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Abstract—We aimed to investigate the preventive and treatment effect of molsidomine (MOL) on
bleomycin (BLC)-induced lung injury in rats. Rats were assigned into groups as follows: control
group; MOL group, 10 mg/kg MOL was continued orally for 29 day; BLC group, a single intra-
tracheal injection of BLC (2.5 mg/kg), MOL+BLC-preventive group, 10 mg/kgMOLwas administered
1 day before the intratracheal BLC injection and continued for 14 days; BLC+MOL-treatment group
10mg/kgMOLwas given on 14th day after the intratracheal BLC injection and continued until sacrifice.
All animals were sacrificed on 29th day after BLC administration. The semiquantitative histopatholog-
ical assessment, tissue levels of malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), reduced glutathione (GSH), total antioxidant status (TAS), total oxidant
status (TOS), myeloperoxidase (MPO), and oxidative stress index (OSI) were measured. BLC-provoked
histological changes were significantly detected compared to the control group. MOL restored these
histological damages in different quantity in the treatment and preventive groups. BLC administration
significantly decreased levels of GSH and TAS when compared to controls and these reductions was
significantly ameliorated by MOL given prophylactic setting. However, therapeutic MOL administra-
tion significantly increased the TAS level decreased by BLC. The levels of MDA, MPO, and TOS were
significantly increased with BLM, and these augmentations of MDA and TOS were significantly red-
uced by MOL given prophylactic setting. Furthermore, the OSI was higher in the BLC group, and this
increase was reversed by the MOL administration before and after BLC treatment. In this study, both
protective and therapeutic effects of MOL against BLC-induced lung fibrosis were demonstrated for the
first time.
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INTRODUCTION

Fibroblast reproduction and extracellular matrix re-
modeling characterize pulmonary fibrosis. Up to one half

of the patients with pulmonary fibrosis are with idiopathic
pulmonary fibrosis (IPF). IPF is defined as a chronic pro-
gressive lung disease of unknown cause associated with
abnormal deposition of extracellular collagen, particularly
in the early stage of the disease [1]. It is characterized by
aggregation of alveolar macrophages and neutrophils in the
respiratory tract, parenchymal damage, and fibrosis of the
alveolar walls [2]. Activated neutrophils can also release
myeloperoxidase (MPO), an enzyme that interacts with
H2O2 to form the highly toxic hydroxyl radicals [3]. In this
respect, it is logical to hypothesize that the alveolar epithe-
lial cell damage that characterizes IPF may result, at least
partially, from an advanced oxidant load that may have
been in the lower respiratory tract of the patients. Fortu-
nately, despite of intensive researches, IPF has no potent
treatment other than pirfenidone, which is only obtainable
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in Japan, Canada, and Europe, for the treatment of this
disease. If lung transplantation was not performed, 80 % of
these patients are lost within 5 years [4]. Hence, treating
patients with agents that have anti-inflammatory, antioxi-
dants, and antifibrotic properties as an adjuvant or neoad-
juvant therapy, may have useful effects in prevention or
treatment of IPF.

There are also some studies which tested several
antioxidant agents, such asN-acetylcysteine [5], erdosteine
[6], aminoguanidine [7], melatonin [8], ginkgo biloba [9],
resveratrol [10], and dexpanthenol [11] in bleomycin
(BLC)-induced lung fibrosis in rats as a prophylactic set-
ting, and found these substances usually reduced or
prevented lung fibrosis according to Aschoft’s criteria
and lung hydroxyproline content. However, in clinical
practice, the majority of patients with IPF were diagnosed
at a delayed stage of the disease. Thus, it is clear that new
studies are needed to investigate the effect of the drugs in
BLC-induced lung fibrosis model simulating human IPF at
both early and late stages as a therapeutic model. BLC-
induced lung fibrosis is commonly used as an animal
model of human IPF, as intratracheal BLC application
causes an inflammatory response alveolar cell damage,
fibroblast proliferation, and collagen content deposition
in mice [6, 8].

As a nitric oxide (NO) donor, MOL is a prodrug and a
potent vasodilator that has been used widely as an anti-
anginal agent [12]. In the liver, MOL decarboxylases en-
zymatically to form 3-morpholinosyndnonimine (SIN-1),
which spontaneously liberates NO [13]. However, NO has
an important role in the process of inflammation, tissue
injury, and cell defense [14]. In many studies, MOL was
shown to have antioxidant and anti-inflammatory proper-
ties [12, 15–17].

