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Abstract: Bone morphogenetic protein 7 (BMP-7) recently demonstrates an anti-fibrotic effect. To evaluate the role 
of BMP-7 in paraquat (PQ)-induced pulmonary fibrosis, PQ-exposed mice and lung fibroblasts (MRC-5) were treated 
with BMP-7. Our results showed that BMP-7 treatment could significantly reduce PQ-induced pulmonary fibrosis, 
accompanied by downregulation of transforming growth factor (TGF)-β1 and collagen I deposition in mouse lungs. 
Moreover, PQ-induced inviability, apoptosis, high level of collagen I, as well as phosphorylation of Erk1/2, in MRC-5 
cells were significantly inhibited by BMP-7 treatment. These findings indicate BMP-7 alleviates PQ-induced pulmo-
nary fibrosis partly via TGF-β1/Erk1/2 pathway, suggesting a promising therapeutic means for PQ-induced fibrotic 
lung injury.
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Introduction

Pulmonary fibrosis is characterized by chronic 
inflammation and fibrotic changes in lungs, 
which dampens alveolar gas exchange, leading 
to pulmonary dysfunction and even death [1]. 
Paraquat (PQ) poisoning is a common cause  
of lung injury and pulmonary fibrosis especial- 
ly in farmers. In this process, PQ-induced in- 
flammatory reaction and excessive extracellu-
lar matrix (ECM) deposition contribute to the 
fibrotic changes in lungs, which is initiated and 
maintained by a variety of profibrotic cyto- 
kines. In PQ-activated profibrotic cytokine net-
work, transforming growth factor-β 1 (TGF-β1) 
plays a central role [2]. TGF-β1 can activate 
fibroblast proliferation, differentiation, and 
then promote accumulation of collagens and 
other ECM in lungs, leading to occurrence and 
development of pulmonary fibrosis. Interes- 
tingly, in PQ-induced pulmonary fibrosis, TGF-
β1 is related to not only its downstream Smad 

proteins [3, 4], but also mitogen activated pro-
tein kinase (MAPK) family signaling pathway [5]. 

Bone morphogenetic protein-7, molecular wei- 
ght 35000, is a secreted multifunctional pro-
tein, belonging to the TGF-β superfamily [6]. It 
was reported transfection of BMP-7 gene can 
significantly inhibit the expression of collagen 
type I α2 chain mRNA induced by TGF-β1 in 
mouse pulmonary myofibroblasts [7]. In human 
lung fibroblasts, BMP-7 could also inhibit ECM 
accumulation and fibroblast differentiation sti- 
mulated by TGF-β1 [8]. These findings indicate 
a potential anti-fibrotic role of BMP-7 in TGF-β1-
induced fibrosis in lungs. However, the effect of 
BMP-7 on PQ-induced pulmonary fibrosis has 
not been reported.

To investigate the effect of exogenous BMP-7 
on PQ-induced pulmonary fibrosis and whether 
MAPK signaling pathway was involved in this 
process, a PQ-poisoning mouse model, as well 
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as an in vitro experiment was performed in the 
present study. 

Materials and methods

Animals

Female C57BL/6 mice (eight-week-old, 21±3 g 
weight) were purchased from Dossy Biological 
Technology Co., Ltd. (Chengdu, China). All mice 
were maintained under specific pathogen-free 
conditions. The animals were cared for in ac- 
cordance with the guiding principles described 
in our former article [2] and the animal study 
was approved by the Panel on Laboratory Ani- 
mal Care of West China School of Medicine of 
Sichuan University.

Treatment of animals

C57BL/6 mice were divided into eight groups 
with five mice in each group. Experimental  
mice were treated with a single intraperitoneal 
injection of paraquat (10 mg/kg, Sigma) with 
dilution in PBS. Then, recombinant BMP-7 (100 
or 500 μg/kg, Sigma) or vehicle was diluted in 
PBS and injected via the tail vein every day. All 
mice were killed on day 7 and day 21 after PQ 
treatment.

