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The present study was performed to evaluate the protective effect of bone marrow mesenchymal stem
cells (BMSCs), TLR2-silencing BMSCs (BMSC™R2~/) on bleomycin (BLM)-induced lung fibrosis and
elucidate the critical role of TLR2 during the process. The BMSCs were isolated from adult male SD rats,
and BMSC™"R2~/~ was constructed. Rats were intratracheally instilled with BLM. Then, 5 x 10° BMSCs
and 5 x 10° BMSC™ R/~ were injected into the tail vein 12 hours after the BLM challenge. All mice were
sacrificed 21 days post BLM stimulation. As a result, treatment with BMSCs, but not with BMSCT-R¢~/~,
markedly ameliorated lung myeloperoxidase (MPO) activity, the wet-to-dry weight (W/D) ratio, and
pulmonary histopathological alterations. Additionally, the protective effect of BMSCs might be attributed
to the down-regulations of tumor necrosis factor-a (TNF-a), interleukin-1B (IL-1B), interleukin-6 (IL-6),
reactive oxygen species (ROS), and malondialdehyde (MDA) and the up-regulation of super-oxide
dismutase (SOD). Furthermore, the administration of BMSC remarkably decreased the protein levels of
MMP-3, MMP-9, TGF-pB, p-smad3, p-IkB, and p-NF-«kB, whereas the administration of BMSCT-Re~/~
exhibited no significant effect on the expressions of the abovementioned proteins. In conclusion, our
results suggested that BMSCs exhibited a protective effect on BLM-induced pulmonary fibrosis, and
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1. Introduction

Pulmonary fibrosis is a life-threatening disorder featured by
respiratory failure and a chronic inflammatory reaction in the
lungs. Chronic lung fibrotic diseases have high mortality rates.
Although a number of scientific advances have been achieved,
its underlying pathogenesis remains poorly understood, and no
effective treatment is available except transplantation." There-
fore, identification of molecular targets and search for effective
therapeutic strategies are important for interventions.

The clinical anticancer agents including bleomycin (BLM)
contribute to lung fibrosis. Therefore, BLM has been
frequently used to produce an inflammatory reaction and
oxidative stress of pulmonary fibrotic lesions in a murine
model. Inflammation is one of the most crucial aspects of host
defense in BLM-induced dysfunction. Excessive amounts of
inflammatory mediators, including tumor necrosis factor
(TNF)-a, interleukin (IL)-1B, and IL-6, contribute to lung
fibrosis. It was also proposed that a BLM challenge promoted
fibroblast proliferation via the release of TGF-B.”> TGF-B binds
to the receptor on the cell membrane and activates the Smad
complex in the fibrotic process.* The matrix metalloproteinase
(MMP) family is associated with the degradation of the
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TLR2 signaling might play an important role during this etiology.

basement membrane and matrix lipid peroxidation caused by
oxidants.*

Mesenchymal stem cells were extracted from a variety of
tissues and organs including cord blood, placenta, and bone
marrow. During the past few decades, mesenchymal stem cell
(MSC)-based cell therapy has been considered as an innovative
treatment strategy. Bone marrow mesenchymal stem cells
(BMSCs) are a population of multipotent stem cells that induce
tissue regeneration. It was reported that BMSCs transplantation
exhibited anti-fibrotic properties in lung injury.>® However, the
underlying pathogenesis via which BMSCs treatment exerts
a protective effect on BLM-induced pulmonary fibrosis is not fully
understood. Therefore, the present study was conducted to
further explore its potential mechanism in BLM-stimulated rats.

2. Materials and methods
2.1 Reagents

Bleomycin (BLM) was purchased from Sigma Chemical Co., (St.
Louis, USA). Dexamethasone (Dex) was provided by Xiansheng
Drug Store (Nanjing, China). The commercial kits for super-
oxide dismutase (SOD) and malondialdehyde (MDA) were
supplied from Jiancheng Institute of Biotechnology (Nanjing,
China). Tumor necrosis factor-o. (TNF-a), interleukin-1 beta (IL-
1B), and IL-6 enzyme-linked immunosorbent assay (ELISA) kits
were obtained from BioLegend (San Diego, USA). All antibodies
were produced by Cell Signaling Technology (Beverley, USA).