Since BLC, one of the clinically significant causative
agents in pulmonary fibrosis, is widely used in murine
model of human disease resembling pulmonary fibrosis
[18], this study aimed to investigate the protective and
therapeutic effects of MOL on lung fibrosis induced by
BLC administration by using histopathological semiquan-
titative evaluation and oxidative stress markers in damaged
lung tissue in rats.

MATERIAL AND METHODS

Study Design

This animal experimental study was designed in ac-
cordance with the ARRIVE guidelines [19]. This study

was approved by Animal Ethics Committee (reference
number: 2012/A-60) and was conducted in accordance
with the “Animal Welfare Act and the Guide for the Care
and Use of Laboratory animals (NIH publication no. 5377-
3, 1996), Animal Ethics Committee.”

Animals and Groups

For this study, a total of 40 female Wistar Albino rats
of 10–12 weeks of age and weighing 250–300 g were
obtained from Inonu University Laboratory Animals Re-
search Center and placed in a temperature (21±2 °C)- and
humidity (60±5 %)-controlled room in which a 12:12 h
light/dark cycle was maintained. The animals were divided
into five groups each with eight rats, according to their
experimental treatment as follows: (1) control group; (2)
MOL group, 10 mg/kg MOL in 0.25 ml phosphate buff-
ered saline (Molsidomine, Sigma Chemical C., St Louis,
MO, USA) was continued orally (p.o.) for 29 days; (3)
BLC group, a single intratracheal injection of BLC
(2.5 mg/kg body weight in 0.25 ml phosphate buffered
saline); (4) MOL+BLC-preventive group, 10 mg/kg MOL
was administered 1 day before the intratracheal BLC in-
jection and continued for 14 days p.o.; (5) BLC+MOL-
treatment group, 10 mg/kg MOL was administered on the
14th day after intratracheal BLC injection and continued
until sacrifice.

BLC-Induced Lung Fibrosis

The rats were weighted and then anesthetized with
ketamine (75 mg/kg) and xylazine (5 mg/kg) i.p. followed
by a single intratracheal injection of BLC hydrochloride
(2.5 mg/kg body weight in 0.25-ml phosphate buffered
saline (PBS); Nippon Kayaku, Japan). The control group
received the same amount of intratracheal saline by the
same route. All rats were sacrificed after 29 days of BLC
injection. After sacrifice by an overdose of the anesthesia,
the lung tissue specimens were quickly and meticulously
harvested for biochemical and histopathological analysis.
The right section of the lung was placed in liquid nitrogen
and stored at −70 °C until assayed for thiobarbituric acid-
reactive substances (TBARS), lipid peroxidation product,
superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), reduced glutathione (GSH), MPO, total
antioxidant status (TAS), total oxidant status (TOS) con-
tents, and oxidative stress index (OSI); the left part of the
lung was placed in formaldehyde solution for routine his-
topathological examination by light microscopy. The dos-
age of BLC and MOL were chosen depending on the
previous dose–response studies that have been reported to
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cause lung fibrosis and marked anti-oxidative and anti-
inflammatory effects in rats, respectively [11, 12, 17].

Bronchoalveolar Lavage (BAL) Fluid

After being anesthetized, the lungs were prepared for
lavage by cannulating the trachea with a blunt needle
attached by a syringe. The lung lavage was obtained by
washing the lung four times with 4 ml aliquots of saline
through a tracheal cannula. Cell suspensions were concen-
trated by low-speed centrifugation, and the cell pellet was
resuspended. Total and different cell counts were made in a
hemocytometer.

Biochemical Analyses

Two hundred milligrams of frozen lung tissue speci-
mens were cut into pieces on dry ice, homogenized in
1.15 % KCl buffer (1:9, w/v) using a manual glass homog-
enizer for approximately 5 min, and flushed with centrifu-
gation for approximately 10 s to remove large debris. The
supernatant was used for analysis.

Determination of TBARS Representing MDA Content

The TBARS contents of the homogenates were deter-
mined by TBARS [20]. Three milliliters of 1 % phosphoric
acid and 1ml 0.6% thiobarbituric acid solution were added
to 0.5 ml of plasma pipetted into a tube. The mixture was
heated in boiling water for 45 min. After the mixture had
cooled, the color was extracted into 4 ml of n-butanol. The
absorbance was measured by a spectrophotometer (UV-
1601; Shimadzu, Kyoto, Japan) at 532 nm. The amount of
lipid peroxides was calculated as TBARS of lipid peroxi-
dation. The results were expressed in nanomoles per gram
(nmol/g tissue) according to a standard graph, which was
prepared from the measurements of standard solutions
(1,1,3,3-tetramethoxypropane).

