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Granulocyte colony-stimulating factor (G-CSF) can promote the repair of a variety of damaged tissues, but the underlying
mechanisms have not yet been fully elucidated. Bone marrow mesenchymal stem cells (BM-MSCs) play an important role in the
repair of damaged tissue. The aim of this study was to explore whether pretreating BM-MSCs with G-CSF can promote their
ability of homing to the lung after in vitro transplantation via upregulating the CXCR4 expression, potentially markedly
increasing the antifibrotic effect of BM-MSCs. The BM-MSCs pretreated with G-CSF were transplanted into a mouse on day 14
after bleomycin injection. The antifibrotic effects of BM-MSCs in mice were tested on day 21 by using pathological examination
and collagen content assay. Pretreatment of BM-MSCs with G-CSF significantly promoted their ability of homing to the lung
and enhanced their antifibrotic effects. However, knocking down the CXCR4 expression in BM-MSCs significantly inhibited the
ability of G-CSF to promote the migration and homing of BM-MSCs to the lung and the resulting antifibrotic effects. We also
found that G-CSF significantly increased the CXCR4 expression and AKT phosphorylation in BM-MSCs, and the AKT pathway
inhibitor LY294002 significantly diminished the ability of G-CSF to upregulate the CXCR4 expression in BM-MSCs.
Pretreatment of BM-MSCs with G-CSF promotes the homing of BM-MSCs to the lung via upregulating the CXCR4 expression,
leading to a marked increase in the antifibrotic effects of BM-MSCs. This study provides new avenues for the application
of BM-MSCs in the repair of different tissues.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a disease characterized
by diffuse interstitial inflammation and fibrosis, which is
typified by fibroblast proliferation and massive extracellular
matrix deposition [1]. The median survival of 2–5 years
and the incidence have been increasing in recent years, but
there is a lack of specific and effective therapeutics [2]. There-
fore, it is important to search for novel treatments.

With the progress in regenerative medicine and tissue
engineering, cell-based therapies are currently under investi-
gation. Recent studies have suggested that bone marrow

(BM) cells may be a reservoir of stem cells useful for tissue
regeneration [3, 4]. BM-derived stem cells consist mainly of
haematopoietic stem cells (HSCs), bone marrow mesenchy-
mal stem cells (BM-MSCs), and endothelial progenitor cells
(EPCs). MSCs are currently the most popular cell type for
tissue-engineered stem cell applications. Studies have shown
that MSCs can promote tissue repair via paracrine signals or
by directly differentiating into substitute functional cells of
the damaged tissue [5]. The clinical application of MSCs
has made significant breakthroughs in the treatment of vari-
ous diseases, including respiratory diseases, cardiovascular
diseases, cirrhosis, and neurological diseases [6–9].
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G-CSF shows a protective effect on many diseases. G-CSF
can mobilize HSCs to migrate to damaged parts of the heart
and induce myocardial regeneration [10, 11]. It can also
mobilize BM-MSCs to infiltrate into the brain, replenish
the neural lineage cells, and contribute to neurogenesis in
the brains of mice with Alzheimer’s disease [12]. It was also
found that G-CSF can significantly reduce liver tissue dam-
age through promoting hepatocyte regeneration [13]. How-
ever, as far as the lung injury is concerned, Zhang et al.
found that systemic administration of G-CSF significantly
inhibited bleomycin-induced lung fibrosis in mice, but Ada-
chi et al. indicated that systemic administration of G-CSF sig-
nificantly aggravated bleomycin-induced pulmonary fibrosis
[14, 15]. Therefore, there is still great controversy over the
systemic treatment of lung injury with G-CSF.

Adopting appropriate pretreatment strategies can pro-
vide a simple and effective method to promote the repair abil-
ity of MSCs. Recent studies showed that short-term exposure
of MSCs to hypoxia could downregulate apoptosis-related
signalling pathways in MSCs and increase cell survival
[16, 17]. Hypoxia pretreatment prior to transplantation
can also enhance the repair ability of MSCs [18, 19]. In this
study, we used G-CSF to pretreat BM-MSCs and observed
the effect of G-CSF-pretreated BM-MSCs on bleomycin-
induced pulmonary fibrosis.

