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Abstract: Objective: To evaluate the protective effect of bone mesenchymal stem cells (BMSCs) on paraquat (PQ)-
induced acute lung injury (ALI) and investigate the possible underlying mechanisms. Methods: Male Sprague Dawley
rats were treated with BMSCs (3 x 10°) 1 h after intraperitoneal injection of PQ. The cell apoptosis rate and mito-
chondrial membrane potential in rat pulmonary alveolar type Il epithelial (ATIl) cells were quantitated by flow cytom-
etry. IL-17, IL-6, and MUC5B levels in bronchoalveolar lavage fluid (BALF) and ATII culture medium were measured.
Lung tissues were collected to determine the wet-to-dry (W/D) ratios and lung injury scores, in addition to the protein
and mRNA expression levels of ERK1/2, Bcl-2, Bax, and muc5bb. Results: BMSCs had decreased mRNA expression
of Mucbb in lung tissue of rats with PQ-induced ALl as shown by RNA-seq. Treatment with BMSCs also alleviated the
PQ-induced increases in protein expression in the BALF and reduced the concentration of IL-17, IL-6, and Muc5b
in both the BALF and ATIl culture medium. In addition, the ATIl cell apoptosis rate and mitochondrial membrane
potential, as well as the W/D ratios, were decreased by BMSC treatment. Moreover, BMSCs ameliorated the expres-
sion levels of Bax mMRNA and active caspase-3 proteins and increased Bcl-2 mRNA expression. Furthermore, BMSCs
attenuated ERK1/2 activation upon PQ-induced ALI in lung tissue. Conclusion: BMSC therapy can protect against
PQ-induced ALl in rats. A possible mechanism is the suppression of the mucb5b and ERK/MAPK signaling pathways,
resulting in an improvement in the endothelial permeability and a decrease in inflammation and cell apoptosis.

Keywords: Bone marrow derived mesenchymal stem cells, paraquat poisoning, acute lung injury, Muc5b and
ERK/MAPK signaling pathways

Introduction

Paraquat (1,1-dimethyl-4,4-bipyridilium dichlo-
ride, PQ) has an excellent weeding effect but a
strong toxicity to humans and animals, and its
misuse or intentional self-use can induce acute
poisoning, which has become a common cause
of death due to pesticide poisoning [1-3]. Since
the first cases of death by PQ poisoning were
reported in 1966, the mortality rate has risen
to 50-60% [2, 4]. Following PQ poisoning, the
lungs are the major target organ for injury, and
PQ lung may develop. PQ lung is manifested as
acute lung injury (ALI) or adult respiratory dis-
tress syndrome in the early stage and as intra-
alveolar and interstitial fibrosis in the late
stage; being the main cause of death in PO poi-
soning patients [1]. At present, there are no

antidotes or effective therapies for PQ poison-
ing [2, 3]; therefore, it is imperative to elucidate
the underlying mechanism of PQ poisoning for
the design of an effective treatment.

Mesenchymal stem cells (MSCs) are those origi-
nating from the mesoderm in the early stage of
development, and possess a high renewal ca-
pability and multi-lineage differentiation poten-
tial. MSCs can come from different tissues and
organs, including adipose tissue, bone marrow,
and cord blood, and are regarded as an ideal
cell source for tissue injury diseases [5]. Studies
have shown that MSCs administered exoge-
nously can home to injured lung tissues and
either play a role in direct repair, by being direct-
ly integrated into the injury site, or in lung pro-
tection, by transdifferentiating into lung pulmo-
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nary alveolar epithelial cells or endothelial
cells. In addition, MSCs can participate in the
inflammatory reaction and immune regulation
of lung injury via the paracrine secretory mech-
anism [6-9] and antifibrotic capacity [10]. Other
studies have suggested that in lipopolysaccha-
ride (LPS)-induced ALI, MSCs can regulate the
activity of NF-kB in pulmonary alveolar macro-
phages, and increase the secretion of interleu-
kin-10 (IL-10), thus relieving inflammation [11,
12]. In further studies using animal models,
MSCs have been demonstrated to exert signifi-
cant protection against inflammation-induced
lung injury [13], and can remarkably mitigate
the inflammatory reaction of isolated human
lungs infected with viable organisms [14].

Mucin (MUC), a large molecular-weight glyco-
protein, rich in serine and threonine, encoded
by the MUC gene, is the main component of air-
way mucus [15]. MUC mediates the biological
characteristics (protective effect) and physical
properties (convergence, viscosity, visco-elas-
ticity, and slipping) of mucus. MUC5AC and
MUC5B are the major secretory mucins in the
airway. MUC5B can protect the airway under
normal conditions; however, the autoimmune
function of MUC5B-deficient mice is impaired.
The immune function can be restored following
treatment with a MUC5B promoter variant [16].

