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Abstract. Oxymatrine (OM) is an alkaloid extracted from the 
Chinese herb Sophora flavescens Ait. with a variety of phar-
macological activities. The aim of this study was to investigate 
the preventive effects of OM on bleomycin (BLM)-induced 
pulmonary fibrosis (PF) and to further explore the underlying 
mechanisms. C57BL/6 mice were randomly assigned to five 
groups: the saline sham group; the BLM group, in which mice 
were endotracheally instilled with BLM (3.0  mg/kg); and 
the BLM plus OM groups, in which OM was given to mice 
daily (10, 20 or 40 mg/kg) one day after BLM instillation for 
21 days. The bronchoalveolar lavage fluid (BALF) and lung 
tissues were collected at 15 and 22 days post BLM administra-
tion, respectively. Lung tissues were stained with hematoxylin 
and eosin (H&E) for histological evaluation. Levels of tumor 
necrosis factor (TNF)-α, interleukin-6 (IL-6) and nitric oxide 
(NO) in mouse BALF were measured, as well as myeloper-
oxidase (MPO) activity and malondialdehyde (MDA) content 
in lung homogenates. The inducible nitric oxide synthase 
(iNOS) expression in the lung tissues was determined by 
immunohistochemical staining, quantitative real-time PCR 
and western blot analysis. Moreover, the expression of trans-
forming growth factor (TGF)-β1, Smad2, Smad3, p-Smad2 
and p-Smad3 were also detected. We found that OM improved 
BLM-induced lung pathological changes, inhibited MPO 

activity and reduced MDA levels in a dose-dependent manner. 
OM also dose-dependently inhibited the release of TNF-α and 
IL-6, and decreased the expression of iNOS in lung tissues and 
thus prevented NO release in response to BLM challenge. In 
addition, OM decreased the expression of TGF-β1, p-Smad2 
and p-Smad3, which are all important members of the TGF-β/
Smad signaling pathway. Our study provides evidence that OM 
significantly ameliorated BLM-induced PF in mice via the 
inhibition of iNOS expression and the TGF-β/Smad pathway.

Introduction

Pulmonary fibrosis (PF) is a progressive and devastating 
disease that occurs as a result of diverse insults to the lungs, 
including toxic, autoimmune, drug-induced, infectious, and 
traumatic injuries. The pathology of PF is characterized by 
patchy chronic interstitial inflammation, excessive extracel-
lular matrix (ECM) deposition, fibroblast proliferation, and 
collapse of alveoli, leading to progressive fibrosis and loss of 
lung functions (1-3). To date, despite extensive research efforts 
in experimental and clinical studies, PF remains an increasing 
cause of morbidity and mortality with an average survival 
of less than three years from diagnosis (4,5). Conventional 
therapeutic strategies for PF include corticosteriods alone or in 
combination with other immunosuppressive agents; however, 
the efficacy of these agents is now being questioned, and long-
term administration of glucocorticoids is often associated with 
several side effects, such as compromised immunity, peptic 
ulcer, hypertension, osteoporosis, endocrine and metabolic 
abnormalities (1,6). Therefore, there is a compelling need to 
develop more effective and reliable therapeutic modalities for 
the treatment of PF.

Oxymatrine (OM) is a bioactive alkaloid constituent 
derived from the traditional Chinese herb medicine 
Sophora  flavescens Ait. (Kushen) that has been approved 
by the State Food and Drug Administration of China for 
treating hepatitis B (7,8). Cumulative evidence has suggested 
that OM possesses multiple biological and pharmacological 
properties, such as anti-inflammatory (9-11), antitumor (12,13), 
anti-apoptotic (14), antifibrotic (15), antioxidant (16), and anti-
arrhythmic activities (17). Chen et al (18) demonstrated that 
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OM is able to attenuate bleomycin (BLM)-induced PF in mice, 
and this beneficial effect is associated with the inhibition of 
BLM-induced lung inflammation and lipid peroxidation and 
the reduction of fibroblast proliferation and collagen synthesis 
(18). Nonetheless, the exact mechanisms by which OM exerts 
its antifibrotic effects on PF have not been fully elucidated. A 
better understanding of the molecular mechanisms underlying 
the pharmacological actions of OM will greatly enhance its 
application in the clinic.