For the first time, this study confirmed that G-CSF pro-
motes the homing of BMSCs to damaged lung tissue by
upregulating the CXCR4 expression, thereby enhancing the
antifibrotic effects of BM-MSCs. Our research may provide
new ideas for the clinical application of G-CSF and MSCs.

2. Materials and Methods

2.1. Animal Model and Experimental Design. Female
C57BL/6 mice were obtained from Jingda Laboratory Animal
Company (Changsha, China). After being anaesthetized with
pentobarbital sodium, the mice received an intratracheal
injection of 50μL of bleomycin (BLM) (3.5mg/kg) (Nippon
Kayaku, Japan) on day 0. To study the antifibrotic effects of
BM-MSCs pretreated with rmG-CSF (PeproTech, USA),
C57BL/6 mice were randomly assigned to one of the follow-
ing groups: (1) control group, intratracheal saline plus tail
vein injection of phosphate-buffered solution (PBS); (2)
BLM group, intratracheal BLM plus tail vein injection of
PBS; (3) BLM+rmG-CSF- (30 ng/mL) pretreated BM-MSC
(1× 105 in 100μL) group, intratracheal BLM plus rmG-

CSF-pretreated BM-MSC infusion into the tail vein; (4)
BLM+ rmG-CSF- (30 ng/mL) pretreated BM-MSC (3× 105
in 100μL) group; (5) BLM+ rmG-CSF- (30 ng/mL) pre-
treated BM-MSC (1× 106 in 100μL) group; (6) BLM+BM-
MSC (1× 105 in 100μL) group, intratracheal BLM plus
BM-MSC infusion into the tail vein; (7) BLM+BM-MSC
(3× 105 in 100μL) group; and (8) BLM+BM-MSC (1× 106
in 100μL) group. rmG-CSF-pretreated BM-MSCs and
nontreated BM-MSCs were infused into the tail vein on
day 14 after BLM injection, and lung tissues were harvested
on day 21.

2.2. Histopathology. Lung tissues were fixed with 4% parafor-
maldehyde solution and then embedded in paraffin for the
preparation of tissue sections for pathological examination.
The sections were examined after being stained with haema-
toxylin and eosin (H&E) or Masson’s trichrome.

2.3. Hydroxyproline Assay. The collagen content was exam-
ined using hydroxyproline (HYP) kits (Njjcbio, China)
according to the manufacturer’s instructions.

2.4. Real-Time PCR. Total RNA was extracted from lung tis-
sues and BM-MSCs using RNAiso Plus (TaKaRa, Japan), and
cDNA synthesis was performed using a First-Strand cDNA
Synthesis Kit. SYBR Green signals were detected using a
Bio-Rad CFX96 real-time PCR detection system. The real-
time PCR primer sequences are shown in Table 1.

2.5. Western Blot. Tissue homogenates were centrifuged at
12,000 rpm for 30 minutes at 4°C. Thirty micrograms of pro-
tein was separated by 10% SDS-PAGE and electroblotted
onto polyvinylidene difluoride (PVDF) membranes, which
were blocked with 5% TBST-milk at room temperature for
1 hour, incubated at 4°C overnight with primary antibody
(α-SMA, rabbit polyclonal antibody, Abcam, UK; pro-SPC,
rabbit polyclonal antibody, Abcam, UK; AKT, rabbit poly-
clonal antibody, CST, USA; p-AKT, rabbit polyclonal anti-
body, CST, USA; and β-actin, mouse monoclonal antibody,
CMCTAG, USA) in 1% TBST-milk, and incubated for 1 hour
with HRP-conjugated secondary antibody (1 : 5000 dilution,
goat anti-rabbit IgG antibody, Boster, China; 1 : 3000 dilu-
tion, goat anti-mouse IgG antibody, Millipore, USA). Protein
bands were subsequently detected using enhanced chemilu-
minescent (ECL) reagents (Millipore, USA).