Nevertheless, an increase in MUC5B that
exceeds the normal range will result in airway
injury. A gain-of-function MUC5B promoter vari-
ant is the strongest risk factor for idiopathic
pulmonary fibrosis (IPF) [17]. MUC5B is signifi-
cantly increased in PQ poisoning, smoking-
induced chronic bronchitis, cystic fibrosis, and
primary ciliary dyskinesia [18-20]. The increase
in MUCB5B is a response to various stimulations
including nerve reactions and inflammatory
mediators, and is closely related to IL-13, IL-6,
IL-9, IL-13, IL-17, and tumor necrosis factor-a
[21-24]. IL-17 not only promotes the expression
and secretion of mucins in respiratory tract epi-
thelium but also causes lung injury. Based on
some studies, IL-17 has a strong pro-inflamma-
tory effect and can induce several types of cells
to release pro-inflammatory cytokines, result-
ing in excessive inflammatory reactions [25-
27]. It has been shown that IL-17 is strongly
associated with the occurrence and develop-
ment of ALl (Zhi-Xin, Mu-Sen et al.).

Here, we hypothesized that MSCs would have a

positive impact on PQ-induced pulmonary inju-
ry in vitro, and in vivo using a rat model. The
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impact of MSCs was analyzed with respect to
cytokine response and histopathology of lung
MRNA expression levels of selected genes of
interest, including Muc5b, IL-6, and II-17, with a
view to investigating the role of mucbb and
ERK/MAPK signaling in the improvement of
PQ-induced ALI by MSCs.

Materials and methods
Experimental animals

Male Sprague Dawley rats of clean grade
(weight: 200-250 g) were provided by the
Experimental Animal Center of China Medical
University. The rats were acclimated for 1 week
with the following housing conditions: 20-25°C,
40-70% humidity, 12 h/12 h dark/light cycle,
and free access to food and water. All experi-
mental protocols were approved by the Animal
Ethics Committee of Shengjing Hospital of
China Medical University.

Rat bone mesenchymal stem cells (BMSCs)
and cell culture

Rat MSCs were purchased from Cyagen Bio-
science, Inc., (Guangzhou, China), which were
derived from normal rat bone marrow. The
MSCs expressed CD90, CD44, and CD29, but
not CD34, CD45, or CD11b/c, as shown by flow
cytometry data supplied by the company
(Supplementary Material). The MSCs were gr-
own in SD rat MSC basal medium (Cyagen Bio-
science, Inc., Guangzhou, China) supplemented
with 10% SD rat MSC-qualified fetal bovine
serum, 1% penicillin-streptomycin, and 1% glu-
tamine at 37°C, 5% CO,, and saturated humid-
ity. The growth medium was changed every two
days. At approximately 80-90% confluence, the
MSCs were dissociated using trypsin-EDTA and
passaged. Lentivirus carrying GFP (pLenO-GFP)
was obtained from Cyagen Bioscience, Inc.,
(Guangzhou, China). The MSCs were infected
with pLenO-GFP at aMOIl = 50, and cultured on
a 6-well plate (10° cells/well) at 37°C, 5% CO,.
The infection efficiency of pLenO-GFP was eval-
uated by fluorescence microscopy 24 h after
transfection (Olympus Co., Tokyo, Japan).

Culture of rat pulmonary alveolar type Il epi-
thelial (ATII) cells

Rat pulmonary alveolar type Il epithelial cells

(ATIl cells; RAT-iCell-a005) were purchased
from iCell Bioscience Inc., (Shanghai, China)
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and cultured in PriMed-iCELL-001 culture medi-
um (iCell Bioscience Inc., Shanghai, China) con-
taining 10% FBS at 37°C, 5% C02.

MTT assay for cell viability

The cytotoxic effects of PQ on rat ATII cells were
assessed usingthe 3-(4, 5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) as-
say. The rat ATIl cells were seeded onto 96-well
plates (5 x 10* cells per well in 100 yL medium)
and allowed to adhere. The cells were exposed
to different concentrations (O, 10, 50, 100,
500, 1000 uM) of PQ and incubated for 24 h.
After the incubation period, 10 yL 0.5 mg/mL
MTT was added to each well and incubated for
an additional 4 h at 37°C. Subsequently, the
supernatant was discarded and 200 yL DMSO
was added. The absorbance was measured at
490 nm using a Bio-Tek MQX 680 (Bio-Tek
Instruments Inc., Winooski, VT, USA).

Cell grouping

BMSC intervention group (PQ+BMSC): BMSCs
were detached after treatment with trypsin-
EDTA (1:250) (Gibco, USA) and seeded onto
100-mm cell culture dishes at a concentration
of 3-5 x 10° cells/well in a-MEM medium sup-
plemented with 10% fetal bovine serum and
antibiotics (Gibco, USA). The cells were cultured
until 80% confluence was reached, with the cul-
ture medium being changed every 48 hours.
The 80% confluent cells were cultured for a fur-
ther 48 hours in ECM basal medium containing
2% FBS, following which, the medium designat-
ed “conditioned BMSC medium” was collected,
containing ECM, FBS, and any factors secreted
by the non-activated BMSCs. The culture medi-
um was centrifuged to remove debris. At 80%
confluence, ATII cells were cultured in “condi-
tioned BMSC medium” for a further 48 hours,
following which, 100 ymol/L PQ was added as
treatment.

PQ group: ATIl cells were cultured in PriMed-
iCELL-001 culture medium until 80% conflu-
ence was reached, following which, 100 umol/L
PQ was added as treatment.

