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Microarray expression profiles of genes in lung tissues of rats
subjected to focal cerebral ischemia-induced lung injury following
bone marrow-derived mesenchymal stem cell transplantation
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Abstract. Ischemia-induced stroke is the most common
disease of the nervous system and is associated with a high
mortality rate worldwide. Cerebral ischemia may lead to remote
organ dysfunction, particular in the lungs, resulting in lung
injury. Nowadays, bone marrow-derived mesenchymal stem
cells (BMSCs) are widely studied in clinical trials as they may
provide an effective solution to the treatment of neurological
and cardiac diseases; however, the underlying molecular mech-
anisms remain unknown. In this study, a model of permanent
focal cerebral ischemia-induced lung injury was successfully
established and confirmed by neurological evaluation and lung
injury scores. We demonstrated that the transplantation of
BMSCs (passage 3) via the tail vein into the lung tissues attenu-
ated lung injury. In order to elucidate the underlying molecular
mechanisms, we analyzed the gene expression profiles in lung
tissues from the rats with focal cerebral ischemia and trans-
planted with BMSCs using a Gene microarray. Moreover, the
Gene Ontology database was employed to determine gene func-
tion. We found that the phosphoinositide 3-kinase (PI3K)-AKT
signaling pathway, transforming growth factor-f§ (TGF-f) and
platelet-derived growth factor (PDGF) were downregulated in
the BMSC transplantation groups, compared with the control
group. These results suggested that BMSC transplantation may
attenuate lung injury following focal cerebral ischemia and that
this effect is associated with the downregulation of TGF-f,
PDGF and the PI3K-AKT pathway.
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Introduction

Ischemic stroke is recognized as one of the catastrophic threats to
the human health, and is associated with an increasing morbidity
worldwide. An estimated 700,000 cases of ischemic stroke occur
in the United States each year, costing >$70 billion to society (1).
Cerebral ischemia can cause severe damage, such as neuronal
apoptosis or death, glial cell activation and proliferation, inflam-
matory reaction and stress response (2,3). Cerebral ischemia can
also cause many remote organ dysfunctions (4-12); a previous
study indicated that brain ischemia can cause lung injury (13).

Mesenchymal stem cells (MSCs) are a type of stem cell
derived from the mesoderm, and primarily exist in the connec-
tive tissue of the body and organ interstitial space, particularly
the bone marrow. Bone marrow-derived mesenchymal stem
cells (BMSCs), are one of the main types of stem cells and
have the ability of self-proliferation (14), self-renewal and
the potential to differentiate into other cells in peripheral
tissue (15). Recently, studies using BMSCs have achieved
positive results in the treatment of degenerative and defective
diseases, cardiovascular disease, liver transplantation, pulmo-
nary fibrosis and other diseases (14-17). Previous studies have
reported that transplanted BMSCs can home to damaged lung
tissues and differentiate into lung epithelial cells, as well as
vascular endothelial cells, and can then regulate the inflamma-
tory response in acute lung injury (ALI); thus, they are involved
in repairing injured lungs (18,19). Furthermore, studies have
demonstrated that BMSC transplantation has therapeutic
effects of ALI/acute respiratory distress syndrome (ARDS)
by releasing soluble factors, reducing pulmonary capillary
endothelium permeability and alveolar edema, alleviating lung
inflammation, promoting cell proliferation and inhibiting cell
apoptosis (20,21). Although a large number of studies have
demonstrated that stem cell transplantation has some protective
effects on the lungs, the cell biology and molecular biological
mechanisms of action of BMSCs in vivo are not yet entirely
understood, and in particular, the mechanisms of BMSCs in
lung injury caused by cerebral ischemia.

Gene microarray (22), as a high throughput technology for
life sciences and microelectronics, has been widely investi-
gated and is widely used in various research areas of biology
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and medicine in bioinformatics research in recent years. It
provides important theoretical and practical values in sequence
analysis, gene expression, genome research and the intensity of
hybridization signals of gene expression profiles. It is able to
yield large-scale, high-throughput information, integrating a
range of biological information (23). Thus, in the present study,
in order to elucidate the potential molecular mechanisms
responsible for the protective role of BMSC transplantation
into the lungs, gene microarray analysis was used.

The present study was therefore undertaken to investigate
the protective effects of BMSC transplantation on rat lung
injury following permanent focal cerebral ischemia, and to
explore the related molecular mechanisms using Gene micro-
array and Gene Ontology (http:/www.geneontology.org/).

Materials and methods

Experimental animals and grouping. A total of 27 healthy
adult female SD rats, 2 months old, weighing 220+10 g were
provided by the Experimental Animal Center of Kunming
Medical University, Kunming, China. Animal care and all
experimental protocols were approved by the Animal Care
Committee of Sichuan University, West China Hospital,
Chengdu, China and according to the guidelines of the
Unites States National Institutes of Health. All animals were
raised in plastic cages (n=2/cage) with soft bedding and free
access to food and water in a temperature (21-25°C) and
humidity (45-50%)-controlled room. The rats were randomly
divided into the sham-operated group (Sham), the brain isch-
emia (BI) group and the BMSC transplantation [BMSCs (t)]
group (n=8 rats in each group). The animals in the BI group
were subjected to permanent focal brain ischemia and treated
with culture medium. The animals in the BMSCs (t) group
were subjected to BI and injected with the BMSC suspension
at 9 days following injury. The animals in the sham-operated
group were not subjected to either BI or to transplant injections.

