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Abstract. Stem cell‑based cell therapy has provided a 
promising method for the treatment of pulmonary diseases, 
including idiopathic pulmonary fibrosis (IPF). Furthermore, 
adipose‑derived stem cells (ADSCs) have been reported to 
be effective in lung repair and regeneration. In the current 
study, IPF was induced in mice by intratracheal instillation 
of bleomycin (BLM), and ADSCs were delivered systemi-
cally into the mice via the tail vein to evaluate the effects 
of ADSC transplantation. The ADSC engraftment rate and 
morphometric changes in lung tissue samples in vivo were 
investigated by histochemistry and immunohistochemistry, as 
well as by western blotting. The results indicated that ADSCs 
may relieve IPF and provide a significant contribution to lung 
repair when administered at an early stage.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a refractory and lethal 
form of progressive fibrotic lung disorder that is characterized 
by fibroblast proliferation, extracellular matrix deposition and 
progressive lung scarring. IPF exhibits the histopathologic 
pattern of usual interstitial pneumonia and the incidence of IPF 
worldwide has gradually increased annually (1). Mesenchymal 
stem cell (MSC) therapy has previously been reported as a 
promising method for lung tissue regeneration and protec-
tion  (2). Zhang et al revealed that MSCs are important in 
lung repair and promote collagen fiber deposition following 
induction of secondary damage in alveolar type (AT) II cells 
using rAAV‑SPA‑TK, which involves hypoxia‑inducible 
factor‑1α and stromal cell‑derived factor  1 signaling  (3). 
Moodley et al reported that human umbilical cord MSCs 

reduce fibrosis of bleomycin (BLM)‑induced lung injury (4), 
and Gupta et  al reported that intrapulmonary delivery of 
bone marrow‑derived MSCs (BMSCs) improves survival and 
attenuates endotoxin‑induced acute lung injury in mice (5).

However, repor ts on the effect of transplanted 
adipose‑derived stem cells (ADSCs) in mice with IPF were 
rare. When compared with BMSCs, ADSCs are more abundant, 
widely available and possess similar properties to BMSCs, 
such as multiple differentiation potential, high proliferation 
and immunoregulatory ability (6,7). Therefore, investigating 
the effect of ADSCs in mice with IPF was required.

In the present study, it was hypothesized that transplanted 
ADSCs could promote the repair of lung injury and relieve 
IPF. To test the hypothesis, ADSCs were delivered systemi-
cally into IPF mice via the tail vein to assess the effects.

Materials and methods

Animals. Sixty C57BL/6 mice (weight, 12‑16  g) were 
procured from the Center of Experimental Animals, 
Shanghai Medical College, Fudan University (Shanghai, 
China). Mice were given free access to water and a standard 
rodent diet (no. 2920; Harlan Laboratories, Indianapolis, IN, 
USA).

To induce fibrotic changes, the animals were intratra-
cheally injected with BLM (Blenoxane; Mead Johnson, 
Princeton, NJ, USA) at a dose of 2.5  U/kg mouse body 
weight, as previously described (8). All of the animal studies 
were reviewed and approved by the Ethics Committee of 
Tongji University School of Medicine (Shanghai, China).

Isolation and expansion of mouse ADSCs. ADSCs were 
harvested from the inguinal groove of the mice. The adipose 
tissue samples were isolated and incubated in alpha‑minimal 
essential medium (MEM) containing 10% fetal bovine serum 
(FBS; GE Healthcare Life Sciences, Logan, UT, USA) and 
0.1% collagenase type IV solution at 37˚C for 45‑60 min. The 
digested tissues were filtered through 45‑mm nylon filter mesh 
(BD Biosciences, Franklin Lakes, NJ, USA) and centrifuged at 
157 x g for 5 min. Following removal of the supernatant, pellets 
was resuspended in alpha‑MEM supplemented with 10% FBS, 
and the cells were plated in 10‑cm tissue culture dishes and 
cultured at 37˚C in a 5% CO2 incubator. The culture medium 
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was changed every two days, and the cells were passaged after 
reaching 80‑90% confluence (9).

Experimental design. The mice were randomly divided 
into four groups: i)  A, normal control; ii)  B, IPF; iii)  C, 
IPF + phosphate‑buffered saline (PBS); and iv) D, IPF + ADSC 
transplantation. ADSCs (1x106 cells/ml) were systemically 
administered to the mice in ~250 µl PBS via the tail vein, as 
described previously (3). The control group received the same 
volume of PBS only. The mice were sacrificed on day 7, and 
the lung tissues were sampled for morphometric analysis and 
immunohistochemical staining.