Control group: ATl cells were cultured in Pri-
Med-iCELL-001 culture medium. The levels of
IL-6, IL-17, and mucbb in the supernatants were
measured using ELISA assays.
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Animal grouping and treatment

A solution of 20% PQ was diluted 100 times
with physiological saline to a concentration of 2
mg/mL. Thirty rats were randomly divided into
three groups: PQ poisoning group (PQ group, n
= 10), the PQ poisoning rat model was estab-
lished by intraperitoneal injection of 20 mg/kg
PQ; MSC treatment group (PQ+BMSC) group, n
= 10), 1 h after the intraperitoneal injection of
PQ, 3 x 10° MSCs were injected intraperitone-
ally; normal control group (control group, n =
10), an equal amount of physiological saline
was injected intraperitoneally. Rats were sacri-
ficed 24 h following saline or MSC infusion.
Lung lobes were obtained for further analysis.

Lung histopathology

For the evaluation of the severity of lung injury,
the right middle lung lobes were obtained 24 h
following MSC infusion. The lung tissues were
then fixed in 4% paraformaldehyde for 24 h.
After fixation, lung tissues were embedded in
paraffin and cut into 5-um sections. Subse-
quently, the sections were examined by H&E
staining. H&E scoring items included edema,
congestion, neutrophil infiltration, intratracheal
hemorrhage and debris, and cell hyperplasia.
Each item was assessed as a score of O, 1, 2,
or 3, and the H&E score was the sum of five
item scores [10].

Immunohistochemistry study

The lung sections were preheated at 60°C for 1
hour, followed by dewaxed with xylene, hydra-
tion, and washed in 0.01 mol/L of citrate buf-
fer. Inhibiting endogenous peroxidase with 3%
H,0, in methanol, and the sections were then
incubated with anti-mucbb (Santa Cruz Bio-
technology Inc, Texas, USA) and anti-ERK1/2
(Abcam, Cambridge, USA) polyclonal antibodies
overnight at 4°C. The sections were incubated
with the corresponding secondary antibodies
at room temperature for 30 minutes. Reaction
products were identified using diaminobenzi-
dine and counterstained with hematoxylin. The
positive results were brown-yellow or brown
granules distributed on the surface of the bron-
chial mucosa, alveolar wall, and alveolar sep-
tum of lung tissue. The image was generated
using the NIS-ElementSF2.30 image acquisi-
tion software, and the average optical density
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Table 1. The primer sequenc of target genes
for RT-PCR

Target Gene

Primer Sequence ( 5'—3’)

Mucbb-F CACCAACAGTGGGAAGGAAG
Muc5b-R CACTCAAAGATACGGTCACGC
Bax-F ATGGAGCTGCAGAGGATTCG
Bax-R AATGTCCAGCCCATGATGGT
Bcl-F AGCCTGAGAGCAACCCAATG
Bcl-R TTCCTTCTTGGGTATGGAAT
Gapdh-F AAGGGTGGGGACAAGACAGT
Gapdh-R AAGTTGTCCGGAGGTGCTAA

(OD) of the positive area was analyzed using
the Image-Pro-Plus software.

Detection of indicators in bronchoalveolar la-
vage fluid (BALF)

At 24 h after the intraperitoneal injection of
MSCs, the rats were sacrificed and the trachea
and primary bronchus were dissected. Tracheal
intubation was performed, and the left lung
was lavaged three times with 0.5 mL precooled
PBS. BALF was collected and centrifuged for 10
min at 4°C, 1,500 x g. The protein content in
BALF was measured with a protein quantitation
kit (Bio-Rad, USA) according to the manufac-
turer’s instructions. The concentrations of IL-17,
IL-6, and MUC5B in BALF were measured by
ELISA according to the manufacturer’s instruc-
tions (Abcam, Cambridge, UK).

Measurement of the wet/dry weight (W/D) of
the lungs

The right upper lung lobe was collected, the wet
weight (W) was taken following removal of the
water and blood from the surface using filter
paper, and the dry weight (D) was taken 24 h
after drying at 80°C. The W/D ratio of the lung
tissues was subsequently calculated.

RNA-seq data analysis

RNA-seq was performed by Genesky Bio-Tech
Co. Ltd (Shanghai, China). The RNA sequencing
libraries were constructed from the RNA ex-
tracted and amplified using the standard IlI-
umina library prep protocols. RNA-seq was per-
formed on an lllumina HiSeq 2500 or above
platform using the 150 bp PE protocol. Raw
sequencing reads were evaluated using FastQC
(Version 0.11.4) (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/), followed by
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trimmedbytrim_galore (Version 0.3.3) (http://
www.bioinformatics.babraham.ac.uk/projects/
trim_galore/) to remove the primers and low-
quality (Q < 10) sequences. Clean reads were
aligned with the rat genome using TopHat [28,
29] (Version 2.1.0) with at most two mismatch-
es. Only the uniquely mapped reads were
retained for further analysis in the present
study. The statistics of raw reads, clean reads,
and mapped reads are summarized. Read dis-
tribution over the gene structure, and other
quality evaluation of mapped reads, were ana-
lyzed using RNA-SeQC [30] (Version 1.1.8). For
each transcript, Fragments Per Kilobase of
transcript per Million mapped reads (FPKM)
calculated by Cufflinks [31] (Version 2.2.1) with
default parameters were used to evaluate the
expression levels. Comparison of the total gene
expression profiles of three samples was per-
formed using principal components analysis
(PCA). The differentially expressed (DE) genes
were identified by Cuffdiff [32, 33] (Version
2.2.1) with more than one-fold expression
change at an FDR-adjusted p-value of 0.05. In
addition, alternative splicing (AS) events of
three samples were extracted and compared
using the Macs tool [34]. Novel transcripts in
the present study were predicted by Cufflinks
[35] (Version 2.2.1). Fusion genes of each sam-
ple were detected by FusionMap [36], and then
filtered with the most stringent recommended
criteria.