This journal is © The Royal Society of Chemistry 2017
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2.2 Animals

SD rats (male, 180-220 g each), acquired from the Jiangning
Qinglongshan Animal Cultivation Farm (Nanjing, China), were
kept under standard laboratory conditions for 5 days before
experiments. The animals were provided with water and stan-
dard chow ad Iibitum. All experimental protocols were con-
ducted in accordance with animal handling following the
dictates of the National Animal Welfare Law of China and in
accordance with the guidelines of the National Institute of
Nutrition, Hyderabad, India, and approved by the institutional
ethical committee (IEC) of Jilin University.

2.3 BMSCs isolation, culture, and characterization

Adult male SD rats were used as BMSC donors. Under aseptic
conditions, primary BMSCs were isolated from the femurs and
tibias were removed. The central canal of the bone was washed
with ice-cold PBS, and mononuclear cells were purified. Then,
the samples were cultured at 37 °C under a humidified atmo-
sphere with 5% CO, in complete DMEM/F-12 medium (Gibco)
dissolved in 15% fetal bovine serum (Hyclone, South America),
100 IU mL™" penicillin, and 100 IU mL™" streptomycin
(Amresco, USA). Non-adherent cells were removed via a medium
change after 3 days. When colonies with a fibroblast-like
appearance were observed, BMSCs were carried out at three-day
intervals.

Surface marker expressions were detected by flow cytometry.
In brief, the BMSCs (1 x 10°/mL) were trypsinized and fixed in
4% paraformaldehyde. CD34, CD44, and CD90 were taken as
positive labeling for BMSCs characterization.” An antibody
against CD90 was obtained from Becton Dickinson
(Mississauga, ON, Canada), and antibodies against CD11b,
CD44, and CD45 were obtained from eBioscience (San Diego,
CA, USA). All antibodies were conjugated with phycoerythrin.

To induce BMSCs to differentiate into adipocytes and oste-
ocytes in vitro, specific differentiation media were applied at
37 °C under a humidified atmosphere containing 5% CO,. After
three weeks, fat droplets and calcium were detected by staining
with Oil Red O and Alizarin Red, respectively.

2.4 Transient transfection

Transient transfections were carried out using TLR2-shRNA
plasmid (sc-108062, Santa Cruz, USA) according to the manu-
facturer's instructions. The BMSCs were obtained for analysis of
TLR2 by Western blotting after a 48 h incubation.

2.5 Experimental protocol for BLM-induced acute lung
injury

All rats were randomly divided into five groups: control group,
BLM group, BLM + dexamethasone (Dex, 2 mg kg™ ') group,
BLM + BMSC, and BLM + BMSC™ ™'~ group (n = 10). Rats
were anesthetized by intraperitoneal injection of 3% chloral
hydrate (10 mL kg™ ') and then acutely cannulated for intra-
tracheal instillation of BLM (7.5 IU kg™ ' body weight in 0.25 mL
sterile PBS). Animals in the control group were given PBS at the
same volume. Then, 5 x 10° BMSCs or 5 x 10° BMSC™R*~/~
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were injected into the tail vein 12 hours after the BLM chal-
lenge. Simultaneously, the BLM + Dex (2 mg kg™ ') group was
treated with Dex (2 mg kg™ ') dissolved in the medium. The
control and BLM group were given an equal volume of culture
medium. All mice were sacrificed 21 days post BLM stimulation.
The blood was harvested from the abdominal aorta and
centrifuged at 3000g at 4 °C for 10 min. Afterwards, the serum
samples were maintained at —80 °C for pending tests.

2.6 W/D ratio assay

Lung edema was determined by calculating the W/D ratio. Rats
were sacrificed at 21 days after BLM exposure; subsequently, the
right lungs were removed and wet weights were obtained. The
lungs were then placed in an incubator at 60 °C for 48 h to
remove all moisture, and the W/D ratios were calculated.