Determination of SOD

Total (Cu-Zn and Mn) SOD (EC 1.15.1.1) activity
was determined based on the method by Sun et al. [21].
The principle of the method is the inhibition of nitro blue
tetrazolium (NBT) reduction by the xanthine–xanthine
oxidase system as a superoxide (O2 −) generator. One
unit of SOD was defined as the enzyme amount causing
50 % inhibition in the NBT reduction rate. SOD activity
was expressed as units per milligram protein (U/g protein).

Determination of CAT

CAT (EC 1.11.1.6) activity was determined with re-
spect to Aebi’s method [22]. The principle of the assay is
based on the determination of the rate constant (k, s−1) or
the H2O2 decomposition rate at 240 nm. Results were
expressed as kilograms per gram protein (k/g protein).

Determination of GPx

Determination of GPx activity (EC 1.6.4.2) was mea-
sured by the method of Paglia and Valentine [23]. An
enzymatic reaction in a tube containing NADPH, GSH,
sodium azide, and glutathione reductase was initiated with
the addition of H2O2, and the change in absorbance at
340 nm was monitored by a spectrophotometer. Activity
was given in units per gram protein (U/mg protein).

Determination of GSH Content

The GSH content in the lung tissue as nonprotein
sulfhydryls was analyzed following a previously described
method [24]. Aliquots of tissue homogenate were mixed
with distilled water and 50 % trichloroacetic acid in glass
tubes and centrifuged at 3,000 rpm for 15 min. The super-
natants were mixed with Tris buffer (0.4 M, pH 8.9), and
5,5′-dithiobis(2-nitrobenzoic acid (DTNB), 0.01 M) was
added. After shaking the reaction mixture, its absorbance
was measured at 412 nm within 5 min of the addition of
DTNB against blank with no homogenate. The absorbance
values were extrapolated from a glutathione standard curve
and expressed as GSH (in micromoles per gram of tissue).

Determination of MPO Activity

MPO (EC 1.11.1.7) activity was determined by using
a 4-aminoantipyrine/phenol solution as the substrate for
MPO-mediated oxidation by H2O2, and change in the
absorbance at 510 nm was recorded [25]. One unit of
MPO activity was defined as the amount causing degrada-
tion of 1 μmol H2O2/min at 25 °C. The results were given
in milliunits per gram of protein.

Measurement of TAS

TAS levels were determined using a novel automated
colorimetric measurement method developed by Erel [26].
In this method, the hydroxyl radical, the most potent bio-
logical radical, is produced by the Fenton reaction and
reacts with the colorless substrateO-dianisidine to produce
the dianisyl radical, which is bright yellowish brown in
color. Upon the addition of sample, the oxidative reactions
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initiated by the hydroxyl radicals present in the reaction
mix are suppressed by the antioxidant components of the
sample, preventing the color to change and thereby pro-
viding an effective measure of the total antioxidant capac-
ity of the sample. The assay has excellent precision values,
which are lower than 3 %. The results were expressed as
millimoles of trolox equivalent per liter.

Measurement of TOS

TOS was determined using a novel automated mea-
surement method, developed by Erel [27]. Oxidants pres-
ent in the sample oxidize the ferrous ion–O-dianisidine
complex to ferric ion. The oxidation reaction is enhanced
by glycerol molecules, which are abundantly present in the
reaction medium. The ferric ion makes a colored complex
with xylenol orange in an acidic medium. The color inten-
sity, which can be measured spectrophotometrically, is
related to the total amount of oxidant molecules present
in the sample. The assay was calibrated with hydrogen
peroxide, and the results were expressed in terms of mi-
cromoles of H2O2 equivalent per liter.

Measurement of OSI

The percentage ratio of TOS to TAC yields the OSI,
an indicator of the degree of oxidative stress [27], calculat-
ed as OSI (arbitrary unit)=TOS (mmol H2O2 equivalent/l)/
TAC (mmol trolox equivalent/l). TheOSI value for the lung
samples was also calculated as OSI (arbitrary unit)=TOS
(mmol H2O2 equivalent/g protein)/TAC (mmol trolox
equivalent/g protein).