Nitric oxide (NO) is an endogenous short-lived free radical 
that plays a crucial role in a number of lung diseases, including 
PF (19,20). It is synthesized by three isoforms of NO synthase 
(NOS): neuronal (nNOS), endothelial (eNOS), and inducible 
(iNOS) isoforms (21). Previous studies have demonstrated that 
upregulation of iNOS-induced NO production appears in PF in 
both animal models and humans (22-24). Transforming growth 
factor-β1 (TGF-β1) is well recognized as a key pro-fibrogenetic 
cytokine in PF, and may result in collagen overproduction and 
deposition in the lung (25). Elevated expression of TGF-β1 has 
also been found in the lung tissues of patients and animals 
with PF (26).

On the basis of the above-mentioned findings, we hypoth-
esized that the antifibrotic therapeutic benefit mediated by OM 
during BLM-induced PF occurs via the inhibition of iNOS 
expression and the TGF-β signaling pathway.

Materials and methods

Animals and drugs. Six- to eight-week-old male C57BL/6 mice 
were obtained from the Experimental Animal Center of China 
Medical University. They were housed at room temperature 
under a 12/12 h light/dark cycle, with free access to food and 
water. All mice were acclimatized to their new surroundings 
for one week prior to the experimental procedures. The animal 
experimental protocol was approved by the Ethics Committee 
of China Medical University, and all the animal studies were 
conducted in accordance with the NIH Guide for the Care 
and Use of Laboratory Animals. BLM was purchased from 
Meilun Biotechnology Co., Ltd. (Dalian, China), and OM was 
obtained from Guanyu Biotechnology Co., Ltd. (Xi'an, China).

BLM-induced PF model and animal treatment. BLM-induced 
PF was established in mice according to a method previously 
described, with minor modifications (27). In brief, mice were 
anesthetized with an intraperitoneal injection of chloral 
hydrate (300 mg/kg) and then subjected to a tracheostomy. 
BLM was instilled intratracheally at a dose of 3.0 mg/kg 
bodyweight in 100 µl normal saline. An upright spin was then 
performed to ensure a homogeneous distribution of BLM to 
the mouse lungs. The sham mice received an equal volume of 
normal saline instead of BLM.

OM (with a purity >98%) was dissolved in physiological 
saline and intraperitoneally injected one day after BLM instil-
lation. Fifty mice were randomly assigned to five experimental 
groups, with ten mice per group, as follows: the sham group, 
which was subjected to intratracheal instillation of normal 
saline and received intraperitoneal injections of vehicle; the 
BLM group, which was instilled intratracheally with BLM and 
received vehicle treatment; and the OM groups, which were 
subjected to intratracheal instillation of BLM and treated with 

OM at doses of 10, 20 or 40 mg/kg. The selected doses of OM 
were based on the previous study by Chen et al (18). Mice were 
treated with intraperitoneal injection of OM or physiological 
saline once daily for 21 days.

Fifteen days after BLM instillation, five mice from each 
group were anesthetized with chloral hydrate (300 mg/kg, i.p.), 
and a bronchoalveolar lavage (BAL) was performed through 
a tracheal cannula using 2.0 ml aliquots of normal saline for 
a total of 6.0 ml for each mouse. The recovered BAL fluid 
(BALF) was then centrifuged at 1,000 x g for 10 min at 4˚C 
and the resultant cell-free supernatant was stored at -80˚C for 
further analysis. Twenty-two days after BLM instillation, the 
remaining mice in each group were sacrificed to collect the 
lung tissues. The lung tissues were divided into two pieces, 
one immersed in 10% formalin solution for histopathological 
examination and immunohistochemistry, and the other part in 
liquid nitrogen for quantitative real-time PCR or western blot 
analysis.