2.7 Polymorphonuclear (MPO) activity assay

The pulmonary MPO activity was detected with assay Kkits
according to manufacturer's instructions. Briefly, 100 mg of lung
tissues was homogenized and 5% homogenate was incubated in
a water bath for 15 min at 37 °C. Thereafter, the enzymatic activity
was measured using a microplate spectrophotometer.

2.8 Pulmonary histopathology

The partial specimens of the lung tissues were fixed in normal
10% neutral-buffered formalin. After being dehydrated in graded
alcohol, the sections were embedded in paraffin and subjected to
microtome for haematoxylin and eosin (H&E) staining. The
pathological alteration was validated by two trained individuals
who were blinded to the treatment under a light microscope.

2.9 Determination of the antioxidant system

The serum was obtained to assay the SOD and MDA levels. The
operations were conducted according to the instructions on the
commercial kits (Jiancheng Institute of Biotechnology, Nanjing,
China).

2.10 Cytokine measurement

The levels of IL-6, IL-1B, and TNF-a in serum were measured by
ELISA kits according to the manufacturer's instructions. The
optical densities (OD) were read at 450 nm using a microplate
spectrophotometer.

2.11 Detection of the intracellular ROS level in lung tissues

Herein, 0.1 g lung tissues were homogenized in 1 mL normal
saline. After centrifugation at 1500¢ for 10 min at 4 °C, the pellets
were obtained and suspended. The intracellular redox state was
determined by fluorescence probe 2,7-dichlorofluorescin diac-
etate kit (DCFH-DA, Sigma) according to the production instruc-
tions. The treated samples were washed with PBS three times and
then incubated in 10 pM DCFH-DA for 30 min at 37 °C without
light. The fluorescence intensity was proportional to the amount
of ROS generated by the cells. The samples were analyzed by an
enzyme-labeled instrument at an excitation wavelength of 488 nm
and emission wavelength of 525 nm.

RSC Aadv., 2017, 7, 49498-49504 | 49499
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2.12 Western blot

Lung tissues were excised after sacrifice and stored at —80 °C
until homogenization. Generally, the samples were washed
twice with PBS and extracted in a lysis buffer. Protein concen-
trations were detected by a BCA assay kit (Beyotime, Nanjing,
China). Equal amounts of protein were separated by SDS-PAGE,
and electrophoretically transferred onto polyvinylidene fluoride
membranes (Millipore). After this, the membranes were
blocked with 5% nonfat dry milk-TBST for 2 h and incubated
with the primary antibodies overnight at 4 °C. After washing,
the blots were interacted with horseradish peroxidase (HRP)-
conjugated secondary antibodies for 2 h at room temperature.

The 3rd day

WS

Fig. 1 The morphology of BMSC on the 3™ and 7™ day after BMSC
extraction.

FE CO34

FITCCDX)

Fig. 2 Flow cytometry analysis of BMSC.
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Immunoreactivity was detected using an ECL plus Western
blotting detection system (KeyGEN, Nanjing, China) and a gel
imaging system (ChemiScope 2850, Shanghai, China).

2.13 Statistical analysis

The results are presented as mean + SD values. The differences
between groups were analyzed by one-way ANOVA via a Tukey
multiple comparison test. P < 0.05 was considered as signifi-
cant. All data calculations and analyses were conducted with the
GraphPad Prism version 5.0.

3. Results

3.1 Identification of isolated BMSCs in vitro

In vitro, the isolated male BMSCs were adherent and displayed
spindle-like shape during growth (Fig. 1). Similar to typical
BMSCs, herein, the BMSCs were positive for mesenchymal
lineage markers CD44, CD 34, and CD90 (Fig. 2), as observed
via flow cytometric analysis. In addition, the BMSCs
differentiated into adipogenic and osteogenic mesenchymal
lineages after 21 days in differentiation media (Fig. 2C and D).
These results demonstrated that the cells met the minimal
criteria to be considered as BMSCs.