Lung histopathology

Histology was assessed following hematoxylin 
and eosin (H&E) staining and Masson’s tri-
chrome staining (MTS). The stained sections 
were coded and examined by two independent 
observers who were blinded to the groups. The 
extent of lung injury was estimated by morpho-
metric assessment. The histological changes 
for pulmonary fibrosis were evaluated semi-
quantitatively by Ashcroft scoring detailedly 
described in our former article [9]. TGF-β1 was 
detected in lung tissues using immunohisto-
chemistry. Goat-anti TGF-β1 polyclonal anti-
body (Santa Cruz) were used as the primary 
antibodies, and the secondary detection was 
performed using Horseradish Peroxidase (HRP) 
Anti-Goat DAB Detection kit (Golden Bridge 
International Inc., Mukilteo, WA) according to 
the manufacturer’s instructions.

Treatment of MRC-5 cells 

Human embryonic lung fibroblast (MRC-5) cells 
were stimulated with PQ (0.3 mmol/L) in 96- 
well microculture plates (at 104 cells/well) at 
different concentrations of BMP-7 (5, 10, 20 

and 40 μg/mL) for 12, 24 and 48 h. After treat-
ment, the culture supernatant and cells were 
collected.

Determination of cell viability and apoptosis 

Cell viability was determined using Cell Count- 
ing Kit-8 (Beyotime, China) according to in- 
structions. Briefly, 10 μl of CCK-8 (5 mg/ml) 
was added to each well and the cells were cul-
tured for 1 h, and then the absorbance was 
determined at a wavelength of 450 nm using  
a microplate reader (Bio-Rad). The cell apopto-
sis rate was determined by the flow cytometry 
(FCM) assay by using the apoptosis detection 
kit (Keygen, China). Briefly, the cells were incu-
bated with propidium iodide (PI, Sigma) and 
annexin V-FITC (annexin V) for 15 min at room 
temperature. Next, the samples were analyzed 
via FCM (Beckman). Dual-parameter FCM was 
used to determine the number of apoptotic 
cells (annexin V/PI double-positive cells). 

Measurement of collagen I 

The concentration of collagen I in mouse lungs 
and MRC-5 cells were quantified with the ELI- 
SA kits (R&D Systems) according to the manu-
facturers’ instructions. Briefly, the cytoplasmic 
protein extracts from lung tissues and MRC-5 
cells were applied to the wells. After washing, 
HRP-conjugated specific antibody was added  
to the wells. Following the next wash, color 
development was proportional to the protein 
concentration and calculated by comparison 
with a standard. After a colorimetric reaction, 
the samples were measured in a spectropho-
tometer at a wavelength of 450 nm.

Western blot analysis

The cytoplasmic and nuclear protein extracts 
from lung tissues and MRC-5 cells were 
resolved on 10% SDS-PAGE gels followed by 
electrophoretic transfer to nitrocellulose mem-
branes. Then immunoblot analysis was per-
formed with specific primary antibodies at  
a 1:500 dilution, including anti-TGF-β1, anti-
Erk1/2, anti-phospho Erk1/2, anti-p38, anti-
phospho p38, anti-JNK, anti-phospho JNK, and 
anti-GAPDH monoclonal antibodies (Santa 
Cruz), and the secondary antibody conjugated 
with HRP at a 1:1000 dilution. Membranes 
were visualized with substrate from ECL-PLUS 
Western Blotting Detection kit (Amersham Ph- 
armacia Biotech) in the Molecular Imager Gel 
Doc XR System (Bio-Rad). 
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Statistical analysis

All data were expressed as Mean ± standard 
deviation (SD). The differences among groups 
were determined by the Student’s t test (sin- 
gular comparisons) and one-way ANOVA (multi-
ple comparisons). P<0.05 was accepted as a 
statistically significant difference. SPSS 13.0 
software package (SPSS, Inc., Chicago, IL) was 
used for statistical analysis.