Quantitative real-time PCR

Total RNA was extracted from lung tissues
using the RNeasy Mini kit (Qiagen, CA, USA),
and the quality and quantity of the obtained
RNA was assessed spectrophotometrically.
Equal amounts of RNA were reverse-transcri-
bed into cDNA using the Quanti-Tect Reverse
Transcription kit (Qiagen, CA, USA) according to
the manufacturer’s instructions. To assess the
expression of target genes, quantitative real-
time PCR was performed using the Rotor-Gene
SYBR Green PCR kit (Qiagen, CA, USA) with the
Rotor-Gene Q system (Qiagen, CA, USA). B-Actin
(Actb) was used as a reference housekeeping
gene. The sense and antisense primers are
shown in Table 1. PCR reactions included a
5-min enzyme activation at 95°C, followed by
40 cycles at 95°C for 5 sec (denaturing) and
60°C for 10 sec (annealing/extension). The
changes in target gene expression were calcu-
lated using the comparative CT (AACT, thresh-

Am J Transl Res 2019;11(6):3707-3721



BMSCs alleviate PQ-induced ALl in rats

old cycle) method and are presented as the fold
change using the 2-AACT formula.

Detection of ERK1/2 protein expression in
lung tissues by western blotting

The total protein concentration was measured
using a BCA Protein Assay kit (Beyotime,
Shanghai, China). For western blotting, 30 pg
protein was loaded into each lane of 10% SDS-
PAGE gels, followed by electrophoresis and pro-
tein transfer to PVDF membranes (Millipore).
Following transfer, the membranes were blo-
cked with 5% BSA in PBST. Immunoblots were
probed with primary antibody at 4°C overnight,
followed by secondary antibodies (ZSGB-BIO,
Beijing, China, 1:5000 dilution) for 30 min at
room temperature. After extensive washing
with PBST, the membranes were incubated in
ECL reagent (Millipore) for HRP detection, and
subsequently exposed to autoradiography film
(Bio-Rad, Co., Ltd, USA) for band visualization.
GAPDH was used as a loading control. The rela-
tive amounts of various proteins were analyzed,
and the results were quantitated using the
Image J software.

Measurement of mitochondrial membrane po-
tential (MMP)

An ATl cell suspension containing 10° cells was
collected by digestion with trypsin-EDTA and
centrifuged at 1,000 rpm for 5 min. Cells were
washed twice with precooled PBS and centri-
fuged at 1,000 rpm for 5 min each time. A vol-
ume of 0.5 mL JC-1 stain (Beijing Solarbio
Biotechnology Co. Ltd., China) was added to the
cells and mixed evenly, followed by incubation
at 37°C for 20 min and centrifugation at 1,000
rom for 5 min. Subsequently, the cells were
washed three times with JC-1 staining buffer,
resuspended, and detected by flowcytometry.
The excitation and emission wavelengths of the
JC-1 monomer and polymer were 490 nm and
530 nm and 525 nm and 590 nm, respectively.
The data were analyzed using the CellQuest
software.

Detection of apoptotic ATII cells

After reaching confluence, the ATII cells were
treated with DMSO (1 M, as the control group),
paraquat (100 pM), or medium, alone or in
combination, for 24 h. After treatment, ATII
cells were resuspended in annexin V binding
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buffer and stained with annexin V-FITC and
propidium iodide (PI) (1 g¢/mL) using the Annexin
V-FITC Apoptosis Detection kit (Beijing Solarbio
Biotechnology Co. Ltd., China) according to the
manufacturer’s instructions. After incubation
at room temperature, the apoptotic cells were
quantitated by flow cytometry (BD Bioscience,
Franklin Lakes, NJ, USA). Early apoptosis is
defined by annexin V+/PI staining (lower right
quadrant, LR), and late apoptosis is defined by
annexin V+/Pl+ staining (upper right quadrant,
UR).

Detection of caspase-3 activity in lung tissue

Caspase-3 protease activity in the lung tissue
was determined using the Caspase-3 Colo-
rimetric Assay kit (Sigma-Aldrich; Merck KGaA),
in accordance with the manufacturer’s proto-
col. In brief, following homogenization of whole
lung tissue in cell lysis buffer, homogenates
were centrifuged for 1 min at 10,000 x g, and
the supernatant was extracted and incubated
with  Asp-Glu-Val-Asp-p-nitroanilide (pNA) in
reaction buffer for 90 min at 37°C. Levels of
the chromophore pNA were quantitated using a
spectrophotometer at 405 nm, which reflected
the caspase-3 activity. Data were normalized to
the lung weight.