Histological Evaluations

At the end of the study, lungs were removed. The
tissue samples were fixed in 10 % formalin and were
embedded in paraffin. Tissue sections were cut at 5 μm,
mounted on slides, stained with hematoxylin and eosin
(H&E) for general lung structure, periodic acid Schiff
(PAS) to identify alveolar macrophage, and Masson’s
trichrome for connective tissue. Lung injury was scored
for each of the following tissue injury criteria: alveolar
congestion, thickness of alveolar wall, enlarged alveoli,
increase in connective tissue in parenchyma, and inflam-
mation were scored on a scale of 0–4 (0 for normal lungs, 1
for 25% injury involvement, 2 for 25–50% injury involve-
ment, 3 for 50–75 % injury involvement, and 4 for 75–
100 % injury involvement). The total histology score is the
sum score of all parameters. The observers were blinded to
the treatment groups. Alveolar macrophages were counted

in 10microscopes under ×40 objectivemagnification using
Leica Q Win Image Analysis System (Leica Micros Imag-
ing Solution Ltd., Cambridge, UK). Sections were exam-
ined using a Leica DFC280 light microscope.

Statistics

For detecting even the minor effects, the required
sample sizes used in this experiment were identified using
statistical power analysis. The sample sizes necessary for a
power of 0.80 were estimated using NCSS software. Data
were analyzed using the SPSS software program for Win-
dows, version 18.0 (SPSS Inc., Chicago, IL, USA). The
normality of the distribution was confirmed using the
Kolmogorov–Smirnov test. According to the results ob-
tained from the normality test, one-way analysis of vari-
ance (ANOVA) and Kruskal–Wallis H test were used for
the statistical analysis as appropriate. Multiple compari-
sons were carried out by Tukey’s test (for homogeneous
variances) after the ANOVA test. The results are expressed
as mean ± standard deviation (S.D.) for TBARS, SOD,
CAT, GPx, MPO, TOS, and OSI. After a significant
Kruskal–Wallis H test, a Conover test was also carried
out for GSH, TAS, and histopathological results. P values
less than 0.05 were regarded as statistically significant. The
values were given as median (min–max).

RESULTS

Histological Findings

The lungs of the rats in the control group showed
normal lung structure and there were no lesions (Fig. 1a).
The group treated with MOL alone was similar to that of
the control group (Fig. 1b). No sign of connective tissue
deposition was observed with Masson’s trichrome staining
methods (Fig. 1c, d), and the appearance of macrophages
was normal with PAS-stained methods in the lungs of the
control and MOL groups (Fig. 1e, f). However, there were
considerable histological changes in lung tissues in the
BLC group. Thickening of interalveolar septum and con-
gestion of the parenchyma were seen in this group
(Fig. 2a). Moreover, enlarged alveoli (Fig. 2b) and increase
in connective tissue (Fig. 2c) were observed in BLC group.
On the other hand, the lung lesions in BLC+MOL and
MOL+BLC groups were significantly lower than that of
the BLC group (P<0.001). Although lung damage was
alleviated in preventive and treatment groups, treatment
with MOL before BLC injection was more effective than
treatment with MOL after BLC injection (Fig. 3b–d). No
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significant improvement was observed in the BLC+MOL
group in terms of congestion and enlarged alveoli (Fig. 3a).

Other remarkable finding was that many numbers of
alveolar macrophage were detected in the alveolar and
bronchial lumen in the BLC group with the PAS staining
method (Fig. 2d). On the other hand, a number of alveolar
macrophages was found to be significantly decreased in
BLC+MOL andMOL+BLC groups when compared to the
BLC group (Fig. 3e, f; P=0.04).

The results of semiquantitative histological scores and
number of alveolar macrophages in all the groups were
shown in Tables 1 and 2.

Changes in Oxidative Stress Parameters MDA
content. TheMDA levels reflecting lipid peroxidation end-
products were increased by the exposure to BLC compared
to the control group (130.46±12.54 vs. 50.89±14.71 nmol/
g; P<0.0001). Increased tissue MDA levels were
significantly reduced in the MOL+BLC (but not in the
BLC+MOL) group when compared to the group treated
with BLC alone (94.27±22.38 nmol/g; P=0.002).

SOD. Although SOD in the BLC group did not reach
a statistically significant level when compared to the con-
trol group, this was found to have a tendency to decrease
(Table 3).