Animal model of permanent focal cerebral ischemia. A model
of permanent focal cerebral ischemia was established by
occlusion of the middle cerebral artery (MCAO) as previously
described (24). Briefly, the SD rats were anesthetized deeply by
an intraperitoneal injection of 2% pentobarbital sodium (30 mg/
kg) and immobilized in the supine position for skin preparation.
After the left external carotid artery section was exposed, a small
hole was created in the free section and a thread (purchased from
Beijing Cinontech Co., Ltd., Beijing, China) was inserted from
the bifurcation of the common carotid artery into the internal
carotid artery, and then into the beginning of the middle cerebral
artery. Thread insertion was approximately 18.5+0.5 mm deep.
The sham-operated group insertion was approximately 1 cm.

BMSC culture and purification. BMSCs were harvested from
the femurs and tibias of 3 SD rats. Briefly, after the rats were
euthanized with a mixture of 70% CO, and 30% O,, the femurs
and tibias were dissected in a sterile environment and rinsed with
D-Hanks solution. The epiphyses of the femurs and tibias were
removed, and the marrow was then extruded using a syringe filled
with DMEM/FI12 containing 10% fetal bovine serum (FBS;
Gibco, Gaithersburg, MD, USA), and repeatedly beated into
a single cell suspension with 5 ml DMEM/F12 containing

10% FBS and penicillin/streptomycin. Following centrifuga-
tion (800 x g for 5 min) and re-suspension, 5 ml of cell suspension
was collected, and the cells were plated in 25 cm? culture flasks at
a density of 3x10° cells/ml in an incubator (37°C, 95% humidity,
5% CO,). After 24 h, the supernatant containing non-adherent
cells was removed and fresh medium was added. The medium
was changed every 3-5 days, after the cells had grown to near
confluence and the density was approximately (4-5)x10° cells/
cm?; the cells were passaged 3 times and the suspended cells
were discarded. Subsequently, the pure adherent cells (BMSCs)
were cultivated for further analysis. The growth status of the
cultured BMSCs was observed under an inverted phase contrast
microscope (Leica Microsystems GmbH, Wetzlar, Germany).

Immunohistochemistry. In previous studies, it was found that
the growth status of BMSCs in passage 3 was better than that
in passage 1 or 2 (25,26). Therefore, BMSCs at passage 3 were
used in this study. To identify the cultured BMSCs, the purified
BMSCs, derived from passage 3 before transplantation, were
fixed with 4% paraformaldehyde for 10 min, and phosphate
buffered-saline (PBS) (0.01 mol/l) was used to wash the cells
3 times (5 min/time). The specific methods for identification
are listed below, according to immunohistochemical two-
step staining: washing with 0.01 mol/l PBS 3 times (5 min/
time), incubating with 0.3% Triton X-100 for 30 min at 37°C,
incubation with 5% goat serum for 30 min at 37°C to block
non-specific binding sites; incubation with primary anti-
body to CD44 (1:100; ZA-0537; Beijing Zhongshan Golden
Bridge Biotechnology Co., Ltd., Beijing, China) at 4°C for
24 h (the negative control was only incubated with 2% sheep
serum); washing with 0.01 mol/l PBS 3 times (5 min/time);
and incubation with Alexa Fluor-labeled 594 goat anti-rabbit
IgG (secondary antibody, 1:100; ZF-0516; Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd.) for 60 min at 37°C.
The cells were then observed and iamged using a fluorescent
microscope (Leica Microsystems GmbH).

Cell transplantation. Cyclosporine A (10 mg/kg body weight)
was intraperitoneally injected 3 days prior to cell transplantation;
Hoechst 33342 (Beyotime Institute of Biotechnology, Jiangsu,
China) was used to stain the prepared cells prior to transplanta-
tion in order to be able to trace the cells after transplantation.
Approximately 6 ul BMSCs (1x10%/ml) at passage 3 were
slowly transplanted to the tail vein at the 9th day post-surgery.
Cyclosporine A (10 mg/kg body weight) and penicillin (20 U/
one) were injected at 24 h post-cell transplantation until day 3.
Cyclosporine A was used before and after transplantation.

Behavioral evaluation. In order confirm that the animal model
was successfully created and to detect behavioral changes
post-surgery, neurological deficit evaluation was performed
before and 4 h post-surgery, in accordance with the scoring
method described in the study by Menzies et al (27): 0 points,
no neurological damage, double forelimb symmetric stretching
to the ground; 1 point, contralateral forelimb sustained adduc-
tion; 2 points, contralateral forelimb grip strength decreased;
3 points, a slight stimulation of rat tails to the contralateral
circling; 4 points, independent continuous circular motion.
The animals in the model group with a score =1 were selected
for analysis in further experiments and were randomly
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equivalently divided into the BMSCs (t) group and the culture
medium injection (BI) group.

In order to better assess the effects of BMSC transplanta-
tion on neurological function, a more detailed scoring criteria
that was double-blind was evaluated at 4:00 p.m. at 0, 3, 7 and
14 days post-transplantation. The improved neurological eval-
uation score ranged between 0-18 points as follows: O points,
no neurological damage; 1-6 points, mild injury; 7-12 points,
moderate injury; 13-18 points, severe damage.