Enzyme-linked immunosorbent assay (ELISA). Concentrations 
of tumor necrosis factor (TNF)-α and interleukin-6 (IL-6) 
in mouse BALF were measured with commercially avail-
able ELISA kits (R&D Systems, Minneapolis, MN, USA) 
according to the manufacturer's instructions. In brief, diluted 
BALF samples were added to a microplate pre-coated with a 
monoclonal antibody specific for mouse TNF-α or IL-6. After 
washing to remove unbound substances, an enzyme-linked 
polyclonal antibody specific for mouse TNF-α or IL-6 was 
added. After washing to remove unbound antibody-enzyme 
reagent, a substrate solution was added. The colored product 
yielded by the enzyme reaction was measured at 450 nm with 
an ELX 800 microplate reader (Bio-Tek Instruments, Inc., 
Winooski, VT, USA). The sample levels were calculated from 
a standard curve and expressed in ng/l.

NO analysis in BALF. The pulmonary production of NO in 
the BALF was analyzed with a nitrate/nitrite colorimetric 
assay. Briefly, nitrate was converted to nitrite by nitrate 
reductase, and Griess reagent (1% sulfanilic acid, 0.1% 
N-1-naphthylethylenediamine dihydrochloride, 5% phosphoric 
acid; Jiancheng Bioengineering Institute, Nanjing, China) was 
added to the BALF, which converted nitrite to a deep-purple 
azo compound. The absorbance was measured at 550 nm using 
a plate absorbance reader (Bio-Tek Instruments, Inc.) and the 
nitrite concentration was determined using sodium nitrite as 
a standard.

Measurements of myeloperoxidase (MPO) activity and malon 
dialdehyde (MDA) and in lung tissues. Frozen lung tissues 
were thawed and homogenized in cold saline at a ratio of 1:19 
(w/v). Samples were centrifuged at 800 x g for 10 min at 4˚C, 
and then the tissue supernatants were collected for biochemical 
measurements. MPO activity and MDA levels in lung tissues 
were determined by commercially available kits (Jiancheng 
Bioengineering Institute). For MPO activity, the supernatants 
were incubated with hydrogen peroxide in the presence of 
O-dianisidine dihydrochloride (0.167 mg/ml) for 30 min. The 
change in absorbance at 460 nm for each sample was recorded 
with a microplate reader (Bio-Tek Instruments, Inc.). MPO 
activity was defined as the quantity of enzyme degrading 
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1 µmol peroxide per minute at 37˚C and is expressed in U/g 
lung tissue. MDA content was determined based on the reac-
tion of MDA with thiobarbituric acid at 90-100˚C. Levels of 
MDA are expressed as nmol/mg protein.

Lung histopathology. Histopathological examination was 
performed on mice that were not subjected to BAL. Lung 
tissues were fixed in 10% (w/v) neutral-buffered formalin for 
24 h, dehydrated in a graded ethanol series, and subsequently 
embedded in paraffin. Sequential 5 µm sections of the lungs 
were placed on slides and stained with routine hematoxylin 
and eosin (H&E) for morphological analysis using a standard 
protocol. The slides were then investigated under a light micro-
scope (BA400 Binocular Microscope; Motic, Xiamen, China).

Immunohistochemistry. Lung tissues were fixed in 10% 
buffered formalin for 24 h, embedded in paraffin, and cut into 
5-µm sections. The sections were pretreated at 60˚C for 2 h, 
then dewaxed in xylene, hydrated, and washed in 0.01 mol/l 
phosphate-buffered saline (PBS, pH 7.2) solution. Antigen 
retrieval was performed at 100˚C for 10 min in a 10 mmol/l 
citrate buffer (pH 6.0), and endogenous peroxidase activity was 
quenched by using 3% hydrogen peroxide (v/v) in methanol 
for 15 min at room temperature. After rinsing in a 0.01 mol/l 
PBS solution, non-specific protein binding was eliminated by 
blocking with 10% normal goat serum. Subsequently, the tissue 
sections were incubated with a polyclonal antibody against 
mouse iNOS (1:200 diluted; Biosynthesis Biotechnology 
Co., Ltd., Beijing, China) overnight at 4˚C. Negative controls 
were achieved by omitting the primary antibody. The sections 
were then incubated for 30 min in secondary antibody (1:200 
biotinylated goat anti-rabbit immunoglobulin  G (IgG); 
Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, 
China), followed by incubation for 30 min with streptavidin-
horseradish peroxidase conjugate. Finally, reaction products 
were visualized with 3,3'-diaminobenzidine (DAB) and then 
counterstained with hematoxylin.