Fig. 1. Histopathological findings in the control (a, c, e) and MOL (b, d, f) groups. a, b Normal alveoli and interstitial tissue; H&E, ×10. c, d The view of
connective tissue (green staining indicate connective tissue) Masson’s trichrome, ×20. e, fMacrophages in alveolar lumen are observed (arrows) PAS, ×40.
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CAT. As shown in Table 3, the activity of CAT in the
lung tissue was reduced by treatment of BLC; however, the
reduction was not significant when compared to the control
group (9.67±1.51 vs. 12.45±2.32 k/g protein; P>0.05).
There was an increase in the reduced CAT activity in the
MOL+BLC and BLC+MOL groups when compared to the
group treated with BLC alone. However, this increase was
statistically significant only in the BLC+MOL group com-
pared to the group treated with BLC alone (14.98±3.36 vs.
9.67±1.51 k/g protein; P=0.0001).

GPx. Although GPx in the BLC group did not reach a
statistically significant level when compared to the control
group, this was found to have a tendency to decrease
(11.54±2.60 vs. 12.77±3.31 U/mg; P>0.05). Otherwise,
there was a slight but insignificant change in groups treated
withMOL before and after BLC injection (12.23±2.49 and
11.80±1.35, respectively; P>0.05) (Table 3).

GSH. The level of GSH content in lung tissue was
reduced by the treatment of BLC, and the reduction was
significant compared to the control group [5.59(4.72–7.20)
vs. 8.65(7.23–11.47)μmol/g tissue; P<0.0001]. As shown
in Table 3, there were increases in the reduced GHS content

in theMOL+BLC and BLC+MOL groups compared to the
group treated with BLC alone. However, this increase was
statistically significant only in MOL+BLC group com-
pared to the group treated with BLC alone [7.91(5.97–
9.95) vs. 5.59 (4.72–7.20)μmol/g tissue; P<0.0001].

MPO. MPO activity was increased by BLC exposure
when compared to the control groups (66.39±22.04 vs.
41.00±9.20 mU/g; P=0.015). As shown in Table 3, al-
though MPO in the BLC+MOL and MOL+BLC groups
did not reach a statistically significant level when com-
pared to the BLC group, they were found to have a ten-
dency to decrease.

TAS. As shown in Table 3, BLC administration leads
to a decrease in TAS level in the lung tissue [0.82(0.76–
0.94)mmol trolox equiv/L], and this reduction was signif-
icantly reversed by treatment with MOL before and after
BLC administration (1.03 (0.53–1.26) and 1.07 (0.80–
1.81)mmol trolox equiv/L, respectively; P<0.0001).

TOS. The level of TOS in the lung tissue was in-
creased by the treatment of BLC, and this increment was
significant compared to the controls (14.11±3.1 vs. 8.35±
2.33 mmol H2O2 equivalent/L; P<0.0001). Increased

Fig. 2. Histopathological findings in the BLC group; a congestion of the parenchyma (asterisk) and thickening of interalveolar septum are evident (arrows);
H&E, ×10. bMark of the enlargement of alveolar walls (asterisks); H&E, ×10. cDense in the bundles of collagen are recognized as green (arrows) Masson’s
trichrome, ×20. d Thick arrows accumulation of lipid-laden macrophages, thin arrows alveolar macrophages in alveolar and bronchial lumen PAS; ×40.
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tissue TOS levels were reduced in the MOL+BLC and
BLC+MOL groups when compared to the group treated
with BLC alone (Table 3). However, there was only a
significant reduction in the MOL+BLC group when com-
pared to the BLC group (9.19±2.52 vs. 14.11±3.1 μmol
H2O2 equivalent/L; P=0.001).

OSI. OSI was increased by BLC treatment compared
to the control groups (16.91±22.27 vs. 7.45±2.43 arbitrary
unit; P<0.0001). Increased OSI were significantly reduced
in theMOL+BLC and BLC+MOL groups compared to the

BLC administration group (P<0.0001 and P=0.002, re-
spectively; Table 3).