Tissue harvest. At 14 days post-transplantation, the experimental
and sham animals were sacrificed by cutting the abdominal
aorta following an intraperitoneal injection of 2% pentobar-
bital sodium. The lung tissues were removed immediately
after cutting the abdominal aorta for further histological and
molecular analyses. The specific steps were as follows:

Hematoxylin and eosin (H&E) staining. At 14 days post-trans-
plantation, all the rats were sacrificed as described above, and
the harvested lung tissues were fixed with 4% paraformaldehyde
in 0.1 M ice-cold phosphate buffer, pH 7.4, for at least 72 h at
4°C. The fixed lung tissues were then embedded in paraffin and
sectioned at a thickness of 5 ym, transferred to glass slides, and
stained with H&E (C0105; Beyotime Institute of Biotechnology).
Subsequently, the lung morphological changes in each group
were observed under a light microscope (RX50 series biological
microscope; Sunny Optical Technology (Group), Co., Ltd.).

Lung injury pathological score. In order to evaluate the lung
injury following BI, the pathological score was assessed by
3 researchers blinded to the experiment. The extent of the
pathological injury was determined using the following 4 cate-
gories: alveolar septa, alveolar hemorrhage and intra-alveolar
fibrin, intra-alveolar infiltrations per field. The final average
total lung injury scores of the 4 categories were the mean
values from the 3 researchers, as previously described (28).

Total RNA extraction and microarray analysis. Microarray
analysis was performed by Shanghai Kangcheng
Biological Co (Shanghai, China). for a ‘whole genome expres-
sion profiling gene chip of rat’ test. Briefly, total RNA was
extracted using TRIzol agent and DNA concentration and
purity were measured using a UV spectrophotometer and
qualified by agarose gel electrophoresis. The One-cycle cDNA
synthesis kit (obtained from Affymetrix, Santa Clara, CA, USA,
P/N 900431; following the operating instructions) was used to
perform reverse transcription to obtain cDNA, which was then
purified. After using the Gene Chip IVT labeling kit to synthe-
size biotin-labeled cDNA in vitro, the cDNA were hybridized
with Gene Chip following fragmentation. This was followed
by washing and staining, and finally the fluorescence signal
intensity of gene expression with a scanner was obtained, and
then corrected using the reference gene. Signal processes were
detected using the Gene Ontology database (http://www.geneon-
tology.ogy.org/); the analysis includes biological process (BP)
that are composed by orderly composition of molecular function
and a process of multiple steps; cell components (CC), namely
the position of the cell in which the gene product is located in
the cell or gene products group (e.g., the rough endoplasmic
reticulum, nucleus or ribosomes and proteasomes); and molec-
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ular function (MF) that describes the activity in molecular
biology. Each section has 4 small parts: 1, the analysis of gene
number (count), namely the number of differentially expressed
genes measured in this function group; 2, P-value trees, namely
thecascade relationship of biological pathway; 3, enrichment
factor (fold enrichment), that is, the proportion of the changes in
genes than proportions in the GO database in this function group
(such as, the more proportion, the more reliability, which was
regarded as the more significant changes in molecular function);
4, enrichment points, with enrichment factor empathy. Pathway
analysis was performed using the KEGG database (http://
www.genome.jp/kegg/pathway.html) or DAVID Bioinformatics
Resources (https:/david.ncifcrf.gov/).

Data analysis. The Agilent Feature Extraction software
(version 10.7.3.1) was used to analyze the acquired array
images as previously described (29).

Staistical analysis. In this study, SPSS software (version 17.0;
SPSS Inc., Chicago, IL, USA) was used to process the data, and
the experimental results are expressed as the means + standard
deviation (SD); one-way analysis of variance (ANOVA) was
used to compare the differences between the sham-operated
group and the experimental groups; a value of P<0.05 was
considered to indicate statistically significant differences. For
statistical analysis and gene scanning, we used Microarray
Suite version 5.0 software to analyze the strength and the ratio
of hybridization signals, and the chip data with the normal-
ization process; SMA software was used for the statistical
analysis of the results, according to the conventional standard
g-value (%) 5% screening of the differentially expressed genes.

Results

BMSC cell culture, purification and identification. The
BMSCs appeared to be in good condition, and some adherent
round cells could be observed at 24 h of culture (Fig. 1A);
at 48-72 h of culture, the cultured cells slowly grew into
spindle- and polygonal-shaped cells with an orbicular-ovate
nucleus (Fig. 1B). The amount of BMSCs increased at 5 days of
culture, and the cells gradually developed into a spindle shape
and were distributed radially (Fig. 1C). To identify the cultured
cells, immunofluorescence staining of CD44 at passage 3 was
performed and the results revealed that the 99.3% of the cells
were CD44-positive (Fig. 1E). These results confirmed that the
cultured cells were BMSCs at passage 3 (Fig. 1D).