RNA isolation and quantitative real-time PCR. Total-RNA 
was isolated from lung tissues using the RNA simple total-
RNA kit (Tiangen Biotechnology Co., Ltd., Beijing, China), 
and was dissolved in RNase-free water. The concentration and 
purity of RNA was determined by calculating the ratio of the 
absorbance at 260 and 280 nm. RNA integrity was assessed by 
comparing the relative intensities of the 18 and 28 S ribosomal 
RNA bands as detected under ultraviolet radiation after electro-
phoresis and staining with GoldView dye (Sbsgene, Shanghai, 
China). Equal amounts of RNA (1  µg) from each sample 
were reverse-transcribed in a volume of 20 µl to synthesize 
complementary DNA (cDNA) using the TIANScript RT kit 
(Tiangen Biotechnology Co., Ltd.). Reverse transcription reac-
tions were carried out at 42˚C for 50 min and 95˚C for 5 min. 
Quantitative real-time PCR reactions were performed in 20 µl 
reaction mixture containing 10 µl of SYBR-Green Master Mix 
(Tiangen Biotechnology Co., Ltd.), 0.5 µM of forward and 
reverse primers, and 1 µl template cDNA on an Exicycler™ 96 
real-time quantitative thermal block (Bioneer, Daejeon, Korea). 
The primers were designed according to the mouse iNOS 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
gene sequences reported in GenBank, and were synthesized 

by Sangon Biotechnology Co., Ltd. (Shanghai, China). The 
sequences of the primers were as follows: iNOS, forward, 
5'-GCAGGGAATCTTGGAGCGAGTTG-3' and reverse, 
5'-GTAGGTGAGGGCTTGGCTGAGTG-3'; GAPDH, 
forward, 5'-TGTTCCTACCCCCAATGTGTCCGTC-3' and 
reverse, 5'-CTGGTCCTCAGTGTAGCCCAAGATG-3'. 
All reactions were incubated at 95˚C for 5 min, followed by 
35 cycles of 95˚C for 10 sec, 60˚C for 20 sec, and 72˚C for 
30 sec. A melting curve was generated at the end of every run 
to ensure product uniformity. GAPDH was used in parallel 
as an internal control to normalize samples. PCR reactions 
were conducted in triplicate. Data were analyzed through the 
comparative threshold cycle (CT) method (28).

Western blot analysis. Lung tissues were homogenized 
in ice-cold radioimmunoprecipitation (RIPA) lysis buffer 
(Beyotime Institute of Biotechnology, Haimen, China). After 
centrifugation (12,000 x g, 10 min at 4˚C), the supernatant was 
collected and protein concentration was determined using a 
bicinchoninic acid (BCA) protein assay kit (Beyotime Institute 
of Biotechnology) with bovine serum albumin as the standard. 
Equal amounts of proteins (40 µg) were separated on 10% 
sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) 
and then transferred electrophoretically onto polyvinylidene 
difluoride (PVDF) membranes (Millipore, Bedford, MA, 
USA). The blotted membranes were blocked with 5% non-fat 
dry milk (w/v) in Tris-buffered saline with 0.1% Tween-20 
(TBS-T), and then incubated at 4˚C overnight with anti-iNOS 
(1:500 diluted), anti-TGF-β1 (1:1,000 diluted), anti-Smad2 
(1:1,000 diluted), anti-phospho-Smad2 (1:1,000 diluted), 
anti-Smad3 (1:4,000 diluted), anti-phospho-Smad3 (1:4,000 
diluted) (all from Biosynthesis Biotechnology Co., Ltd.), or 
anti-β-actin (1:10,000 diluted; Kangcheng, Shanghai, China) 
antibodies. After six rinses with TBS-T at 5 min intervals, 
the membranes were incubated for 45 min with horseradish 
peroxidase-labeled goat anti-rabbit IgG (1:5,000 diluted; 
Biosynthesis Biotechnology Co., Ltd.). Immunodetection 
was performed with enhanced chemiluminescence (ECL; 
Millipore) and exposed on an X-ray film. β-actin was used as 
an internal reference for relative quantification. Densitometric 
analysis of the immunoblots was performed using the Gel-Pro 
3.0 software.