White Blood Cell Count of BAL Fluid

White Blood Cell Count (WBC) in BAL fluid in BLC
group [(1.3±0.06)×106/mL−1] significantly increased as
compared with control group [(0.51±0.045)×106/mL−1]

Fig. 3. Histopathological findings in the BLC+MOL and MOL+BLC groups. BLC+MOL group; a congestion (arrows) and enlarged alveoli (asterisks) are
still present; H&E, ×10. MOL+BLC group; b the appearance of lung is almost intact except mild inflammation H&E, ×10. BLC+MOL (c) and MOL+BLC
(d) groups; the view of connective tissue is similar to control group Masson’s trichrome, ×20. BLC+MOL (e) and MOL+BLC (f) groups; Alveolar macr-
ophages show alveolar lumen (arrows) PAS, ×40.
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and MOL group [(0.53±0.02)×106/mL−1] (P<0.05).
WBC in BAL fluid in BLC+MOL group [(0.64±0.09)×
106/mL−1] and MOL+BLC group [(0.65±0.04)×106/
mL−1] significantly decreased as compared with BLC
group [(1.3±0.06)×106/mL−1 (P<0.05)]. However, there
was no significant difference between the groups in the
bottom of the cell types of WBC (data not shown). These
results indicated that administration of MOL before and
after BLC instillation alleviated the infiltration of leukocyte
in the lungs.

DISCUSSION

Nowadays, pulmonary fibrosis is admittedly resulting
from the recurrent epithelial damage and apoptosis follow-
ed by insufficient re-epithelialization and aberrant wound
healing [28, 29]. Essential to the abnormal fibrotic reaction
are transforming growth factor (TGF), a major profibrotic
mediator, andmyofibroblasts, the key cell type of overdone
extracellular matrix deposition and distorted lung architec-
ture, which constitute the typical features of IPF [28].
However, the BLC-induced lung fibrosis animal model is
widely used for researches of new treatment and pathogen-
esis of IPF. In this model, it is used as a single intratracheal
dose of the drug during the first 7 days to induce an
inflammatory response [30] and increase the epithelial

apoptosis [31], closely mimicking acute lung injury
(ALI). Inflammatory response continues for 14 days. Sub-
sequently, the inflammation resolves, and fibrosis are de-
tected during the following transitional period of 3 days.
The late (fibrotic) stage persists for 3–4 weeks following
BLC administration and is characterized by intense depo-
sition of extracellular matrix, resulting in the fibrotic tissue
[32].

In the current study, BLC caused significant lung
injury demonstrated with histopathological findings such
as intense inflammation characterized by accumulation of
alveolar macrophage, intense leukocyte migration not only
in peribronchial and perivascular areas but also in the
interstitial and intrabronchial spaces, and dense bundles
of collagen deposition. Moreover, enlarged alveoli, thick-
ening of interalveolar septum, and increase in connective
tissue were observed in BLC-treated rats. Also, BLC ad-
ministration caused the prominent TOS, a novel index
oxidative stress, MDA, an end-product of lipid peroxida-
tion, and MPO activity, indicating the increased PMN
activity, in the lung tissues. In addition, OSI, which is a
novel and very important index of oxidative stress, was
higher in the BLC group than the all other groups. These
findings seem to be related to the induction of lung injury,
consistent with other studies which utilized BLC-induced
lung fibrosis models [7, 28, 29, 32]. The BLC-induced
lung damage comprises, as a primary event, the generation

Table 1. The Results of Semiquantitative Histological Assessment in All Groups

Parameters Control MOL BLC BLC+MOL MOL+BLC

Alveolar congestion 0 (0–1) 0 (0–2) 1 (0–2)a 1 (0–2) 0 (0–1)b

Enlarged alveoli 0 (0–0) 0 (0–0) 2 (1–3)a 1 (1–2) 1 (0–3)b

Increase connective tissue 0 (0–0) 0 (0–0) 1 (1–2)a 0 (0–1)b 0 (0–1)b,c

Infiltration 0 (0–1) 0 (0–1) 2 (1–3)d 1 (0–2)e 1 (0–1)e,c

The thickness of alveolar wall 0 (0–0) 0 (0–0) 2 (0–2)a 1 (0–1)b 0 (0–2)b

Data were presented as median (min–max)
a Significant increase (P=0.0001) vs. control
b Significant decrease (P=0.0001) vs. BLC
cNot significant (P>0.05) vs. BLC+MOL
d Significant increase (P=0.0002) vs. control
e Significant decrease (P=0.0002) vs. BLC

Table 2. The Results of Number of Alveolar Macrophage in All Groups

Parameters Control MOL BLC BLC+MOL MOL+BLC

Number of alveolar macrophage 5 (0–15) 5 (0–16) 12 (2–95)a 10 (2–42)b 9 (3–18)b,c

Data were presented as median (min-max)
a Significant increase (P=0.0001) vs. control
b Significant decrease (P=0.0001) vs. BLC
cNot significant (P>0.05) vs. BLC+MOL
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of oxidant species by iron-dependent mechanism [33].
Further damage is probably elicited by augmented amounts
of reactive oxygen space (ROS) and reactive nitrogen
space produced by activated inflammatory cells recruited
into the damaged lung induced by BLC administration [7].