Role of BMSC transplantation. The lung tissues harvested at
14 days post-transplantation emitted a large blue Hoechst 33342
florescence, demonstrating the survival and migration of
the transplanted BMSCs in lung tissues (Fig. 2A). However,
we did not find NeuN- and GFAP-positive cells in the lung
tissues (data not shown). Neurological evaluation based on a
0-18 point scording system revealed that all the animals before
surgery had a score of 0.0000+0.00000 points, and there were
no statistically significant differences among the rats (P>0.05).
Following surgery, at 3, 7 and 14 days post-transplantation,
as compared with the sham-operated group, the scores in the
BI group were significantly higher (P<0.05), while BMSC
transplantation significantly attenuated the neurological injury,
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Figure 1. Appearance of the cultured bone marrow-derived mesenchymal stem cells (BMSCs). (A) BMSCs at 24 h post-culture; some adherent round cells
could be seen. (B) BMSCs at 72 h post-culture; there were some round and oval cells. (C) The number of BMSCs increased at 5 days post-culture and the cells
in a spindle primarily forms grew into fiber or polygonal shapes. (D) Immunofluorescence staining for CD44, approximately 99.3% cells were CD44-positive
cells (red immunofluorescence). Scar bar, 25 ym. (E) Bar chart of the percentages of CD44-positive cells.
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Figure 2. Bone marrow-derived mesenchymal stem cell (BMSC) transplantation improves behavioral and lung function. (A) BMSCs with Hoechst blue staining
were widely diffused in the injured lung tissues at 14 days post-transplantation. Scar bar, 25 ym. (B) Neurological evaluation scores among the sham-oper-
ated (Sham), brain ischemia (BI) and BMSC groups at day 0-14 (d, days) post-transplantation. There was a statistically significant difference among the groups
as determined by one-way ANOVA ("P<0.05 vs. Sham; ¥P<0.05 vs. BI group). Data are presented as the means = SD (n=8). (C) Representative photomicrographs
of H&E-stained lung sections in the Sham, BI and BMSCs transplantation [BMSCs (t)] groups at 14 days post-transplantation. Scar bar, 50 gm. (D) Lung injury
scores among the Sham, Bl and BMSCs (t) groups at 14 days post-transplantation. There was a statistically significant difference among the groups as determined
by one-way ANOVA ("P<0.05 vs. Sham; ¥P<0.05 vs. BI group). Data are presented as the means + SD (n=5).

and the neurological assessment scores in this group were In order to observe the effect of BMSC transplantation on
significantly lower than those in the BI group (P<0.05; Fig. 2B).  lung tissues following permanent focal cerebral ischemia, we
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Figure 3. Expression of differentially expressed genes. (A) Heatmap of the upregulated differentially expressed genes in the bone marrow-derived mesenchymal
stem cell (BMSC) transplantation [(BMSC) (t)] group vs. the brain ischemia (BI) group. (B) Heatmap of the downregulated differentially expressed genes in the

BMSC (t) group vs. the BI group.

used the lung injury pathological scores to evaluate lung injury.
H&E staining of the lung tissues revealed evident inflam-
matory cell infiltration and alveolar edema in the BI group,
compared with the sham-operated group, whereas the BMSC
group exhibited less inflammatory cell infiltration (Fig. 2C).
In addition, the lung injury scores indicated that the scores
of the BI group were higher than those of the sham-operated
group (P<0.05), while the scores in BMSCs (t) group were
lower than that in the BI group (P<0.05) (Fig. 2D).

Differentially expressed genes between the BMSC trans-
plantation and BI groups. In order to elucidate the molecular
mechanisms responsiblef or the benefical effects of BMSC
transplantation on cerebral ischemia-induced lung injury,
we used Agilent Feature Extraction software to compare
and analyze the differentially expressed genes between the
BI group and BMSC transplantation group. Genes in signal
intensity (normalized intensity) ratio >2 or 0.5 were defined
as differentially expressed genes. We found that, compared
with the lung tissues from the rats in the BI group, there were
1,836 upregulated genes (Fig. 3A) and 2,869 downregulated
genes (Fig. 3B) in the lung tissues from the BMSC transplanta-
tion group.

Biological process analysis of the upregulated genes. In the
1,836 upregulated genes in the in the lung tissues from the
BMSC transplantation group, we could see the cascade rela-
tionship of the biological pathways according to the P-value
tree (Fig. 4A). According to the number of different genes
measured, we selected the top 10 biological pathways for
classification (Fig. 4B): 351 genes were involved in biological
regulation, 329 genes were involved in the biological regulatory
pathway, 314 genes were involved in the cell regulation pathway,
304 genes were involved in the stress pathway, 256 genes
were involved in multi-cellular organisms pathways, 234 were
involved in the cellular stress pathway, 215 were involved in
cell communication pathways, 209 were involved in signaling

pathways, 200 were involved in development pathways and
181 were involved in the developmental pathways of anatomical
structure. According to the enrichment factor, we selected the
top 10 biological pathways (Fig. 4C): lymphocyte chemotaxis,
nephron tubule morphogenesis, positive regulation of kidney
development, negative regulation of lipid catabolic process,
negative regulation of appetite, dendritic cell differentiation,
migration and cilium movement of lymphocytes, adenohypoph-
ysis development and renal tubule morphogenesis. According
to the enrichment points, we selected the top 10 biological
pathways (Fig. 4D): immune system process, lymphocyte
chemotaxis, cell differentiation pathway, the external stress, cell
death regulation pathways, cellular development process, cell
death, cell chemotaxis, regulation of death and multicellular
organisms pathways.