Table 1: The primer sequences for real-time PCR (forward and reverse).

Gene Forward primer Reverse primer

β-Actin GGCTGTATTCCCCTCCAT CCAGTTGGTAACAATGCCATGT

Collagen I GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC

Collagen III GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG

CXCR4 GGAAACTGCTGGCTGAAAAG CTGTCATCCCCCTGACTGAT

CXCR7 GCCATGTAACAGCAGCGACT ATGCCGATCACGAAGATGAA

VCAM-1 CCCAAACAGAGGCAGAGTGT TGAGCAGGTCAGGTTCACAG

VLA-4 TGTCTGTGTCCCTGTTTGGA TTTGAGGGGCCTACAGAGAA

ICAM-1 AGATCACATTCACGGTGCTG CTGGCCTCGGAGACATTAGA
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2.6. BM-MSC Isolation and Culture. BM-MSCs were
extracted from the femurs of 4-week-old C57BL/6 mice,
and GFP-labelled BM-MSCs were purchased from Cyagen
Biosciences Incorporation (Guangzhou, China). These cells
were cultured in DMEM/F12 (Gibco, USA) supplemented
with 10% foetal bovine serum (FBS) (Gibco, USA). In the
details of BM-MSC isolation and purification, the BM was
flushed with DMEM/F12 medium, and the isolated cells
were cultured in 5% CO2 at 37°C. To improve the BM-
MSCs purification rate, the cells were washed, and the culture
medium was changed after 48 hours. Subsequently, the
medium was changed every 2–3 days, and the cells were
maintained until they reached approximately 80% conflu-
ence. Cells were then trypsinized, replated, and cultured for
isolation and purification. BM-MSCs were identified by flow
cytometric analysis with antibodies against CD29, CD31,
CD34, CD44, and Sca-1. The stemness of BM-MSCs was
confirmed by inducing differentiation into adipocytes and
osteocytes (data not shown).

2.7. Single-Cell Suspension of Lung Tissue Was Prepared. The
mice were anesthetized and the pulmonary circulation was
perfused with saline to flush the cells in the blood. Lung tissue
was removed and mechanically minced. The minced lung tis-
sue was digested with RPMI 1640 complete medium contain-
ing 0.2% w/v collagenase I at 37°C for about 3 hours, and
digestion was terminated by the ice bath. A 200-mesh stain-
less steel mesh was used to filter the cells, and the filtrate
was collected by centrifugation at 1500 rpm for 5 minutes.
The supernatant was discarded and the cells were rinsed
twice with PBS. After the red blood cells were removed, the
collected samples were pooled and resuspended. The cell
density was then adjusted to 2× 106 cells/mL.

2.8. Flow Cytometry. BM-MSCs were stained with anti-
CXCR4 antibody, and flow cytometry (FCM) was used to
detect CXCR4 expression on cell surface. Antibodies of the
corresponding isotype served as the isotype control.

2.9. Cell Proliferation Assay. For various treatment condi-
tions, the BM-MSCs were plated in 96-well plates and cul-
tured for 24 hours. BM-MSC proliferation was investigated
using a Cell Counting Kit 8 (Beyotime, China) according to
the manufacturer’s instructions.

2.10. Transfection of BM-MSCs with LV-CXCR4-RNAi.Well-
conditioned BM-MSCs were prepared in complete culture
medium, and a suspension of 3× 104 cells/mL was incubated
into a 96-well plate at 100μL per well. BM-MSCs were trans-
fected with negative control RNAi (MOI=10, 20, or 30; len-
tiviral vector titer = 1× 109; sequence, TTCTCCGAACGTGT
CACGT). The fluorescence intensity of the cells 72 hours
after transfection was observed by fluorescence micros-
copy, and the optimal MOI and transfection conditions
were determined. Under optimal conditions (MOI=30),
BM-MSCs transfected with LV-CON-RNAi, LV-CXCR4-
RNAi(01) (sequence, AGATCCTTTCCAAAGGAAA), LV-
CXCR4-RNAi(02) (sequence, GTTTCAATTCCAGCATAT
A), or LV-CXCR4-RNAi (03) (sequence, TGACTATACCT
GACTTCAT) were collected.