Statistical analysis

The SPSS 16.0 statistical software was used
for analysis. All data are presented as the mean
+ standard deviation (mean = SD). The inter-
group comparison was performed by one-way
ANOVA. P < 0.05 suggested that a difference
was statistically significant.

Results
Isolation and characterization of BMSCs

Proliferation of BMSCs accelerated significantly
after six generations. Lentivirus transfection
(MOI = 50) did not affect the proliferation or
morphology of BMSCs. The GFP-positive cells
were greater than 80% by counting under fluo-
rescence microscopy (Figure 1A, 1B). Flu-
orescence was measured in the lung 24 h after
BMSC administration using fluorescence mi-
croscopy. As shown in Figure 1C, 1D, fluores-
cence was distributed throughout the distal
lungs.
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BMSCs

Figure 1. Isolation and characterization of BMSCs. BMSCs carrying GFP
were observed by fluorescence microscopy. The transfection efficiency was
over 80% (A, B). 24 hours after BMSC administration, the distribution of
BMSC fluorescence was observeded throughout the distal lungs. (C) Normal

control group; (D) PQ group.

BMSCs ameliorate ALl in a PQ-induced animal
model

H&E staining: The observations under light
microscopy showed that the lung tissues had a
normal structure, a clear alveolar morphology,
and no congestion or edema in the control
group. In the PQ group, there was a damaged
alveolar structure, alveolar bleeding, pulmo-
nary interstitial congestion and edema, a large
number of inflammatory cells, and lung injury
worsened over time. In the PQ+BMSC group,
lung injury was significantly improved as com-
pared with the PQ group (Figure 2A-C). There
was a statistical difference in the lung injury
score among the three groups (P < 0.05, Figure
2D).

Lung W/D ratio

Lung edema was determined using the lung
weight ratio. When compared with that of the
control group, the lung W/D ratio was signifi-
cantly increased in the PQ group, and that in
the PQ+BMSC group was markedly decreased
as compared with that of the PQ group (P <
0.05, Figure 2E).
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BMSCs+PQ

BMSCs decrease mucbb in a
PQ-induced animal model

Heatmaps: To elucidate the
molecular mechanisms under-
lying the effects of MSCs on
ALl induced by PQ, whole tran-
scriptome analysis of the rat
lung in the PQ group (n = 3),
the control group (n = 3), and
the PQ+BMSC group (n = 3)
was performed using RNA-
seq. The gene expression an-
alysis revealed differential ex-
pression of several mMRNAs in
the PQ group as compared
with the control and PQ+BMSC
groups. We found that the
expression of MUC5B was re-
markably increased in the PQ
group, and the expression of
MUC5B was evidently decr-
eased in the PQ+BMSC group,
indicating that MUC5B play an
important role in the occur-
rence of PQ-induced lung inju-
ry (Figure 3A).

Quantitative reverse transcription PCR: Using
quantitative real-time PCR, we found that in
comparison with the control group, the mRNA
expression of MUC5B in lung tissues was sig-
nificantly increased in the PQ group; and in
comparison with the PQ group, the mRNA
expression of MUC5B was markedly decreased
in the PQ+BMSC group (P < 0.05, Figure 3B),
which is consistent with the sequencing results.

ELISA with BALF: ELISA results showed that the
levels of MUC5B in BALF from rats in the PQ
group were all significantly higher than those in
the control group; however, these levels in the
PQ+BMSC group were all markedly reduced as
compared with those in the PQ group (P < 0.05;
Figure 3C).

ELISA with ATII culture medium: The effects of
PQ on ATII cell viability were analyzed by expos-
ing ATIl cells to different concentrations of PQ
for 24 hours. Analysis of the MMT assay results
showed that the ability of ATII cells to survive
PQ exposure was concentration-dependent
(Figure 3D). After a 24-hour incubation with
100 uM PQ, the number of viable cells was
reduced by approximately 25%. The optimum
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Figure 2. BMSCs ameliorated the histopathological changes in lung tissues of rats with PQ-induced ALI. Lung tis-
sues were fixed in 10% formalin, sectioned, and stained with H&E (200 x). Photomicrograph of lung tissue from the
control group (A). Photomicrograph of lung tissue from the PQ group (B). Photomicrograph of lung tissue from the
PQ+BMSC group (C). Histopathological scoring of lung injury in the three groups (D). BMSCs reduced the lung W/D
ratio in rats with PQ-induced ALI (E). Data are presented as the mean + SD, n = 10. *P < 0.05 as compared with
control rats; P < 0.05 as compared with rats with PQ.