Statistical analysis. All data are presented as the means ± stan-
dard deviation (SD). One-way ANOVA followed by the 
Bonferroni post hoc test was used to compare the differences 
among multiple groups. All statistical analyses were performed 
using the SPSS 13.0 software package (SPSS Inc., Chicago, IL, 
USA). P-value <0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of OM on BLM-induced lung histopathological 
changes. Histopathological abnormalities in the lungs were 
evaluated at 21 days after OM treatment with H&E staining. 
The morphology of the lung tissues from the sham mice 
displayed normal alveolar spaces and normal thickening of the 
alveolar septa under a light microscope (Fig. 1A). However, 
the lungs from mice with BLM and vehicle treatment showed 
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marked histopathological abnormalities, such as disturbed 
alveolar structure, extensive thickening of the interalveolar 
septa, and dense interstitial infiltration by lymphocytes, 
neutrophils and fibroblasts (Fig. 1B). By contrast, treatment 
with all three doses of OM resulted in moderate amelioration 
of inflammatory cell infiltration, together with a reduction in 
interstitial thickening (Fig. 1C-E).

Effects of OM on MDA levels and MPO activity in the lung 
tissues of BLM-treated mice. Twenty-two days after BLM 
instillation, the level of MDA, an index of lipid peroxidation, 

was significantly increased in vehicle-treated lung tissues 
from 2.66±0.35 to 19.2±1.39 nmol/mg protein (P<0.01, n=5), 
compared to that in the sham controls (Fig. 2A). Following 
administration of OM (10, 20, 40 mg/kg), the BLM-induced 
lipid peroxidation was evidently decreased to 12.78±0.79 
(P<0.01, n=5), 9.06±0.79 (P<0.01, n=5), 4.71±0.45 nmol/mg 
protein (P<0.01, n=5), respectively, in comparison to the BLM 
group. Moreover, MPO activity, a marker of neutrophil influx 
into the tissue, was measured (Fig. 2B). Compared to the sham 
group, treatment of mice with BLM resulted in a dramatic 
elevation of MPO activity from 2.81±0.24 to 8.23±0.35 U/g 

Figure 1. Effects of oxymatrine (OM) on bleomycin (BLM)-mediated lung histopathogical changes. Mice were instilled intratracheally with 3.0 mg/kg BLM or 
the equal amount of normal saline. Some BLM-exposed mice were then intraperitoneally injected with 10, 20 or 40 mg/kg OM one day after BLM instillation. 
(A) The lungs of mice were prepared for histological analysis 22 days after the BLM challenge. Lung section from the sham mice instilled intratracheally with 
saline. (B) Lung section from BLM-induced PF model mice. Lung section from the mice exposed to BLM and then administered (C) 10 mg/kg, (D) 20 mg/kg 
or (E) 40 mg/kg OM. Representative histological section of the lungs was stained by hematoxylin and eosin (H&E staining, x200).

Figure 2. Effects of oxymatrine (OM) on the (A) malondialdehyde (MDA) content and (B) myeloperoxidase (MPO) activity in the lungs of bleomycin (BLM)-
induced pulmonary fibrosis (PF) mice. Mice were treated with intraperitoneal injection of different doses of OM once daily for 21 days. Data are presented as 
the mean ± SD (n=5). ##P<0.01 vs. the sham group; **P<0.01 vs. the BLM group.
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protein (P<0.01, n=5). However, treatment with OM (10, 20, 
40 mg/kg) significantly attenuated the increase from 8.23±0.35 
to 6.37±0.55 (P<0.01, n=5), from 8.23±0.35 to 6.07±0.47 
(P<0.01, n=5), and from 8.23±0.35 to 4.49±0.42 (P<0.01, 
n=5), respectively.