Biological process analysis of the downregulated genes. In
the 2,869 downregulated genes in the lung tissues from the
BMSC transplantation group, we could see the cascade rela-
tionship of the biological process according to the P-value
tree (Fig. 5A). According to the number of different genes
measured, we selected the top 10 biological process for classi-
fication (Fig. 5B): 1,583 gene processes, 1,002 were involved in
cell metabolic processes, 830 participated in macromolecule
metabolic processes, 733 were involved in cellular macromol-
ecule metabolic processes, 670 were involved in developmental
processes, 619 were involved in anatomical structure develop-
ment, 607 were involved in the localization of biological
processes and 595 participated in multicellular organism
development. According to the enrichment factor, we selected
the top 10 biological process (Fig. 5C): purine nucleotide meta-
bolic process, regulation of DNA biosynthesis process, NADH
metabolic process, heparin sulfate proteoglycan biosynthesis
process, protein heterotrimerization, branching involved in
salivary gland morphogenesis, retinal vasculature develop-
ment camera-type eye, renal system vasculature development,
kidney vasculature development and glomerulus vasculature


https://www.spandidos-publications.com/10.3892/ijmm.2016.2819
https://www.spandidos-publications.com/10.3892/ijmm.2016.2819

62 HU et al: MICROARRAY GENE EXPRESSION PROFILES FOLLOWING BMSC TRANSPLANTATION

A BP Pvalue tree

1
ATy
0_Z|11/1f12: 13 (14 _15::16/
[ 19/ 20'/ \21 22 [ 23 | 24]

[ IT'.\zs):%_/ J | L‘r \26,

-

GO biological process classification

¥ biological regulation (351)

¥ regulation of biological process (329)
“ regulation of cellularprocess (314)

¥ response to stimulus (304)

# multicellular organismal process (256)
u cellular response to stimulus (234)

i cell communication(215)

S w signaling (209)
?‘f3 “\ 44  developmental process (200)
:\ 3(:  anatomical structure development (181)
C Sig GO terms DE gene-BP

Lymphocyte chemotaxis
Nephron tubule morphogenesis
Positive regulation of kidney development

Negative regulation oflipid catabolic process

Negativeregulation of appetite
Lymphocyte migration
Adenohypophysis development

Cilium movement
Renal tubule morphogenesis

R ——————

C———

[ ———

————
Dendritic cell differentiation | G_—_—_———

[ C——

- @

T —

heeme——]

|

2 4 6 8 10 12

Fold enrichment value (Count/Pop.Hits)/(List. Total/Pop.Total)
D Sig GO terms DE gene-BP
Immunesystem process |
Lymphocyte chemotaxis |

Cell differentiation |

Response to external stimulus
Regulation of cell death
Cellular developmental process
Cell death

Cell chemotaxis

Death

Regulation of multicellular organismal process

(=]

I

2 3 4 5 6 7

Enrichment score value [-logl0 (P-value)]

Figure 4. Analysis of the biological process for the upregulated genes in the bone marrow-derived mesenchymal stem cell (BMSC) transplantation [(BMSC) (t)]
group vs. the brain ischemia (BI) group. (A) The biological process P-value tree. (B) Biological pathways classification according to the number of measured dif-
ferentially expressed genes. (C) The map of the top 10 biological process according to enrichment factor. (D) The map of the top 10 biological process according

to enrichment points. DE, differentially expressed.

development. According to the enrichment points, we selected
the top 10 biological process (Fig. 5D): cardiovascular system
development, circulatory system development, the blood
vascular development, vasculature development, cell adhesion,
biological adhesion, cell migration, localization, regulation of
cell migration and development process.

Cell components analysis of the upregulated genes. In the
1,836 upregulated genes in the lung tissue from the BMSC
transplantation group, we could see the cascade relationship
of the cell components according to the P-value tree (Fig. 6A),
and according to the number of different genes measured,
the top 10 cell components were selected for classifica-
tion (Fig. 6B): 533 genes were involved in cell part, 533 were
involved in cell, 168 were involved in cell periphery, 163 were
involved in plasma membrane, 82 were involved in cytoskel-
eton, 76 were involved in plasma membrane, 66 were involved

in cell projection, 62 were involved in the cytoskeleton,
46 were involved in extracellular voids and 43 were involved
in neuronal projection. According to the enrichment factor,
we selected the top 10 cell components (Fig. 6C): axon initial
segment, the immunological synapse, keratin fibers, platelet o
granule potassium channel complex, dynein complex,
aggresome, cilium axoneme, cytoplasmic stress granule,
phagocytic vesicle, voltage-gated potassium channel complex.
According to the enrichment points, we selected the top 10 cell
components (Fig. 6D): keratin fibers, cell periphery, plasma
membrane, the intermediate filaments, cell part, cell, synapse,
extracellular space and synapse part.

Cell components analysis of the downregulated genes. In
the 2,869 downregulated genes in the lung tissues from
the BMSC transplantation group, we can see the cascade
relationship of the cell components according to the P-value



SPANDIDOS

;¥ PUBLICATIONS INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 39: 57-70, 2017 63
A BP Pvalue tree B GO biological process classification
1]
¥ cellular process (1583)
¥ metabolic process (1115)
¥ primary metabolic process (1032)
' # cellularmetabolicp (1002)
¥ macromolecule metabolic p (830)
u cellul lecule metabolic p (733)
u developmental process (670)
L ical struc d I‘. .(619)
4 localization (607)
& multicellular organismal develog t(595)
C (31 Sig GO terms DE gene-BP
Purine nucleobase metabolic process |
Regulation of DNA biosynthetic process [
Protein heterotrimerization | —————
Heparansulfate proteoglycan biosynthetic process  [—
NADH metabolic process |
Branching involved in salivary gland morphogenesis |
Retina vasculature developmentin camera-typeeye |
Glomerulus vasculature development  |—
Kidney vasculature development [
Renal system vasculature development |
T T T T 1
38 = 4 4.1 4.2 4.3 4.4
Fold enrichment value (Count/Pop.Hits)/(List. Total/Pop.Total)
D Sig GO terms DE gene-BP
Circulatory systemdevelopment |
Cardiovascular systemdevelopment |
Blood vessel developIXn! mee—————
Vasculature developiien!  ————————————
Cell adhesion |
Biological adhesion |——
Cell migration |
LocaliZation  pmme—————————
Regulation of cell migration |
Developmental process |
0 5 10 15 20 25