concentration of PQ was chosen for use in fur-
ther experiments. To confirm whether BMSCs
affected the secretion of Muc5B from ATII cells,
ATII cells were pretreated with PQ for different
time periods. ELISA results showed that the
protein levels of MUC5B in the cell culture
medium were significantly higher in the PQ
group than in the control group, and were evi-
dently lower in the PQ+BMSC group than in the
PQ group (P < 0.05; Figure 3E).
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Immunohistochemistry staining of Muc5b in
lung tissue: In lung tissue, the expression of
mucin Mucbb as brown granules is localized to
the bronchial mucosa and alveolar septum. In
the control group, a small number of brown
granules were identified; however, in the PQ
group, these granules were dramatically in-
creased. In the PQ+BMSC group, the expres-
sion of mucin Mucbb was decreased signifi-
cantly as compared with the PQ group (P <
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Figure 3. BMSCs decreased the mRNA expression of muc5b in the lung tissue of rats with PQ-induced ALI as shown
by whole transcriptome analysis (A). Data are presented as the mean + SD, n = 3. *P < 0.05 as compared with
control rats; *P < 0.05 as compared with rats with PQ. BMSCs reduced the mRNA expression of muc5b in the lung
tissue of rats with PQ-induced ALl as shown by RT-qPCR (B). BMSCs inhibited the concentration of Muc5b in the
BALF of rats with PQ-induced ALI using ELISA (C). Effect of PQ on ATII cell viability as examined by the MTT assay
(D). BMSCs decreased the concentration of Muc5b in ATII cell culture medium following the administration of PQ
by ELISA (E). Immunohistochemistry staining of Muc5b in lung tissue from the control group, the PQ group, and the
PQ+BMSC group. 3,3’-diaminobenzidine 4-HCI was used as a chromogen to stain the cells of interest (brown), and a
hematoxylin counterstain (blue) was used for background staining. (F) Muc5b immunostaining at 200 x magnifica-
tion, (G) Changes in OD values in lung with positive expression. Data are presented as the mean + SD, n = 10. *P <
0.05 as compared with control rats; #P < 0.05 as compared with rats with PQ.

0.05; Figure 3F). Semi-quantitative analysis 69.1+0.26% in the PQ+BMSC group. These
was applied to show the significant difference findings indicate that BMSCs can reduce the
as P < 0.05, Figure 3G. early cell apoptosis rate in PQ poisoning. There
was a statistically significant difference among
BMSCs inhibit apoptosis in ATII cells the three groups (P < 0.05; Figure 4B).
Annexin V/Pl staining: The cell apoptosis rate in Apoptosis-related protein changes: Bcl-2 is
the control, PQ, and PQ+BMSC groups was known to exert anti-apoptotic effects. We found
6.2+0.3%, 15.6+0.67%, and 10.2+0.36%, res- that the expression of Bcl-2 mRNA was de-
pectively; and the percentage of living cells was creased in the PQ group as compared with the
93.5+2.87%, 84.6+3.97%, and 88.7+3.52%, control group, whereas the Bcl-2 expression
respectively. In comparison with the PQ group, was increased in the PQ+BMSC group as com-
the PQ-induced cell apoptosis was reduced, pared with the PQ group (P < 0.05; Figure 4C).
and the percentage of living cells was increased,
in the PQ+BMSC group (Figure 4A; P < 0.05). Bax is an important apoptosis gene. We found
that the expression of Bax mRNA was increased
Mitochondrial membrane potential assay: As in the PQ group as compared with the control
shown by JC-1 staining, the percentage of depo- group, whereas the Bax expression was de-
larized LO2 cells was 64.7+0.25% in the con- creased in the PQ+BMSC group as compared
trol group, 73.5+0.58% in the PQ group, and with the PQ group (P < 0.05; Figure 4D).
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Figure 4. BMSCs decreased the cell apoptosis rate of ATl cells following PQ administration by flowcytometry (A).
BMSCs decreased the mitochondrial membrane potential in ATII cells following PQ administration by flowcytometry
(B). BMSCs increased Bcl-2 mRNA expression in the lung tissue of rats with PQ-induced ALI by RT-gPCR (C). BMSCs
decreased Bax mRNA expression in the lung tissue of rats with PQ-induced ALl by RT-gPCR (D). BMSCs decreased
the percentage of caspase-3 activity in rats with PQ-induced ALI using the Caspase-3 Colorimetric Assay kit (E). Data
are presented as the mean + SD, n = 10. *P < 0.05 as compared with control rats; *P < 0.05 as compared with rats

with PQ.

Caspase-3 activity in lung tissue: The cas-
pase-3 activity in lung tissue was 0.15 in the
control group; however, the proportion was
increased to 0.62 in the PQ group. In the
PQ+BMSC group, the caspase-3 activity in lung
tissue was decreased to 0.29 (P < 0.05; Figure
4E).

BMSCs reduce inflammation

ELISA with BALF: ELISA results showed that the
levels of IL-6 and IL-17 and the protein content
in BALF from rats in the PQ group were all sig-
nificantly higher than those in the control group;
however, these levels in the PQ+BMSC group
were all markedly reduced as compared with
those in the PQ group (P < 0.05; Figure 5A-C).
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ELISA with ATII culture medium: ELISA results
showed that the protein levels of IL-6 and IL-17
in the cell culture medium were significantly
higher in the PQ group than in the control group,
and were evidently lower in the PQ+BMSC
group than in the PQ group (P < 0.05; Figure
5D, 5E).

BMSCs attenuate ERK1/2 activation in rats
with PQ-induced acute lung injury: There was a
marked increase in phospho-ERK1/2 in PQ-
injured lung tissues. Treatment with BMSCs
attenuated this increase in phospho-ERK1/2
as compared with the PQ-treated group (P <
0.05; Figure 6A, 6B).