In organism, the levels of antioxidants and free radi-
cals, at least, should be in balance to prevent oxidative
stress [34]. Therefore, in this study, the levels of oxidative
stress indicators were evaluated. In addition to the BLC-
provoked inflammation and dense collagen deposition
(Fig. 2), we showed that BLC also induced a significant
reproduction in lipid peroxide levels accompanied by sig-
nificantly reduced levels of GSH compared to the control
group. Depending on the increases of oxidant production
and lipid peroxidation, GSH levels were decreased. Be-
cause GSH is necessary for the prevention of thiol and
other nucleophilic groups in proteins from the free oxygen
radicals, the amount of intracellular GSH is the most im-
portant factor in determining the degree of BLC-induced
lung damage [35–37]. In the present study, attenuation of
GSH concentration after BLC administration was reversed
by MOL (especially in MOL+BLC group) treatment
(Table 3). Furthermore, it was demonstrated that MOL
administration, both before and after BLC administration,
increased the level of TAS which was reduced by BLC.

MOL decarboxylases enzymatically to form 3-
morpholinosyndnonimine (SIN-1) which spontaneously
release NO in the liver [13]. NO is a substantial endoge-
nous regulatory particle, contained in both pro-inflamma-
tory and anti-inflammatory processes in the lung. In the
experimental models, NO reduced lung parenchyma dam-
age, alveolar macrophage and neutrophil function, and the
transendothelial migration of activated neutrophils during
acute lung damage [38–40]. In another animal study, it has
been shown that NO donor (S-nitroso-acety penicillamine
like MOL) decreases neutrophil adhesion in both lung and
peritoneum during peritonitis [41]. Similar to those previ-
ous studies, in the present study, accumulation of alveolar
macrophage in the alveolar and bronchial lumen was sig-
nificantly reduced by treatment of MOL before and after
BLC administration. Also, the account of neutrophils in
BAL fluid that has been increased by BLCwas reversed by
MOL. It is reported that the beneficial effects of inhaled
NO on ALI include inhibition of NF-κB which was
playing an important role in inflammation and preserving
the alveolar capillary membrane wholeness [39, 40, 42]. In
the current study, because of the limited facilities, NF-κB
determination was not studied. Nevertheless, because it
was investigated in the previous studies [39, 40], it seems
to be related that MOL could have improved in the BLC-
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induced lung inflammation via inhibition of NF-κB which
is a pro-inflammatory mediator by secreted alveolar
macrophages.

In previous studies, the antioxidant properties of
MOL are well established [12, 39, 43, 44]. In one of these
studies performed by Gupta et al. [12], nephrotoxicity has
been formed by nitrilotriaacetate ferric (Fe-NTA) similar to
the lung damage that was produced by BLC. In the same
study, pretreatment with MOL notably improved the re-
duced renal function, decreased renal tissue MDA, and
increased the depletion of renal tissue antioxidant enzymes
(GSH and SOD) as well as improved disrupted renal
structure. Also, in this study, it was shown that by aug-
menting the NO levels, MOL protected the renal injury and
this protection was not reversed by treatment of
aminoguanidine which used NO synthase inhibitor. The
findings of this study were consistent with our results
which were obtained from both histopathological and bio-
chemical assays.

The antioxidant mechanism of MOL is not clear. NO
can react with superoxide (O2

−) radical, impending the
chain of reaction for additional production of ROS such
as hydrogen peroxides (H2O2) and hydroxyl radical (

−OH).
However, the interaction of NO and O2

− is converted into
peroxynitrite radical (NOO−) which can cause lipid
peroxidation of cellular membranes [7]. Chander et al.
[17] showed that administration of L-arginine (a NO
precursor) and MOL has a protective effect on kidney
ischemia-reperfusion (I/R) injury. However, these findings
show that the interaction between NO and O2

− radical can
be beneficial, because ONOO− probably acts as O2

− radical
scavenger making it impossible to maintain the lipid
peroxidation which results in generation of other free
radicals (H2O2 and OH). If the ratio O2

−/NO increases via
excessive O2

− or reduced NO production, O2
−will produce

H2O2 and cause the activation of phospholipase A2, thus
expression of pro-inflammatory mediators such as
leukotrienes B4 increases the leukocyte adherence and
oxidative damage caused by tissue I/R [45]. Furthermore,
Clancy et al. [46] demonstrated that NO reduces O2