TUNEL assay for apoptosis detection. Paraffin‑embedded 
samples (thickness, 4 µm) was rehydrated and then incubated 
with Proteinase K solution (Life Technologies, Carlsbad, CA, 
USA) for 30  min at room temperature. The samples were 
incubated with TUNEL reaction solution (BD Pharmingen, 
San Diego, CA, USA) at 37˚C for 60 min after two washes 
with PBS. As previously described (10), the transforming solu-
tion was added and the samples were incubated at 37˚C for 
30 min. Staining was developed with 3,3'‑diaminobenzidine 
tetrahydrochloride for 15 min. The samples were subsequently 
counterstained with hematoxylin for 15 min, dehydrated in 
graded alcohol and covered with resin. Positive staining was 
indicated by a nuclei that was pale brown.

Morphometric analysis and immunohistochemical staining. 
Cryosections (thickness, 5  µm) were stained with hema-
toxylin and eosin for morphometry or collagen fiber detection. 
Additional cryosections were used for the immunostaining of the 
matrix metalloproteinase (MMP)‑2 antibody (cat. no. ab124292; 
Abcam, Cambridge, UK) and the MMP‑9 antibody (cat.
no. ab38898; Abcam) as previously described (11).

Hydroxyproline (Hyp) detection. The Hyp level in the lungs 
of mice was used to quantify the lung collagen content, as 
described previously (10). At the time of sacrifice, the mouse 
lungs were removed and any extra pulmonary airways and blood 
vessels were excised and discarded. The lung parenchyma was 
homogenized in 1.0 ml PBS and 1.0 ml 12N HCl was added. 
The samples were subsequently hydrolyzed at 110˚C for 24 h 
and 5 µl of each sample was mixed with 5 µl citrate/acetate 
buffer (5% citric acid, 1.2% glacial acetic acid, 7.25% sodium 
acetate and 3.4% sodium hydroxide). Chloramine‑T solu-
tion (100 µl; 1.4% chloramine‑T, 10% N‑propanol and 80% 
citrate/acetate buffer) was added and the mixture was incubated 
for 20 min at room temperature. Ehrlich's solution (1 ml) was 
added and the samples were incubated at 65˚C for 18 min. The 
absorbance was measured at 550 nm on a spectrophotometer 
(Lambda 20 UV VIS; Perkin Elmer, Norwalk, CT, USA).

Measurement of bronchoalveolar lavage fluid (BALF). An 
enzyme‑linked immunosorbent assay kit (Abcam) was used 
to detect the levels of BALF cytokines [interleukin‑1 (IL‑1), 
platelet‑derived growth factor (PDGF), and tumor necrosis factor 
(TNF)‑α] in accordance with the manufacturer's instructions.

Western blotting. Tissues were harvested on ice in a radioimmu-
noprecipitation assay buffer (50 mmol/l Tris‑HCl, pH 7.4, 0.25% 

Na‑deoxycholate, 1 mmol/l EDTA, 1 mmol/l phenylmethylsul-
fonyl fluoride, 150 mmol/l NaCl, 1 mg/ml aprotinin, 1 mg/ml 
pepstatin, 1 mg/ml leupeptin and 1 mmol/l sodium fluoride) and 
centrifuged at 12,000 x g for 18 min at 4˚C. Protein concen-
trations were determined using a bicinchoninic acid protein 
assay (Abcam) with bovine serum albumin (Sigma‑Aldrich, St. 
Louis, MO, USA) as the standard. The samples were boiled in 
sample buffer at 100˚C for 15 min. Equal quantities of protein 
(110  µg per sample) were separated by electrophoresis on 
7.6‑11% Tris‑glycine sodium dodecyl sulfate polyacrylamide 
gels. Following electrophoresis, the proteins were transferred 
onto nitrocellulose membranes that were blocked and incubated 
with anti‑MMP‑2 (1:300; Abcam) and anti‑MMP‑9 (1:500; 
Abcam) at 4˚C overnight. After washing, the membranes were 
incubated with anti‑rabbit secondary antibodies (1:2000; Life 
Technologies) and reacted with enhanced chemiluminescence 
horseradish peroxidase detection reagents (GE Healthcare Life 
Sciences). The western blots were scanned and analyzed on a 
Storm 860 Phosphorimager (GE Healthcare).

Statistical analysis. Values are expressed as means ± standard 
deviation and were analyzed by one‑way analysis of variance. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

ADSC intervention alleviated IPF. Mice in the IPF and 
IPF + PBS treatment groups demonstrated severe alveolar 
destruction compared with that of the normal control group 
and the ADSC intervention group. Pathological changes were 
observed, such as a significant increase in collagen fibers around 
the bronchi and vessels of the IPF and IPF + PBS treatment 
groups, and light blue collagen fibers were identified in the 
interstitial lung. These data indicate that ADSC intervention 
alleviates IPF (Fig. 1).