PE CD44

This journal is © The Royal Society of Chemistry 2017
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Fig.3 The protective effect of BMSC and BMSCT™R2~/~ on MPO activity and W/D ratio in the lung tissues. BMSCs and BMSCT R/~ were injected
into the tail vein 12 hours after the BLM challenge. All mice were sacrificed 21 days after BLM stimulation. All values expressed as the mean + SD.
###p < 0.001 compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the BLM group.

3.2 Effects of BMSC and BMSC™®>~/~ on lung MPO activity
in BLM-induced rats

MPO activity is a critical index for the accumulation of inflam-
matory cells in lungs. As shown in Fig. 3, it was proved that
there was a remarkable increase of the MPO level in response to
the BLM challenge. Both the BMSCs and dexamethanose
reversed the abnormal alteration. However, the transfection of
TLR2 seldom inhibited the MPO activity. These data indicated
that BMSC was capable of inhibiting the MPO level in BLM-

induced pulmonary fibrosis, but BMSC™**~/~ was not.

3.3 Effects of BMSC and BMSC™®>~'~ on lung W/D ratio in
BLM-induced rats

The W/D (wet to dry) ratio was examined to show the content of
edema in lung tissues. As illustrated in Fig. 2, the administra-
tion of BLM notably increased the lung W/D ratio. However, the
treatment with BMSC or Dex markedly declined the magnitude
of pulmonary edema, whereas the injection of BMSC™®*~/~
seldom reduced the W/D ratio. The experimental data suggested
that BMSC could affect the water content of lung tissues,
whereas the silencing of TLR2 in BMSC blocked this beneficial
activity.

3.4 Effects of BMSC and BMSC™®*/~ on histopathological
changes

According to the results of HE staining, scarce pathological
changes were observed in the control group, whereas the lung
section in the BLM group showed a typical fibrotic appearance,
infiltration of inflammatory cells, obvious cellular nodules, and
collagen fibers. In contrast, the BMSC-treated group presented
less inflammatory infiltration, thinner alveolar interstitial
thickening, and smaller cellular nodules than the BLM
group. Moreover, no obvious alteration was observed in the
BLM"™®2~/~ group in lung specimens as compared to that in the
BLM group. These results demonstrated that BMSC
administration attenuated the histopathology changes in
BLM-stimulated pulmonary fibrosis in rats (Fig. 4).

This journal is © The Royal Society of Chemistry 2017

control BLM

Fig. 4 The protective effect of BMSC and BMSC™R2~/~ on the path-
ological condition in the lung tissues. BMSCs and BMSCT™R2~/~ were
injected into the tail vein 12 hours after the BLM challenge. All mice
were sacrificed 21 days after BLM stimulation. All values expressed as
the mean + SD. ###p < 0.001 compared to the control group. *P <
0.05, **P < 0.01, ***P < 0.001 compared to the BLM group.

3.5 Effects of BMSC and BMSC™ X2/~ on the levels of SOD
and MDA in serum of BLM-induced rats

The indicators including SOD and MDA were assessed to verify
the anti-oxidative activity of BMSC and BMSC™**~/~, As shown
in Fig. 5, it was confirmed that the rats exposed to BLM dis-
played a significant increase in the MDA concentration.
However, treatments with BMSC and Dex (2 mg kg™ "), but not
with BMSC™®?~/~ pronouncedly decreased the MDA content as
compared to those in the BLM group.

In addition, BLM stimulation remarkably decreased the SOD
activity. On the contrary, the treatment with BMSC and Dex
(2 mg kg ') evidently restored the SOD activity, whereas
BMSC™®2~/~ administration did not influence the SOD level as
compared to those in the BLM group.