2.11. BM-MSC Homing Assay. Before the homing assay,
GFP-labelled BM-MSCs were pretreated with or without
rmG-CSF (30ng/mL) for 24 hours. Then, the nontreated or
rmG-CSF-pretreated BM-MSCs (1× 105, 3× 105, or 1× 106
in 100μL) were infused into the tail vein of the control or
BLM-treated mice on day 14 after BLM injection. Mice were
sacrificed on day 21 and the lungs were harvested. The num-
ber of GFP-labelled cells was quantified by FCM.

2.12. Transwell Assay. Before the transwell assay, BM-MSCs
were pretreated with or without rmG-CSF (30ng/mL) for
24 hours. Then, we seeded the nontreated BM-MSCs or
rmG-CSF-pretreated BM-MSCs into the upper transwell
compartments in 24-well plates. The normal or BLM-
induced lung tissue on day 14 after BLM administration
was harvested, cut into pieces (1mm3), and incubated into
the lower chamber. After allowing the BM-MSCs to migrate
for 18 hours, the transwell membranes were washed, and
the nonmigrating BM-MSCs on the upper side of the mem-
brane were removed with a swab. The migrated BM-MSCs
were imaged and counted after crystal violet staining.

2.13. Statistical Analysis. For multiple groups, the data were
analyzed using one-way ANOVA followed by post hoc test
to compare differences between the groups. For two groups,
the data were analyzed using Student’s t-test. Differences
between the groups were considered significant at P < 0 05.
All analyses were performed using GraphPad Prism 6.0. Data
are shown as mean± SD.

3. Results

3.1. Pretreatment with G-CSF Enhances the Ability of BM-
MSCs to Inhibit BLM-Induced Pulmonary Fibrosis. C57BL/6
mice were given BLM (3.5mg/kg) on day 0 by intratracheal
injection, and on day 14, BM-MSCs with or without G-CSF
pretreatment (100μL; 1× 106, 3× 106, or 1× 107 cells/mL)
were injected into the tail vein. Mice were sacrificed on day
21, and lung tissues were obtained for analysis. Severe fibrosis
was observed in the BLM group based on H&E and Masson
staining, the mRNA expression of collagens I and III, and
the HYP content (Figures 1(a)–1(e)). The antifibrotic effect
of BM-MSCs (1× 106, 3× 106, or 1× 107 cells/mL) was
increased in a dose-dependent manner. The degree of pul-
monary fibrosis was significantly reduced in the 3× 106/mL
and 1× 107/mL BM-MSC groups compared with the BLM
group (P < 0 05, Figures 1(a)–1(e)), but no antifibrotic effect
was observed in the 1× 106 cells/mL BM-MSC groups. Fur-
thermore, the degree of pulmonary fibrosis in G-CSF-
pretreated BM-MSC groups (3× 106 and 1× 107 cells/mL)
was lower than untreated BM-MSC groups (3× 106 and
1× 107 cells/mL) (P < 0 05, Figures 1(a)–1(e)). These results
indicate that pretreatment with G-CSF could enhance the
antifibrotic effect of BM-MSCs.