Results

BMP 7 dose-dependently inhibited PQ-induced 
fibrotic lung injury in mice

PQ-exposed mice developed a markedly lung 
injury and fibrotic response. Histological chang-
es were assessed with H&E and MTS, respec-
tively. As illustrated in Figure 1A, inflammatory 
cell infiltration and collagen accumulation were 

Figure 1. Lung morphometric analysis. PQ-
exposed mice received an intravenous in-
jection of 100 or 500 μg/kg of BMP-7 or 
vehicle via the tail vein every two days. A. 
Representative histological H&E (top) and 
MTS (bottom) of lung sections of all experi-
mental groups on day 7 and 21 after PQ 
treatment. B. Fibrotic score was caculated 
on day 21 post-teatment of PQ. Five mice in 
each group. *P<0.05. Magnification ×200. 
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significantly increased in lungs after PQ expo-
sure. Meanwhile, BMP-7 dose-dependently re- 
duced PQ-induced fibrotic lung injury on day 
21, with greater effects at the higher dose of 
500 μg/kg of BMP-7 (Figure 1B). 

BMP 7 suppressed PQ-induced TGF-β1 expres-
sion and collagen I accumulation in mouse 
lungs 

Immunohistochemical study revealed the ch- 
anges of TGF-β1-positive staining in mouse 
lungs. PQ-exposed mice developed more sig-
nificant positive-stained areas of TGF-β1 in 
lung tissues than those in controls, which was 
decreased after treatment of 500 μg/kg of 
BMP-7 on day 7 and 21 (Figure 2A). Consistent 
with the immunohistochemical study, western 
blot quantitatively indicated overexpression of 
TGF-β1 in PQ-exposed mice on day 7 and 21, 
and BMP-7 (500 μg/kg) significantly suppre- 
ssed PQ-induced TGF-β1 overexpression (Fig- 
ure 2B, 2C) as well as collagen I accumulation 
(Figure 2D) in lung tissues.

BMP-7 dose-dependently attenuated PQ-
induced inviability in MRC-5 cells

To test the effects of BMP-7 on PQ-induced in- 
jury in fibroblasts, MRC-5 cells were stimulated 
by PQ (0.3 mmol/L) in vitro for 12, 24 and 48 h 

in the presence or absence of BMP-7 (1 µg/mL, 
5 µg/mL, 10 µg/mL, 20 µg/mL or 40 µg/mL). 
The cells viability was determined by CCK-8 
assay. Stimulation with PQ (0.3 mmol/L) strong-
ly decreased the number of viable cells. How- 
ever, treatment with BMP-7 could dose-depend-
ently increase the number of viable cells (Figure 
3A), especially at the higher doses of 20 ug/mL 
or 40 ug/mL. 

BMP-7 alleviated PQ-induced fibrotic injury via 
Erk1/2 dephosphorylation in MRC-5 cells

To explore the underlying mechanisms of the 
protective effects of BMP-7 on PQ-induced fi- 
brotic injury, MRC-5 cells were treated with PQ 
(0.3 mmol/L) in vitro for 48 h in the presence  
or absence of BMP-7 (20 µg/mL). BMP-7 signifi-
cantly reduced PQ-induced apoptotic rate and 
collagen I deposition in MRC-5 cells (Figure 3B, 
3C). Meanwhile, PQ markedly induced phos-
phorylation of Erk1/2, JNK and p38, however, 
only Erk1/2 phosphorylation, but not JNK and 
p38, was alleviated by BMP-7 treatment (Fig- 
ure 4A, 4B). 

Discussion

In the present study, BMP-7 dose-dependently 
attenuated PQ-induced pulmonary fibrosis in 
mice. Meanwhile, PQ-induced TGF-β1 overex-

Figure 2. BMP7 suppressed TGF-β1 overexpression and collagen I deposition in mouse lungs. PQ-exposed mice 
received an intravenous injection of 500 μg/kg of BMP-7 or vehicle via the tail vein per two day. The expression of 
TGF-β1 in lungs was examined by immunohistochemical study (A) and western blot analysis (B), and the relative 
expression levels of TGF-β1 (C) were normalized to GAPDH. The concentration of collagen I in mouse lungs was as-
sessed by ELISA (D). Five mice in each group. *P<0.05. Magnification ×200.
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pression and collagen I deposition in mouse 
lungs was also downregulated by BMP-7 treat-
ment. In vitro study further suggested PQ-in- 

duced pulmonary fibrosis, TGF-β1 plays a key 
role in fibroblast proliferation, differentiation, 
and collagens and other ECM accumulation in 

Figure 3. BMP7 attenuates PQ-induced 
inviability, apoptosis and collagen I depo-
sition in MRC-5 cells. MRC-5 cells were 
treated with 0.3 mmol/L PQ in vitro for 
12, 24, 48 hours (h) in the presence or 
absence of BMP-7. The percentage vi-
ability (A) of cells by CCK-8 assay and the 
apoptotic rate (B) of cells (annexin V/PI 
double-positive cells) by FCM assay and 
concentration of collagen I (C) by ELISA 
were shown. All treatments were carried 
out in triplicate, *P<0.05.