3.6 Effects of BMSC and BMSC"™**~/~ on intracellular ROS
production in lung tissues of BLM-induced rats

The content of ROS in response to BLM was measured using
a DCFH-DA probe. As shown in Fig. 4, the BLM group exhibited

RSC Adv., 2017, 7, 49498-49504 | 49501
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Fig. 5 The protective effect of BMSC and BMSC™*2~/~ on the levels of SOD and MDA in serum. BMSCs and BMSC™-R>~/~ were injected into the
tail vein 12 hours after the BLM challenge. All mice were sacrificed 21 days after BLM stimulation. All values expressed as the mean =+ SD. ###p <
0.001 compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the BLM group.
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Fig. 6 Effects of BMSC and BMSC™R2~/~ on intracellular ROS
production in lung tissues of BLM-induced rats. All mice were sacri-
ficed 21 days after BLM stimulation. All values expressed as the mean +
SD. ###p < 0.001 compared to the control group. *P < 0.05, **P < 0.01,
***P < 0.001 compared to the BLM group.

significantly elevated ROS level as compared to the control
group; the administration of BMSC and Dex notably decreased
the ROS production, whereas the BMSC™ >/~ scarcely reduced
the ROS level. Based on these results, it was proven that BMSC

could inhibit the generation of ROS, and TLR2 silencing
downregulated this effect.

3.7 Effects of BMSC and BMSC™ >/~ on inflammatory
cytokines in serum of BLM-induced rats

Inflammatory cytokines are a major factor accounting for the
intervention of BLM-induced pulmonary fibrosis model.
According to the results, the contents of IL-1f, IL-6, and TNF-
o were elevated after BLM exposure (Fig. 6). Treatment with
BMSC and Dex (2 mg kg~ ") reduced the production of inflam-
matory cytokines as compared to the case of BLM group.
However, little therapeutic efficacy of BMSC™**~/~ on TNF-a,
IL-6, and IL-1B was observed. The analytical results demon-
strated that BMSC, but not BMSC™®*™/~ treatment, suppressed
inflammatory mediators in BLM-stimulated rats.

3.8 Effects of BMSC and BMSC"™*>~/~ on the protein
expressions of MMP-3, MMP-9, TGF-f, smad3, and NF-kB
pathway

The protein expressions of MMP-3, MMP-9, TGF-B, p-smad3,
p-IkB, and p-NF-kB in lungs were detected via western blotting
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Fig. 7 The protective effect of BMSC and BMSC™R2~/~ on the contents of IL-1p, IL-6 and TNF-a in serum. BMSCs and BMSC™-R%~/~ were
injected into the tail vein 12 hours after the BLM challenge. All mice were sacrificed 21 days after BLM stimulation. All values expressed as the
mean + SD. *##p < 0.001 compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the BLM group.
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Fig. 8 The protective effect of BMSC and BMSC'-R?~/~ on the expressions of MMP-3, MMP-9, TGF-B, p-smad3, p-IkB and p-NF-«kB in lung
tissues. BMSCs and BMSCT™-R2~/~ were injected into the tail vein 12 hours after the BLM challenge. All mice were sacrificed 21 days after BLM
stimulation. All values expressed as the mean + SD. *##P < 0.001 compared to the control group. *P < 0.05, **P < 0.01, ***P < 0.001 compared to

the BLM group.

assay. As revealed in Fig. 7, exposure to BLM obviously
increased the protein expressions of MMP-3, MMP-9, TGF-§,
p-smad3, p-IkB, and p-NF-kB. After treatment with BMSC and
Dex (2 mg kg '), these protein expressions were efficiently
inhibited as compared to those in the BLM group. On the
contrary, the administration of BMSC™®*~/~ presented no
significant effect on the expressions of MMP-3, MMP-9, and
TGF-B and the phosphorylations of smad3, IkB, and NF-«kB as
compared to the case of the BLM groups (Fig. 8).

4. Discussion

Numerous evidence suggests that BMSCs protect lungs against
lung fibrotic lesions by preventing the transformation of extra-
cellular matrix and fibroblasts.® Our study also confirmed that
treatment with BMSCs attenuated the pathological changes, lung
MPO activity, and W/D ratio in BLM-stimulated lung injury.