Effects of OM on inflammatory cytokines in the BALF of 
BLM-treated mice. Concentration of TNF-α and IL-6 in 
the BALF represents proinflammatory mediators, which 
were thought to play important roles in the pathogenesis of 
PF. As shown in Fig. 3A and B, we found that TNF-α and 
IL-6 were only minimally expressed in the sham mice. Two 
weeks after BLM instillation, a substantial increase in TNF-α 
and IL-6 levels was observed in the BALF. However, these 
levels decreased dose-dependently with OM administration 
(P<0.01, n=5).

NO derived from iNOS is an important toxic molecule 
regarding tissue injury. We measured the NO content in the 
BALF of BLM-treated mice. NO level was increased in the 
BLM-induced PF model mice compared to the mice in the 
sham group (Fig. 3C). OM treatment significantly suppressed 
the BLM-induced rise of NO levels in the BALF (P<0.01, 
n=5). This inhibitory effect was dose-dependent.

Effects of OM on iNOS expression in the lungs of BLM-treated 
mice. Previous studies have demonstrated an increased level of 
NO in the BALF and an overexpression of iNOS in the lungs 

during the development of BLM-induced PF in mice (24). 
To determine whether OM inhibits NO production via the 
suppression of iNOS expression, we investigated the expres-
sion levels of iNOS in lung tissues. The photomicrographs 
of the immunohistochemical localization of iNOS in lung 
tissues are shown in Fig. 4. In the sham group, positive signals 
for iNOS were weakly found in a small number of alveolar 
macrophages (Fig. 4A). Twenty-two days after BLM instilla-
tion, positive signals for iNOS were observed prominently in 
alveolar epithelial cells, alveolar macrophages and microvas-
cular endothelial cells (Fig. 4B). However, OM at the dose 
of 20 and 40 mg/kg significantly attenuated the BLM-induced 
rise of iNOS expression in the lung tissues (Fig. 4D and E), 
while almost no reduction in iNOS expression was shown by 
10 mg/kg OM (Fig. 4C).

To further determine the iNOS expression in BLM-induced 
PF mice, iNOS mRNA and protein levels were measured by 
quantitative real-time PCR and western blot analysis, respec-
tively. Compared with the sham group, there was a marked 
increase in iNOS mRNA levels in the BLM group. OM 
administration dose-dependently attenuated the increase of 
iNOS mRNA in the lung tissues of mice with BLM-induced 
PF (P<0.01, n=5). Meanwhile, changes observed by western 
blot analysis were in accordance with the findings in the 
quantitative real-time PCR study (Fig. 5). These data indicated 
that OM inhibits NO production via the suppression of iNOS 
expression in BLM-induced PF mice.

Figure 3. Effects of oxymatrine (OM) on the (A) TNF-α, (B) IL-6 and (C) NO levels in the bronchoalveolar lavage fluid (BALF) of bleomycin (BLM)-induced 
pulmonary fibrosis (PF) mice. Data are expressed as the mean ± SD (n=5). ##P<0.01 vs. the sham group; **P<0.01 vs. the BLM group.
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Effects of OM on TGF-β1 expression and phosphorylation of 
Smad2 and Smad3 in the lung tissues of BLM-treated mice. 
TGF-β1 has been shown to play a key role in the process 
of PF by increasing the synthesis and secretion of ECM 
proteins while inhibiting matrix degradation (29). To inves-
tigate whether OM exerts its anti-fibrotic effects through 
inhibiting the TGF-β/Smad pathway in BLM-induced PF, we 
first detected the protein expression of TGF-β1 in the lung 
tissues of BLM-treated mice. BLM instillation significantly 
increased TGF-β1 protein expression in the lung tissues, 
which was dose-dependently downregulated by OM treat-
ment (Fig. 5) (P<0.01, n=5). Since phosphorylation of Smad 