Enrichment score value [-log]0(P-value)]

Figure 5. Analysis of the biological process for the downregulated genes in the bone marrow-derived mesenchymal stem cell (BMSC) transplantation [(BMSC) (t)]
group vs. the brain ischemia (BI) group. (A) The biological process P-value tree. (B) Biological process classification according to the number of measured dif-
ferentially expressed genes. (C) The map of the top 10 biological process according to enrichment factor. (D) The map of the top 10 biological process according

to enrichment points. DE, differentially expressed.

tree (Fig. 7A). And according to the number of different genes
measured selected the top 10 cell components for classification
(Fig. 7B): 1,727 genes participated cell, 1,725 were involved
in cell part, 1,591 participated intracellular, 1,530 were
involved in intracellular part, 1,326 were participated in the
organelle, 1,322 were involved in the intracellular organelle,
1,227 participated in the cytoplasm, 1,209 were involved in
membrane-bounded organelle, 1,205 participated in the intra-
cellular membrane-bounded organelle and 970 participated
in the membrane. According to the enrichment factor we
selected the top 10 cell components (Fig. 7C): microchorillus
membrane, Schmidt-Lanterman incisures, compact myelin,
lamellipodium membrane, rough endoplasmic reticulum
membrane, costamere, endoplasmic reticulum lumen, RNA
cleavage factor complex, cis-Golgi network, and desmosomes.
According to the enrichment points we selected the top 10
cell components (Fig. 7D): intracellular part, intracellular,

cytoplasm, cell, cell part, membrane-bounded organelles,
intracellular membrane-bounded organelles cytoplasmic part,
organelle and intracellular organelles.

Molecular function analysis of the upregulated genes. In the
1,836 upregulated genes in the lung tissue from the BMSC
transplantation group, we could see the cascade relation-
ship of the molecular functions according to the P-value
tree (Fig. 8A). According to the number of different genes
measured, we selected the top 10 molecular functions for clas-
sification (Fig. 8B): 409 genes were associated with binding,
224 were associated with protein binding, 77 were associ-
ated with purine ribonucleotide binding, 77 were associated
with ribonucleotide binding, 64 were associated with adenyl
ribonucleotide binding, 63 were associated with ATP binding,
56 were associated with transporter activity, 52 were associated
with transmembrane transporter activity, 50 were associated
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Figure 6. Analysis of the cell components for the upregulated genes in the bone marrow-derived mesenchymal stem cell (BMSC) transplantation [(BMSC) (t)]
group vs. the brain ischemia (BI) group. (A) The cell components P-value tree. (B) Cell components classification according to the number of measured dif-
ferentially expressed genes. (C) The map of the top 10 cell components according to enrichment factor. (D) The map of the top 10 cell components according to

enrichment points. DE, differentially expressed.

with transfer activity. According to the enrichment factor,
we selected the top 10 molecular functions (Fig. 8C): DNA
N-glycosylase activity, inorganic anion exchanger activity, MAP
tyrosine/serine/threonine kinase activity, RNA polymerase II
distal enhancer sequence-specific DNA binding, MAP kinase
activity, syntaxin-1 binding, neurotransmitter transporter
activity, translation elongation factor activity, neurotransmitter
transporter activity and enhancer sequence-specific DNA
binding. According to the enrichment points, we selected the
top 10 molecular functions (Fig. 8D): metal ion transmembrane
transporter activity, inorganic cation transmembrane trans-
porter activity, cation transmembrane transporter activity, ion
transmembrane transport activity, protein kinase activity, cation
channel activity, DNA sequence-specific bind, protein binding,
G protein-coupled receptors binding and chemokine activity.

Molecular function analysis of the downregulated genes. In the
2,869 downregulated genes in the lung tissue from the BMSC
transplantation group, we could see the cascade relationship of
the molecular functions according to the P-value tree (Fig. 9A).
According to the number of different genes measured, we selected
the top 10 molecular functions for classification (Fig. 9B):
1,392 genes were associated with binding, 795 were associated
with protein binding, 771 were associated with catalytic activity,
425 were associated with ion binding, 422 were associated with
cation binding, 414 were associated with metal ion binding,
382 were associated with small molecule binding, 355 were
associated with nucleoside phosphate binding and 355 were
associated with organic cyclic compound binding. According to
the enrichment factor, we selected the top 10 molecular func-
tions (Fig. 9C): transforming growth factor (TGF)-f binding,
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Figure 7. Analysis of the cell components for the downregulated genes in the bone marrow-derived mesenchymal stem cell (BMSC) transplantation [(BMSC) (t)]
group vs. the brain ischemia (BI) group. (A) The cell components P-value tree. (B) Cell components classification according to the number of measured dif-
ferentially expressed genes. (C) The map of the top 10 cell components according to enrichment factor. (D) The map of the top 10 cell components according to

enrichment points. DE, differentially expressed.

platelet-derived growth factor binding, vinculin binding, activin
binding, transmembrane receptor protein serine/threonine kinase
activity, TGF-[-activated receptor activity, fibronectin binding,
extracellular matrix binding, laminin binding and low-density
lipoprotein particle binding. According to the enrichment points,
we selected the top 10 molecular functions (Fig. 9D): binding,
protein binding, catalytic activity, ribonucleotide binding, purine
nucleotide binding, small molecule binding, purine ribonucleo-
side triphosphate binding, nucleoside phosphate binding and
nucleoside binding.