Immunohistochemistry staining of ERK1/2 in
lung tissue: In lung tissue, the expression of
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Figure 5. BMSCs decreased the con-
tent of protein in the BALF from rats
with PQ-induced ALI using ELISA (A).
BMSCs inhibited the concentration
of I-17 and IL-6 in the BALF from
rats and ATII cell culture medium fol-
lowing the administration of PQ by
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Figure 6. BMSCs attenuated ERK1/2 activation in PQ-induced ALI tissue by western blotting. (A) Expression of
ERK1/2 and p-ERK1/2 proteins in lung tissue; (B) p-ERK1/2/total ERK1/2 ratio. Immunohistochemistry staining of
ERK1/2 in lung tissue from the control group, the PQ group, and the PQ+BMSC group. 3,3’-diaminobenzidine 4-HCI
was used as a chromogen to stain the cells of interest (brown), and a hematoxylin counterstain (blue) was used for
background staining. (C) ERK1/2 immunostaining at 200 x maghnification, (D) Changes in OD values in lung with
positive expression. Data are presented as the mean + SD, n = 10. *P < 0.05 as compared with control rats; #*P <

0.05 as compared with rats with PQ.

ERK1/2 is seen as brown granules. In the con-
trol group, a small number of brown granules
were identified; however, in the PQ group, these
granules were dramatically increased. In the
PQ+BMSC group, the expression of ERK1/2
decreased significantly as compared with the
PQ group (P < 0.05; Figure 6C). Semi-qu-
antitative analysis was applied to show the sig-
nificant difference as P < 0.05, Figure 6D.
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Discussion

To date, many studies have shown that stem
cell transplantation has a protective effect on
lung injury. Such protection is reflected by two
aspects: 1) the implanted stem cells can dif-
ferentiate into the major pulmonary cells (alve-
olar epithelial cells and vascular endothelial
cells) to play a role in the repair of injured tis-
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sues [37]; and 2) the implanted stem cells play
an anti-inflammatory role and can protect and
maintain the integrity of pulmonary cells [38,
39]. In the present study, we investigated the
possible effects of BMSCs on acute lung injury
in vitro, and in vivo using a rat model. Our
results show that BMSCs effectively improved
alveolar destruction and inhibited apoptosis.
BMSCs remarkably inhibited IL-17 and IL-6 pro-
duction both in vitro and in vivo, indicating that
BMSCs attenuated PQ-induced acute lung inju-
ry and improved pulmonary function, in part,
via the inhibition of inflammation. In addition,
we demonstrate that BMSCs targeted the ERK/
MAPK signaling pathway to downregulate in-
flammatory cell recruitment and goblet cell
hyperplasia, leading to the inhibition of inflam-
mation and MUC5B hypersecretion.

Some studies have suggested that in PQ poi-
soning, ATII cells can actively absorb PQ via the
polyamine transport system [40, 41], and the
concentration of PQ in lung tissues was shown
to be 10-20 times that in the plasma. The toxic-
ity of PQ is directly related to the PQ concentra-
tion [42, 43]. PQ induces pulmonary alveolar
epithelial cells to produce reactive oxygen spe-
cies (ROS), and thus causes a serious inflam-
matory reaction by activating neutrophils and
macrophages [44]. The inflammatory cytokines,
IL6 and IL17, have been implicated in the
pathogenesis of PQ-induced lung injury [45].
IL-6, as the major regulatory factor for the dif-
ferentiation of inflammatory cells, is secreted
by activated macrophages, lymphocytes, and
epithelial cells. IL-6 not only promotes the
expression of intercellular adhesion molecule-1
but also the differentiation and inflammatory
activation of lymphocytes, further enhancing
the inflammatory injury reaction. In addition,
IL-6 can also promote the respiratory burst and
degranulation of neutrophils and stimulate
hepatocytes to produce acute-phase proteins,
thus causing a serious systematic inflammato-
ry reaction [46].

IL-17, as a pro-inflammatory cytokine, can pro-
mote the recruitment and activation of neutro-
phils at inflammatory sites in the lungs and air-
way, leading to the secretion of several inflam-
matory cytokines. It has been proven that IL-17
is associated with many lung diseases such as
asthma, sepsis, chronic obstructive pulmonary
disease, pulmonary tuberculosis, and lung can-
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cer [47-50]. The present study demonstrates
that the levels of IL-6 and IL-17 were significant-
ly increased in the BALF and culture medium in
the PQ group, indicating that several effector
cells and inflammatory mediators are involved
in PQ-induced ALI. Moreover, it was found that
the protein content in BALF and the W/D ratio
of lung tissues were both increased in the PQ
group, suggesting that the permeability of
endothelial cells and the water content in the
lungs were increased. H&E staining showed
pulmonary interstitial congestion and edema,
as well as apparent infiltration of inflammatory
cells. BMSC treatment could suppress this
increase in permeability and the inflammatory
reaction of the lung tissues, thus relieving
pneumonedema and pulmonary parenchyma
injury, which demonstrates lung protection in
rats with PQ-induced ALIL.