Figure 4. BMP7 inhibited PQ-induced phosphorylation of Erk1/2, but not p38 
and JNK, in MRC-5 cells. MRC-5 cells were treated with PQ (0.3 mmol/L) in 
vitro for 48 h in the presence or absence of BMP-7 (20 ug/mL). The phos-
phorylation of Erk1/2, p38 and JNK were evaluated by Western blotting at 
48 h after PQ treatment (A). Levels of phosphor(p)-Erk1/2, p-p38 and p-JNK 
were normalized to total Erk1/2, p38 and JNK (B). All treatments were car-
ried out in triplicate, *P<0.05.

duced apoptosis and accu- 
mulation of collagen I, as well 
as Erk1/2 phosphorylation in 
MRC-5 cells were significant- 
ly alleviated by BMP-7 treat-
ment, which indicated an im- 
portant role of Erk1/2 phos-
phorylation, but not JNK and 
p38 pathways in PQ-induced 
fibrotic lung injury.

Endogenous BMPs are syn-
thesized and secreted from a 
variety of cell types and play 
important roles in regulating 
cell proliferation, apoptosis 
and differentiation [10, 11]. 
Previous studies indicated 
exogenous BMP-7 could re- 
duce ECM accumulation and 
fibroblast activation in seve- 
ral fibrotic models with a high 
therapeutic potency [12, 13]. 
The present study further  
confirmed a protective effect 
of BMP-7 on a PQ-exposed 
mouse model of pulmonary 
fibrosis. Noticeably, in PQ-in- 
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lungs. BMP-7, as a TGF-β antagonist, could in- 
hibit TGF-β1-induced epithelial-to-mesenchy-
mal transition and collagen deposition in hepa-
tocytes, myocardial cells and renal tubular cells 
[14-16]. In lungs, it was recently demonstrated 
that BMP-7 could suppress collagen deposition 
and fibroblast differentiation induced by TGF-
β1 in mouse lung fibroblasts and human lung 
fibroblasts [7, 8]. In our study, BMP-7 treatment 
dose-dependently reduced PQ-induced TGF-β1 
overexpression and deposition of collagen I  
in mouse lungs, which indicated BMP-7 allevi-
ated PQ-induced pulmonary fibrosis possibly 
via downregulating TGF-β1-dependent collagen 
deposition. 

To further explore the underlying mechanisms, 
PQ-induced apoptosis and fibrotic response in 
fibroblasts (MRC-5 cells) treated by BMP-7 were 
investigated. Our data firstly suggested BMP-7 
ameliorated PQ-induced apoptosis and deposi-
tion of collagen I in MRC-5 cells. Interestingly, 
recent studies demonstrated smads was not 
the only downstream molecules for PQ-induced 
TGF-β1 in fibrotic response, but MAPK proteins 
(for example p38) was implicated in this pro-
cess [17, 18]. In this study, we reported PQ 
enhanced Erk1/2, JNK and p38 phosphoryla-
tion in MRC-5 cells. However, only PQ-induced 
Erk1/2 phosphorylation could be inhibited by 
BMP-7, indicating BMP-7 attenuated PQ-induc- 
ed fibrotic injury in MRC-5 cells at least partly 
via Erk1/2 pathway. Overall, these results sug-
gested Erk1/2, but not JNK and p38, contrib-
uted to the protective effects of BMP-7 on PQ- 
induced fibrotic injury in MRC-5 cells. 

In summary, exogenous BMP-7 protects against 
PQ-induced fibrotic injury in mouse lungs and 
fibroblast cells (MRC-5 cells) dependent on a 
TGF-β1/Erk1/2 pathway. More importantly, our 
study could provide a promising therapeutic 
means for PQ-induced pulmonary fibrosis, and 
ultimately improve the prognosis of patients 
with PQ poisoning.
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