Related signaling pathway analysis of differentially expressed
genes. To further study the function of the differentially
expressed genes in the lung tissues between the BI group and
the BMSC (t) group, we used the KEGG database for pathway

analysis. The experimental results revealed that in this experi-
ment, the striking upregulated different genes in the BMSC (t)
group were mainly distributed in 40 signaling pathways when
compared with the BI group (data not shown), while the striking
downregulated different genes in the BMSC (t) group were
mainly distributed in 59 signaling pathways (data not shown).
The upregulated differentially expressed genes were sorted in
descending order according to the enrichment score. The top 10
signaling pathways (Fig. 10A) were as follows: the hematopoi-
etic cell lineage, rheumatoid arthritis, circadian entrainment,
cytokine-cytokine receptor interaction, MAPK signaling
pathway, osteoclast differentiation, leishmaniasis, dopami-
nergic synapses, nuclear factor-kB (NF-kB) signaling pathway
and Staphylococcus infection. In addition, the top 10 signaling
pathways for the downregulated different genes (Fig. 10B)
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according to enrichment points. DE, differentially expressed.

were as follows according to the enrichment score: protein
processing in the endoplasmic reticulum, focal adhesion, lyso-
some, the phosphoinositide 3-kinase (PI3K)-AKT signaling
pathway, ECM-receptor interaction, proteoglycans in cancer,
citrate cycle (TCA cycle), leukocyte transendothelial migra-
tion, hypoxia-inducible factor 1 (HIF-1) signaling pathway and
bacterial invasion of epithelial cells.

Discussion

The main finding of this study is that BMSC transplantation
via the rat tail vein to the lung tissues attenuates lung injury
induced by permanent focal cerebral ischemia, associated
with many differentially expressed genes. We established a
model of permanent focal cerebral ischemia-induced lung
injury model by MCAO, as indicated by the neurological
evaluation and lung injury scores. BMSC transplantation

improved neurological function and alleviated lung injury. In
addition, microarray analyses revealed a total of 1,836 upreg-
ulated genes were and 2,869 downregulated genes. Biological
process, cell component, molecular function and the signaling
pathway of the differentially expressed genes were also
analyzed and annotated. Notably, downregulated TGF-f3,
PDGF and the PI3K-AKT pathway were involved in the
protective effects of BMSC transplantation.

Successful establishment of the model of permanent focal
cerebral ischemia-induced lung injury. In this study, we estab-
lished a model of permanent focal cerebral ischemia-induced
lung injury model by MCAO. Neurological evaluation and
histological analysis of the lung tissues were used to confirm the
successful establishment of the model. As previously reported,
in addition to local damage to the brain, permanent focal cere-
bral ischemia can lead to remote organ dysfunction (30-32),
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particularly in the lungs, resulting in ALI (33), characterized
by an excessive elevation of pro-inflammatory cytokines and
activated neutrophils (34-36). In the present study, BI caused
impaired neurological function, with higher behavioral scores.
Histological analysis by H&E staining indicated that BI also
contributed to lung injury, including the inflammatory reac-
tion and alveolar edema; in addition, the lung injury scores
were increased in the BI group. These findings confirmed that
the model of permanent focal cerebral ischemia-induced lung
injury was successfully established.

Protective effects of BMSC transplantation on brain and
lungs. In our experiment, it was found that 99.3% of the
cultured cells in passage 3 were CD44-positive by using CD44
immunohitochemical staining, indicating the high purity of our
cultured BMSCs. The cells reached the lung tissues through
the blood circulation at 14 days post-transplantation. Some

scholars (37-39) have used tail vein infusion of different doses
of BMSCs to study the effects on pulmonary fibrosis in mice.
It was shown that the injection of 1x10%ml BMSCs via the tail
vein reduced lung fibrosis, but 2x10%/ml BMSCs aggravated
this injury (37). In this study, the transplant dose of 1x10%/ml
was used, which is an appropriate dose. As a result, BMSC
transplantation decreased the behavioral and lung injury
scores, and improved neurological and lung function, indi-
cating the protective role of BMSC transplantation (1x10%ml).
This improvement may have a certain association with BMSCs
migrating to the lung tissues and their differentiation.

Gene microarray analysis. Furthermore, we used Go analysis
and pathway analysis to analyze the microarray results of the
lung tissues. Gene chip technology and data analysis has been
successfully applied in many fields, such as clinical diag-
nosis, medication guide, drug screening (40), as well as basic
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Figure 10. The signaling pathways of the differentially expressed genes. (A) The top 10 signaling pathways of the upregulated genes. (B) The top 10 signaling

pathways of the downregulated genes. DE, differentially expressed.

medicine (41,42) (expression profiling studies, gene mutation
studies and gene component type and sequencing). Gene chip
technology is able to analyze a high content of information, in
a high-throughput manner, and is rapid and accurate (42). In
addition, microarray and bioinformatics are complementary to
Gene chip technology that were developed to be able to rapidly
obtain large amounts of genetic information; they can provide
the necessary database for bioinformatics research, while data
analysis of gene chips also greatly depends on bioinformatics.
Thus, the combination of both provides a fast channel to study
molecular biology (43,44).