signaling by the activated TGF-β1 receptor I is a major step 
in the initiation of TGF-β signal transduction, we further 
examined the activation of Smad2 and Smad3 in the lungs 
of BLM-treated mice. Phosphorylation of Smad2 and Smad3 
was increased in the BLM group compared with the sham 
group, as confirmed by western blot analysis with phos-
phorylated antibodies of Smad2 and Smad3, respectively 
(Fig.  5). Treatment with OM markedly inhibited these 
BLM-activated signaling molecules in a dose-dependent 
fashion. These observations suggest that OM protects mice 
against BLM-induced PF, at least in part, via the inhibition 
of the TGF-β/Smad pathway.

Figure 4. Effects of oxymatrine (OM) on the expression of iNOS in the lungs of BLM-induced PF mice as shown by immunohistochemical staining (A-E) and 
quantitative real-time PCR (F). (A) Lung section from the sham mouse, (B) Bleomycin (BLM)-induced pulmonary fibrosis (PF) mice, and the mice exposed 
to BLM and then treated with an intraperitoneal injection of (C) 10 mg/kg, (D) 20 mg/kg, (E) 40 mg/kg OM once daily for 21 days. Original magnification, 
x400. (F) Data are the mean ± SD (n=5). ##P<0.01 vs. the sham group; **P<0.01 vs. the BLM group.

Figure 5. Western blot analysis of TGF-β1, Smad2 and Smad3, phosphorylation of Smad2 and Smad3 and iNOS levels in the lungs of bleomycin (BLM)-
induced pulmonary fibrosis (PF) mice. (A) Representative blots are shown and protein size is expressed in kDa. (B) Densitometric quantification data are 
expressed as the intensity ratio of target proteins to β-actin (mean ± SD, n=5).
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Discussion

BLM is an antitumor antibiotic used for the therapy of a variety 
of cancers, and PF is a well-known side effect in patients 
treated with BLM. Intratracheal instillation of BLM into the 
lungs of rodents causes alveolar cell damage, an inflamma-
tory response, fibroblast proliferation and subsequent collagen 
deposition as seen in human PF (30,31). Therefore, this 
animal model has been widely used to mimic the pathologic 
features of human PF and to investigate novel pharmacological 
approaches for preventing PF (32,33). In the present investiga-
tion, we have demonstrated that OM at a dose of 10, 20 or 
40 mg/kg exerts anti-inflammatory and antifibrotic actions in 
lungs of mice exposed to BLM, as evidenced by the attenu-
ation of morphological fibrotic responses and the decreases 
in lipid peroxidation (MDA levels) and neutrophil infiltration 
(MPO activity). Meanwhile, OM dose-dependently attenuated 
concentrations of pro-inflammatory mediators such as NO, 
TNF-α and IL-6 in the BALF. In addition, OM effectively 
repressed the TGF-β1 expression and the activation of Smad2 
and Smad3, which was associated with the inhibition of the 
TGF-β/Smad pathway, and this may represent an additional 
mechanism by which OM exerts its antifibrotic effects.

Oxidative stress plays a key role in the BLM-induced 
pulmonary inflammation and fibrosis since excess levels of 
reactive oxygen species (ROS) can non-specifically oxidize 
cellular macromolecules such as DNAs, lipids, and proteins, 
leading to oxidative stress-induced tissue injury (34,35). 
BLM is known to produce ROS during the process of reac-
tion with DNA, thereby causing direct injuries to lung cells 
and matrix (31). In this study, we found that BLM instillation 
induced a marked increase in lipid peroxidation as reflected 
by the MDA level, and this level was significantly decreased 
by OM treatment in a dose-dependent manner. We postulate 
that OM has antioxidant activities due to the hydroxyl group 
in its structure (36). MPO activity has been used as a marker 
of neutrophil influx into the tissue (37). Herein, we observed 
that OM treatment significantly inhibited the increase of MPO 
activity due to BLM administration, suggesting that OM may 
suppress the migration of neutrophils in the inflamed region, 
thereby ameliorating tissue damage in the lung. These findings 
are consistent with a previous report from Chen et al (18), who 
also showed that OM effectively inhibited the MDA levels and 
MPO activity in a mouse model of BLM-induced PF. Based on 
the findings, it is reasonable to conclude that OM is an effective 
free radical scavenger capable of repressing reactive oxygen 
radicals and decreasing neutrophil recruitment into the lungs.