Bleomycin is an antitumor drug with cytotoxicity accompa-
nied by free radicals, which results in DNA damage leading to
cell death. The stimulation of bleomycin is characterized by the
development of pulmonary fibrosis, which limits its clinical
use. Intratracheal administration of bleomycin (BLM) has been
widely applied for studying the pathogenesis and intervention
of pulmonary fibrosis in animals.” It is noteworthy that its
major toxicity target organ is lung since this tissue selectively
lacks an enzyme that hydrolyzes bleomycin and prevents the
metabolic products from binding to DNA or metal ions.* We
observed significant pulmonary injuries and dysfunction after
a BLM challenge, evidenced by deterioration of histopathology,
and increased MPO activity and W/D ratio. Edema is a pivotal
symptom of partial and systemic inflammation. MPO produces
superabundant oxidants conducive to pulmonary damage
under inflammatory circumstances. Our results confirmed that
the BMSC administration could attenuate the dysfunctions in
lung tissues, but BMSC™®>~/~ could not.

MDA, the reliable index of oxidative stress, is the end product
of polyunsaturated fatty acid and reflects cell damage attributed

This journal is © The Royal Society of Chemistry 2017

to reactive oxygen metabolites in pulmonary dysfunction."* The
endogenous anti-oxidative enzyme SOD plays a critical role in
protecting lung tissues against ROS activation by oxidative
stress.”” Our results suggested that the BMSC therapeutic
method relieved lipid oxidation, but the BMSC™®*~'~ did not
affect the oxidative stress caused by BLM exposure.

TNF-o participates in the induction of inflammation, upregu-
lation of TGF-B, and the proliferation of fibroblasts*** IL-18 is
responsible for increasing collagen synthesis induced chronic
peritoneal fibrosis in patients.'” The blockade of the IL-6 signaling
proves to be a beneficial effect on lung fibrosis.'® To evaluate the
anti-inflammatory effects of BMSC and BMSC™®*~/~ treatment
on inflammation of pulmonary fibrosis induced by BLM, we
measured the serum contents of the key inflammatory cytokines
including IL-1B, IL-6, and TNF-a. These cytokines were signifi-
cantly reduced in the BMSC-treated animals, whereas they were
not very significant in the BMSC™**~/~ group.

The fibroblast differentiation, which was mediated by the
transforming growth factor-B (TGF-B)/Smad, is associated with
the development of lung fibrosis. TGF-f serves as a profibrotic
cytokine inducing the structural alteration of airway remodel-
ing. TGF-B is secreted by epithelial cells and fibroblasts in
airway tissue and implicated with subepithelial fibrosis."” The
TGF-B signaling is transduced by the phosphorylation intra-
cellular effectors Smad3."® The bone regeneration and repair
involve the secretion of matrix metalloproteinases (MMPs) by
BMSCs to degrade the surrounding extracellular matrix (ECM).
Evidence has emerged indicating that MMP-3 has a wide range
of actions affecting fibrinolysis and angiogenesis."”” MMP-9 is
proposed to be related to the neutrophils inflammatory
reactions of lung tissues.”* NF-kB, activated by the
phosphorylation and degradation of IkB, is an essential
transcription factor involved in immune and inflammatory
responses.”* NF-kB controls the expression of various
mediators including TNF-a, IL-1pB, IL-6, and the MMP family.*
Our results showed that treatment with BMSC exhibited an

RSC Adv., 2017, 7, 49498-49504 | 49503
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inhibitory effect on MMP-3, MMP-9, TGF-8, p-smad3, p-IkB,
and p-NF-«B in lung tissues, whereas the treatment with
BMSC™ 2=/~ showed no significant effect on these protein levels.

In conclusion, the present study demonstrated that treat-
ment with BMSC exhibited a protective effect on BLM-induced
pulmonary fibrosis via anti-fibrotic, anti-oxidative, and anti-
inflammatory activities possibly through the TGF-B/Smad/NF-
kB pathway. Additionally, TLR2 might play a pivotal role in this
progression. Further research is warranted before clinical
application.
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