC reduced paraquat-induced

apoptosis by augmenting intracellular antioxidant defense

mechanisms (Cappelletti et al., 1998). However, the

maximum administered dose of NAC in the present study

might be insufficient to decrease the rate of apoptosis.

TNF-α, a proinflammatory cytokine, is rapidly pro-

duced in the lung during acute pulmonary inflammation

(De Moreas et al., 1996) and mainly by activated

monocytes or macrophages as a response to inflammatory

stimulus, but receptors for TNF-α are present on virtually

all cells (Fujita et al., 1998). TNF-α causes lung injury

by damaging cells and tissues and by inducing the

up-regulation of adhesion molecules and the emigration

of inflammatory cells. TNF-α is also known to induce

apoptosis in various cell types in vivo and in vitro

(Vernooy et al., 2001; Behnia et al., 2000, Medan et al.,

2002). Previous studies have indicated that the cytoto-

xic effect of LPS is mediated through the induction

of proinflammatory cytokines, especially TNF-α (De

Moreas et al., 1996). It has been demonstrated that

anti-TNF-α antibodies inhibited the pathological effects

of LPS and neutrophil recruitment (Vernooy et al.,

2001).

On the other hand, in contrast to these findings, it has

been shown that TNF-α acts as the primary mediator in

LPS-induced endothelial cell apoptosis, but TNF-α is not

essential for epithelial cell apoptosis in the lung. It has

also been found that anti-TNF-α treatment did not de-

crease the extent of DNA laddering in lung tissue after

LPS exposure and intratracheal TNF-α instillation did not

cause apoptosis in pulmonary epithelial cells (Vernooy

et al., 200l).

In this study, LPS instillation increased the local pro-

duction level of TNF-α in the bronchial epithelial cells,

endothelial cells and inflammatory cells (macrophages

and neutrophils). This finding suggests that TNF-α plays

an important role in LPS-induced acute lung injury. Nei-

ther erdosteine nor NAC had any effect on the local pro-

duction level of TNF-α. Likewise, it has been found that

erdosteine inhibited neutrophil infiltration without affect-

ing TNF-α production, and NAC did not have any effect

on the down-regulation of proinflammatory cytokines and

chemokines (Hayashi et al., 2000; Rocksen et al., 2000).

However, in various studies it has been reported that

NAC resulted in decreased TNF-α synthesis by inhibiting

the activation of nuclear factor-κB and erdosteine de-

creased TNF-α production in LPS-activated macrophages

(Victor et al., 2003; Jang et al., 2003). The maximum

administered doses of erdosteine and NAC might be in-

sufficient to achieve down-regulation of the local produc-

tion level of TNF-α.

In conclusion, these findings suggest that erdosteine

could be a possible therapeutic agent for acute lethal lung

injury and its mortality. However, further studies are

needed to elucidate the mechanisms of apoptotic death.

Knowledge of the molecular mechanisms of apoptosis

will provide information about the causes of multiple

pathologies and an approach to the treatment of acute

lung injury.
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