Although the underlying pathophysiology of PF remains 
elusive, excessive cytokine-mediated inflammation was gener-
ally believed to play a predominant role in the progression 
of PF. Clinical evidence has indicated that the concentration 
of cytokines was increased in the BALF of patients with PF 
(38). Additionally, there is a significant body of evidence 
demonstrating that BLM induces inflammatory cells to secrete 
multifunctional cytokines, such as TNF-α, IL-6 and IL-1β (30). 
In the present study, we consistently found that BLM admin-
istration markedly increased the concentration of TNF-α and 
IL-6 in the BALF of BLM-induced PF mice. By contrast, OM 
treatment significantly reduced the pro-inflammatory cytokine 
levels in the BALF. Our results are in agreement with previous 

studies showing anti-inflammatory effects of OM in other 
diseases. For example, Zhang et al (11) have demonstrated 
that OM effectively reduces the serum TNF-α level in rats 
with L-arginine-induced acute pancreatitis. It has also been 
shown that OM is able to reduce neuronal cell apoptosis by 
inhibiting Toll-like receptor 4/nuclear factor κ-B-dependent 
inflammatory responses in traumatic rat brain injury (14). 
Collectively, we concluded that OM may protect mice against 
BLM-induced PF by decreasing the production or activities of 
these pro-inflammatory cytokines.

BLM has been shown to be a stimulator of iNOS expression 
and NO over-production (39-41). Increased pulmonary expres-
sion of iNOS and increased NO production are observed in PF 
patients; however, no changes in the levels of other NOSs have 
been detected (22,42). In addition, pharmacological inhibition 
of NO has been proposed as a potential therapeutic strategy 
for PF (23). These findings support the notion that NO over-
produced by iNOS formation may have deleterious effects 
in the pathogenesis of PF. In the current study, we found that 
OM treatment dose-dependently reduced BLM-induced incre-
ment of iNOS expression and subsequent NO production. Our 
results provide evidence that the antifibrotic effects of OM 
may be mediated by the downregulation of iNOS. However, 
the precise mechanism whereby OM inhibits iNOS expression 
needs to be further elucidated.

As the most relevant profibrotic cytokine in PF, TGF-β1 
plays a vital role in the synthesis and accumulation of collagen 
and fibronectin in the lungs (43). A number of experimental 
studies have reported that the inhibition of TGF-β by anti-
TGF-β antibodies, decorin, TGF-β soluble receptors, or a 
peptide inhibitor of TGF-β, has a protective effect on the devel-
opment of PF (44-47). Zhao et al (48) have also demonstrated 
that Smad3 deficiency attenuates bleomycin-induced PF in 
mice. In the present study, OM treatment effectively inhibited 
the expression of TGF-β1 and the BLM-activated Smad2 and 
Smad3, which is consistent with previous studies showing that 
amelioration of fibrosis is often associated with the inhibition 
of the TGF-β/Smad signaling pathway (49-52). Moreover, our 
results are also in agreement with the findings of Wu et al (15) 
who found that OM has antifibrotic effects in the liver via the 
inhibition of the TGF-β/Smad pathway (15). Taken together, 
our observations indicate that the antifibrotic effect of OM in 
BLM-induced PF may be partly due to the inhibition of the 
TGF-β/Smad pathway.

In conclusion, the present study demonstrated that OM 
could attenuate BLM-induced PF in mice via the inhibition 
of pro-inflammatory cytokine expression and the TGF-β/
Smad pathway. In addition, OM prevented NO overproduction 
through reducing iNOS expression in mouse lungs. Our results 
suggest that OM may be a promising candidate for the preven-
tion of BLM-induced lung damage or other interstitial PF.
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