−

production in neutrophils by restricting NADPH oxidase
activity. In the current study, it was thought that the
antioxidant mechanism of the MOL seems to be related
to the above-mentioned mechanisms. However, limited
studies examined the role of testing substance in the late
phase of lung fibrosis mice that is established as an animal
model of human IPF. In one of these studies [47], the effect
of follistatin was examined which is an inhibitor of TGF β
given the early and late phase of histological changes and
hydroxyproline content of the tissue to estimate collagen

deposit in the lung. It was obtained that follistatin
significantly reduced the hydroxyproline content, and no
significant difference was observed in the reduction of
hydroxyproline content between the early- and late-phase
treatment groups. Also, lung fibrosis in the rats exposed to
BLC was noticeably recovered in follistatin-treated groups.
In another experimental study, Kakugawa et al. [48]
showed a considerable improvement in lung fibrosis score
and hydroxyproline substance induced by intratracheal
BLC instillation into the lungs of mice by treatment of
pirfenidone, an antifibrotic drug, taken 14 days after BLC
instillation. However, MOL as well as anti-inflammatory
and antioxidant properties have to antifibrotic ability. In
one of the study [49], the effect of MOL was investigated
which is an inhibitor of TGF β, given early and late phase
of histological change and the matrix protein fibronectin in
the renal tissue. They found that MOL significantly
reduced TGF β overexpression and matrix accumulation
following the induction of anti-thy1 glomerulonephritis
which is a model of fibrotic renal disease. Also, in the
same study, renal fibrosis was markedly improved in
MOL-treated group. Based on this relationship, in the
present study, we found that MOL administration both
before and after BLC administration significantly
decreased oxidative stress and total leukocyte recruitment
in the lung tissue. Also, MOL treatment markedly
improved the histopathological changes of early- and late-
phase BLC-induced lung fibrosis. On the other hand, its
efficacy on early-phase pulmonary inflammation and
fibrosis parameters was higher than the late phase.

Our study has some superiority over other studies on
the same subject, as it is explained as follows: (1) In a lot of
previous studies it was evaluated whether agents have only
preventive effects on BLC-induced lung fibrosis; in this
study, we evaluated the agent (MOL) as both preventive
and therapeutic effects on lung fibrosis in early and late
phase. As far as we know, our study is one of two or three
studies that used an agent as both therapeutic and preven-
tive effect on BLC-induced lung fibrosis in the same study
scheme. (2) Oxidants such as MDA and antioxidants such
as CAT, SOD, and GSH in most of the animal models of
BLC-induced lung fibrosis was assessed. In addition to
these parameters, we also assessed TOS, TAS, and OSI.
According to those new parameters which were evaluated,
we showed that MOL is effective in both prevention and
treatment of BLC-induced lung fibrosis.

Although our research is well designed, here are some
limitations. There was not an animal group that indicated
developing inflammation and fibrosis on the 14th day of
BLC administration. Having that group would have been
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better to indicate that MOL downgrades developed fibro-
sis. Also, especially TGF, which is an important pro-fibrot-
ic mediator and pro-inflammatory cytokines such as TNF-
α, IL-1, and IL-6 in BAL fluid have not been studied on.
Another limiting aspect of this study is related to the agent
(MOL) which was applied. Because MOL is an NO donor,
levels of lung tissue NO and nitrite/nitrate, an index of NO
production, must have been evaluated. However, some
previous studies showed that NO are involved in the path-
ogenesis of pulmonary inflammation and fibrosis [48–51].
In addition, in one of those studies [7], it has been shown
that NO-synthesized inhibitor agent prevented pulmonary
inflammation and fibrosis. Therefore, the presence of a
group of the NO-synthesized inhibitor agent that was ap-
plied would be more rational.

In conclusion, findings of the present study showed
for the first time that MOL, with its potent free radical
scavenging, antioxidant, anti-inflammatory, and anti-fi-
brotic properties, seems to be a highly promising agent
not only in preventing but also in treatment BLC-induced
lung inflammation and fibrosis. However, further studies
are required to evaluate the role of different doses of MOL
in the prevention and the treatment of lung fibrosis. After
clinical and experimental trials, including different treat-
ment dosages,MOL, which was widely used as antianginal
agent and have no important side-effects, could be consid-
ered in the treatment of IPF in the future.
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