Through gene microarray analysis, we found that, compared
with the BI group, 1,836 genes were upregulated and 2,869 were
downregulated in the lung tissues from the BMSCs () group.
This indicated that the effect of BMSC transplantation therapy
in the lung tissue following cerebral ischemia was a multi-
gene regulated complex process. In addition, the functions of
the identified differentially expressed genes were involved in
various biological processes, cellular component and molecular
function and various related signal pathways.

Biological process analysis indicated that 1,836 upregulated
genes in the BMSCs group were mainly involved in the processes
of biological regulation, stress, development, immunological
processes, lymphocyte chemotaxis, cell death regulation and
ciliary movement. The 2,869 downregulated genes were mainly
involved in metabolic processes, development process, DNA
biosynthesis adjustment process, the cardiovascular system,
cell adhesion, cell migration and positioning process. It has
been shown that under acute stress conditions, mesenchymal

stem cells and endothelial progenitor cells mobilize and provide
a significant response, while HPA axia response and its key
effect hormones-glucocorticoids exert an important regula-
tory effect (45-47). Additionally, researchers have found that
the gene expression of early BMSCs played a supporting role
in nerve repair in the development of the nervous system (48),
and the endogenous ligand of rat-derived BMSCs could be anti-
apoptotic (49). Therefore, these studies combined with ours,
indicated that the effects of BMSC transplantation for the treat-
ment of cerebral ischemia and lung injury caused by cerebral
ischemia were mediated by the interacting effects of multiple
genes involved in the regulation of multiple systems.

In addition, molecular function analysis revealed that in the
2,869 downregulated genes, TGF-f3 binding and PDGF binding
played a role in the repair of lung injury. It has been shown that
TGF-p regulates the transformation of human lung fibroblasts
into myofibroblasts through MAPK signal transduction path-
ways, producing extracellular matrix proteins and resulting in
lung interstitial fibrosis (50). Lu et al confirmed that Smad2
plays a role in pulmonary vascular endothelial permeability
induced by TGF-f1,; thus, increased TGF-p1 may promote lung
injury (51). Moreover, it has been shown that after experiencing
hyoxia, the expression levels of PDGF-BB and PDGFR-3 were
increased in the lung tissue, which suggested that PDGF partici-
pates in hyperoxia-induced lung injury (52). In addition, studies
have found that PDGF stimulates mesenchymal cell hyperplasia
and increases the deposition of extracellular matrix, which
promotes the formation of pulmonary fibrosis (53,54). In the
model of lung fibrosis induced by radiation, radiation induces
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the high expression of PDGEF, resulting in the phosphorylation
of PDGEF receptors, which activates downstream pathways;
this process is inhibited by PDGF receptor tyrosine kinase
inhibitor, attenuating the process of pulmonary fibrosis (55). In
this study, we found that BMSC transplantation significantly
reduced the TGF-p and PDGEF levels, which may alleviate
lung injury caused by BI. Furthermore, related signaling
pathway analysis indicated that in the BMSCs (t) group, the
PI3K-AKT signaling pathway was downregulated, while the
MAPK signaling pathway and NF-«xB signaling pathway were
upregulated. PI3K/AKT signaling pathway activation enhances
the transcriptional activity of Smad3, the downstream protein
of TGF-B1, promoting the expression of type I collagen in
fibroblasts, and thereby contributing to lung fibrosis (56). It has
been demonstrated that in ALI, activated PAR?2 in the alveolar
epithelium increases the expression of NF-«B through the
PI3K/PKB signaling pathway, causing the release of inflam-
matory factors, such as PGE2 and COX-2, leading to alveolar
epithelial injury; thus, the downregulation of the PI3K/PKB
signal pathway can reduce alveolar injury (57).

We also found the pathway which promotes lung tissue
survival: the hematopoietic cell lineage. Studies have indicated
that tetraspin CD37 can directly mediate the signal transduc-
tion of survival and apoptosis (58), promoting dendritic cell
migration (59), and contributing to cellular immunity and
also promoting the long-term survival of plasma cells (60).
Additionally, in this study, microarray analysis showed that
BMSC transplantation can downregulate protein processing
in the endoplasmic reticulum pathway, while ATF6 and
Bcl-2-associated athanohene (BAG2) were involved in this
pathway. A previous study (61) demonstrated that ATF6
transcription differed between an endoplasmic reticulum
stress (ERS) state and a no-ERS state. ATF6 upregulates the
transcription and expression of XBP1 in the no-ERS state,
while ATF6 reduces the transcription and expression of XBP1
in the ERS state. The BAG2 family can combine with the
anti-apoptotic protein, Bcl-2, thus it is also known as the Bcl-2-
related anti-apoptotic protein family. It is mainly involved in the
degration of intracellular proteins. Wang et al (62) reported that
in thyroid cancer, the expression of BAG-2 promotes apoptosis
in vitro and its apoptotic activity can be induced by proteasome
inhibitor. Thus, the BMSC transplantation can improve behav-
ioral and lung function following permanent focal cerebral
ischemia, associated with the participation of multiple genes
and signaling pathways.

In conclusion, the findings of the present study suggest that
BMSC transplantation may repair lung injury following perma-
nent focal cerebral ischemia. The present study may provide a
new therapeutic strategy for Bl-induced lung injury and may
act as a guide for fundamental research and clinical research
in the future.
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