ADSC transplantation decreases the apoptosis of alveolar 
epithelial cells. As shown in Fig. 2, the cell nuclei of the apop-
totic alveolar epithelial cells were stained yellow. The number 
of apoptotic cells in the ADSC transplantation group was less 
than that of groups B and C, indicating that the transplantation 
of ADSCs contributes to a decrease in apoptotic lung cells.

Immunohistochemical staining of MMP‑2 and MMP‑9. A large 
number of cells with a yellow‑stained cytoplasm were identified 
in the IPF and the IPF + PBS treatment groups, although not in 
the normal control group, indicating increased collagen deposi-
tion in these two groups. However, no significant difference was 
observed between the IPF and the IPF + PBS treatment groups 
(P>0.05; Figs. 3 and 4).

Hyp content in lung tissue samples. When compared with that 
of groups A and D, an increase in the Hyp content was observed 
in groups B and C, indicating that collagen deposition increased 
following lung IPF, and ADSC transplantation decreased the 
occurrence of lung fibrosis (P<0.05; Fig. 5).

Increased IL‑1, PDGF and TNF‑α levels in the BALF of each 
IPF group. The concentrations of IL‑1, PDGF, and TNF‑α in the 
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BALF of groups B, C and D were observed to be significantly 
increased when compared with those observed in the control 
group (A). The expression of IL‑1, PDGF,and TNF‑α was not 
significantly different between groups B and C; however, the 
cytokine level was significantly decreased in the ADSC trans-
plantation group, when compared with that of groups B and C. 
These results indicate that transplantation of ADSCs decreases 
the production of these particular proinflammatory factors 
within the mouse lung (Fig. 6).

Discussion

It has been reported that MSCs may be used for the treat-
ment of lung disease, such as chronic obstructive pulmonary 

disease (COPD) and IPF (12‑15). Furthermore, BMSCs have 
been identified as effective in the therapy of pulmonary 
fibrosis (16‑18). As the harvesting of BMSCs is considered 
to be difficult and low yielding, ADSCs may potentially be 
an ideal cell source, owing to the biological features that are 
comparable with BMSCs. Therefore, in the current study, the 
effect of transplanted ADSCs in mice with IPF was evalu-
ated.

The IPF mouse model was established by injecting mice 
with BLM (a glycopeptide antibiotic that is produced by the 
bacterium, Streptomyces verticillus), which causes pulmo-
nary fibrosis and impairs lung function. The epithelium of 
the mouse airway was subjected to BLM exposure, which 
resulted in the development IPF and cystic fibrosis (19).

Figure 1. H&E staining of lung tissue samples. (A) Normal control group. (B) IPF group. (C) IPF + phosphate‑buffered saline treatment group. (D) IPF + adi-
pose‑derived stem cell treatment group. In groups B and C, H&E staining of the lung sections revealed significant collagen deposition, an increased linear 
intercept, an increased pulmonary alveolar area, as well as a decreased alveolar number. However, a significant decrease of lung fibrosis was noted in group D 
(magnification, x40). H&E, hematoxylin and eosin; IPF, idiopathic pulmonary fibrosis.

  A   B

  C   D

Figure 2. Apoptosis of alveolar epithelial cells using a TUNEL assay. (A‑D) The number of apoptotic cells was identified to be significantly increased in 
groups B (IPF) and C (IPF + phosphate‑buffered saline) compared with those of groups A (normal control) and D (IPF + ADSCs). A significant difference 
was noted in the number of TUNEL‑positive cells between groups B and D (magnification, x40). (E) ADSC transplantation decreased the apoptosis of alveolar 
epithelial cells. (*P<0.05, compared with Group A; #P<0.05, compared with Group D). IPF, idiopathic pulmonary fibrosis; ADSCs, adipose‑derived stem cells.

  A   B

  C   D

  E
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Figure 3. MMP‑2 expression in lung tissue. (A‑D) Numerous cells with a yellow‑stained cytoplasm were observed in the IPF (B) and IPF + PBS (C) groups, but 
not in the normal control group (A), indicating increased collagen deposition in the IPF and IPF + PBS groups (magnification, x40). (E) Western blotting revealed 
that there was a decreased expression of MMP‑2 in group D (IPF + ADSCs) compared with groups B and C. No significant difference in MMP‑2 expression was 
noted between the IPF and the IPF + PBS groups. MMP, matrix metalloproteinase; IPF, idiopathic pulmonary fibrosis; PBS, phosphate‑buffered saline; ADSCs, 
adipose‑derived stem cells.

  A   B

  C   D
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Figure 4. MMP‑9 expression in lung tissue. (A‑D) Immunohistochemistry (magnification, x40) revealed increased collagen deposition in the IPF (B) and 
IPF + PBS (C) groups. (E) Western blotting showed a decreased expression of MMP‑9 in group D (IPF + ADSCs) compared with groups B and C. However, 
no significant difference was noted among the IPF and the IPF+PBS groups. MMP‑9, matrix metalloproteinase; IPF, idiopathic pulmonary fibrosis; PBS, 
phosphate‑buffered saline; ADSCs, adipose‑derived stem cells.