To clarify the underlying mechanism of the pro-
tection against PQ-induced ALI by BMSCs, we
conducted second-generation sequencing of
lung tissues, showing that the MUC5B level was
significantly increased in the PQ group but
remarkably decreased in the PQ+BMSC group.
In the normal airway, Muc5B is mainly expre-
ssed in mucus cells of the submucosal gland
[51, 52]; however, the product of the MUC5
gene is also present in the superficial epitheli-
um of the affected airway (e.g., cystic fibrosis or
asthma) [53, 54]. MUC5B expression may be
attributed to goblet cell hyperplasia and an
increase in mucus secretion caused by several
airway diseases [55]. In the diseased airway
epithelium, both IL-6 and IL-17 are involved in
the induction of expression of the Mucin 5B
gene, likely via the Jak2/STAT3 and ERK1/2
signaling pathways [56, 57]. It has been report-
ed that activation of ERK1/2 signaling can sta-
bilize the mRNA of IL-17 downstream target
genes [58, 59]. The present study also shows
that when ERK1/2 protein expression in lung
tissues was increased in the PQ group, MUC5B
expression was upregulated and the IL-17 level
in BALF and culture medium was increased. In
the PQ+MSC group, ERK1/2 protein expression
was significantly decreased, MUC5B expres-
sion was downregulated, and the IL-17 level in
BALF and culture medium was reduced.

As PQ poisoning happens, upregulated ERK1/2
expression in lung tissues is related to the
induction of ROS production in pulmonary alve-
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olar epithelial cells. Several in vitro studies
have confirmed that cell apoptosis is accompa-
nied by a decrease in mitochondrial membrane
potential and mitochondrial quality; thus, some
scholars believe that ERK1/2 activation is a
necessary condition for mitochondrial mem-
brane depolarization and cell apoptosis. Fo-
llowing activation by phosphorylation, the
ERK1/2 pathway can continuously activate
downstream proteins, including the Bcl-2 fami-
ly, which play an important regulatory role in the
signal transduction of cell apoptosis, for exam-
ple, a Bax/Bcl-2 proportional imbalance can
cause a change in mitochondrial membrane
potential in cells and the release of mitochon-
drial Cytochrome C into the cytoplasm, followed
by the activation of caspase-3, eventually
resulting in apoptosis [60-62]. The present
study shows that when PQ acted on rat ATII
cells, the ERK1/2 pathway was activated, the
mitochondrial membrane potential was de-
creased, and there was an increase in the cell
apoptosis rate and the expression levels of the
apoptosis-related caspase-3 and the pro-apop-
tosis Bax proteins, but a decrease in the expres-
sion level of the anti-apoptosis Bcl-2 protein.
These findings suggest that PQ causes an
increase in cell apoptosis via the ERK1/2 sig-
naling pathway, which is in accordance with the
results reported in the literature [63, 64].
Following BMSC treatment, the mitochondrial
membrane potential in ATII cells was restored,
the cell apoptosis rate was decreased, and
there was a decrease in the expression levels
of caspase-3 and Bax but an increase in the
expression level of Bcl-2; and as a result,
PQ-induced ATIl cell apoptosis was supp-
ressed.

In summary, our results suggest that BMSC
treatment demonstrates protection against
PQ-induced lung injury in rats, and the underly-
ing mechanism may be inhibition of the MUC5B
and ERK/MAPK signaling pathways, thus im-
proving the endothelial permeability and reduc-
ing the inflammatory reaction and cell apopto-
sis in vivo and in vitro, further alleviating lung
injury. The present study provides a theoretical
basis for the clinical treatment of PQ with
BMSCs.
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Certificate of Analysis

Sprague-Dawley Rat Mesenchymal Stem Cells Catalog No. RASMX-01101
With GFP Lot Number: 160725R41
Cryopreservation Date: 2016-07-25

Passage Number: 2

Viability
Cells are assayed for viability post-thaw using vital staining assay with trypan blue.
Specification: Cells should exhibit > 80% viability.

Sterility

Bacterial and Fungal Contamination: Samples are inoculated and cultured on blood agar plate, thiogly-
colate broth, tryptocase soy broth and sabouraud dextrose agar.
Specification: No growth must be observed.

Mycoplasma: Samples are tested for mycoplasma contamination using a PCR-based assay and direct
culture.
Specification: Results must be negative.

Endotoxin: Samples are tested for endotoxin contamination with LAL test.
Specification: Results must show a concentration of <25 EU/ml.

Purity

Cells are assayed for purity using flow cytometric analysis of cell surface antigen expression after cryo-
preservation. Cells are immunofluorescently stained with fluorochrome-conjugated antibodies specific
to cell surface antigens CD90, CD34, CD44, CD45 and CD11b/c.

Specification: Cells must show > 70% positivity for expression of cell surface antigens CD90 and CD44.
Cells must show < 5% positivity for expression of cell surface antigens CD34, CD45 and CD11b/c.

Proliferation ability

Cells are characterized by their ability to proliferate in culture with an attached well-spread morphology
for > 5 passages, and < 5% cells exhibit spontaneous differentiation in each passage.

GFP expression

Expression of constitutive GFP is assayed by visual inspection of GFP fluorescence signal.
Specification: The results must indicate >80% of cells are visually inspected for GFP fluorescence signal
during extensive subcultivation.

Differentiation ability

Cells are assayed after cryopreservation for their ability of tri-lineage differentiation. Cells must be able
to differentiate to osteocytes, adipocytes and chondrocytes when cultured in the appropriate differen-
tiation media.

Results
All specifications have been met.
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