  A   B

  C   D

  E
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Previous studies have identified that AT II cells may be 
involved in the repair and regeneration of damaged alveoli in 
cases of IPF; however, this type of cell is rare (20,21). Therefore, 
the transplantation of exogenous stem cells to enhance the 
repair capacity of the lungs may provide an effective alterna-
tive. In the current study, the effect of ADSC transplantation 
into mice with IPF was investigated. Histological staining 
revealed thickening of the pulmonary interstitium, narrowing 
alveolar width, and pulmonary fibrosis, which were observed 
in the IPF and the IPF + PBS groups, whereas attenuating 
responses were observed in the ADSC transplantation group. 
The collagen fiber deposition was also apparent in the IPF and 
the IPF + PBS groups. This finding indicates that injection of 
ADSCs decreases pulmonary fibrosis; however, the specific 
underlying mechanism remains unclear. Recent studies have 
indicated that lung MSCs are triggered to differentiate into 
myofibroblasts in a local microenvironment, which induces 
pulmonary fibrosis (22,23). In the present study, the ADSCs 
were injected into mice 1 h after pulmonary fibrosis induction, 
and it was hypothesized that ADSCs could not differentiate 
into myofibroblasts at this early stage.

MMP is a type of proteinase that is capable of degrading 
the extracellular matrix, which has been reported as vital in 
lung fibrosis (24). MMP‑2 and MMP‑9 levels were considered 

to be directly proportional to the occurrence of pulmonary 
fibrosis, and overactivation of MMP‑2 may be the cause of 
type IV collagen degradation, which is involved in the initia-
tion of lung fibrosis. In the present study, immunohistochemical 
staining of MMP‑2 and MMP‑9 revealed that the expression 
of MMPs in the lungs of mice increased following BLM treat-
ment. The same results were also observed during western blot 
analysis. Kim et al reported that the MMP‑2/MMP‑9 activity 
was upregulated in the early stage of lung fibrosis, while the 
expression of tissue inhibitor of metalloproteinases, TIMP1/2 
increased and MMP‑2/MMP‑9 activity decreased in the later 
time period (25). In addition, it has been reported that the level 
of MMPs in the serum and sputum of COPD patients increased, 
although the specific association between MMPs and COPD 
requires further investigation. Notably, the expression of 
MMPs decreased significantly following ADSC transplanta-
tion, indicating that ADSC transplantation may be involved in 
the process of lung repair. It was hypothesized in the current 
study that ADSCs migrate into the injured lung and proliferate, 
thus inhibiting fibroblast proliferation and collagen deposition.

Additionally, Hyp has been recognized as a key marker of 
collagen deposition in pulmonary fibrosis. Therefore, in the 
present study, the expression of Hyp was detected and the result 
revealed increased collagen fiber deposition in the IPF and 

Figure 5. Hyp content in lung tissue samples. A significant increase of Hyp content in group B (IPF) and C (IPF + phosphate buffered saline) was observed 
compared with that in groups A (normal control) and D (IPF + adipose‑derived stem cells). Hyp, hydroxyproline; IPF, idiopathic pulmonary fibrosis 
(*P<0.05, compared with Group A; #P<0.05, compared with Group D).

Figure 6. IL‑1, PDGF and TNF‑α levels in the BALF of each group. When compared with the cytokine level in group D (IPF + ADSCs), the concentrations of 
IL‑1, PDGF and TNF‑α in the BALF of groups B (IPF) and C (IPF + phosphate‑buffered saline) were significantly increased. The expression of IL‑1, PDGF 
and TNF‑α was not significantly different between groups B and C; however, the cytokine level was significantly decreased in the ADSC transplantation group 
when compared with that in groups B and C. (*P<0.05, compared with Group A; #P<0.05, compared with Group D). BALF, bronchoalveolar lavage fluid; IL‑1, 
interleukin‑1; PDGF, platelet‑derived growth factor; TNF‑α, tumor necrosis factor alpha; IPF, idiopathic pulmonary fibrosis; ADSCs, adipose‑derived stem 
cells.
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IPF + PBS groups. Wang et al also reported that immediate 
MSC transplantation following fibrosis induction decreased 
the Hyp content (26), however, the MSC transplantation at 
a later stage of fibrosis induction in mice demonstrated no 
significant improvement to lung fibrosis, indicating that stem 
cells transplantation at an early stage may be critical in lung 
repair.

In conclusion, ADSC transplantation in the lungs may 
enhance lung injury repair and extenuate lung fibrosis when 
administered at an early stage, thus providing an effective 
option for the treatment of lung diseases, such as IPF and 
COPD.
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