3.2. Pretreatment with G-CSF Promotes the Migration of BM-
MSCs to Injured Lung Tissue. To explore why G-CSF pre-
treatment could enhance the antifibrotic effect of BM-MSCs,
we observed the effects of transplanting G-CSF-pretreated
BM-MSCs on the number of BM-MSCs in BLM-induced
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Figure 1: Pretreatment with G-CSF enhances the ability of BM-MSCs to inhibit BLM-induced pulmonary fibrosis. C57BL/6 mice were given
BLM on day 0, and on Day 14, BM-MSCs were injected into the tail vein. Mice were sacrificed on day 21, and lung tissues were obtained for
analysis (a–e). Lung sections were pathologically examined using H&E staining (a) and Masson trichrome staining (b) (section
thickness = 3– μm; scale bar = 100 μm, ×100). (c) Collagen content was estimated by hydroxyproline assay. The mRNA expression of
collagen I (d) and collagen III (e) was measured by real-time PCR. BM-MSCs(1) = 1× 105 cells, BM-MSCs(2) = 3× 105 cells, and BM-
MSCs(3) = 1× 106 cells. G-CSF>BM-MSCs represented BM-MSCs pretreated with G-CSF (30 ng/mL). n = 3–5, ∗P < 0 05, ∗∗P < 0 01. Bars:
mean± SD.
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pulmonary fibrosis in mice. C57BL/6 mice were given BLM
(3.5mg/kg) on day 0 by intratracheal injection, and on day
14, GFP-labelled BM-MSCs were injected into the tail vein.
On day 21, a single-cell suspension was generated from the
lung tissue for FCM analysis, and the number of GFP-
labelled BM-MSCs in the lung tissue was measured. The
results showed that the number of GFP-positive cells in the
lung tissue was significantly higher in the G-CSF-pretreated
BM-MSC group than in the untreated BM-MSC group
(P < 0 05, Figures 2(a) and 2(b)).

To determine whether G-CSF could increase the number
of BM-MSCs in the lung by promoting the proliferation of
BM-MSCs, we initially examined the effect of G-CSF on the
proliferation of BM-MSCs in vitro and found no such effect
(Figure 3(a)). Next, in order to observe the migration capac-
ity of G-CSF-pretreated BM-MSCs to injured lung tissue, we
designed a transwell migration assay. We seeded the BM-
MSCs into the upper transwell compartments in 24-well
plates. The normal or BLM-induced lung tissue on day
14 after BLM administration was harvested, cut into pieces
(1mm3), and incubated into the lower chamber. After that,
the cells were allowed to migrate for 18 hours, and the
migrated crystal violet-stained BM-MSCs from the series
of groups were counted. The quantified data showed that
when normal lung tissue was incubated into the lower
chamber, G-CSF pretreatment could only slightly increase
the migration of BM-MSCs (P = 0 0556). However, when
BLM-treated lung tissue was incubated into the lower
chamber, G-CSF pretreatment significantly increased the
migration of BM-MSCs. Furthermore, the chemotaxis abil-
ity of BLM-treated lung tissue was significantly higher than
that of normal lung tissue (P < 0 05; Figures 2(c) and 2(d)).
These results suggested that G-CSF could promote the
migration and homing of BM-MSCs to injured lung tissue.

3.3. G-CSF Promotes the Expression of CXCR4 on BM-MSCs
through AKT Signalling Pathway. To further explore the
mechanism of which G-CSF promoted BM-MSC migra-
tion and homing, we quantified the expression levels of
major adhesion molecules (VLA-4, ICAM-1, and VCAM-1)
and chemokine receptors (CXCR4 and CXCR7) on BM-
MSCs. The results confirmed that G-CSF does not affect
the expression of the abovementioned adhesion molecules
(Figure 3(b)). The results also showed that CXCR4 expres-
sion in BM-MSCs was significantly increased after G-CSF pre-
treatment, but there was no significant change in CXCR7
expression (Figure 3(c)). Flow cytometry results showed that
G-CSF (30ng/mL) could significantly increase the population
of CXCR4-expressing BM-MSCs (P < 0 05; Figure 3(d)).
Subsequently, we investigated the cell signalling pathways
by which G-CSF promotes CXCR4 expression on BM-
MSCs. We evaluated AKT signalling pathway activation
in BM-MSCs after treatment with G-CSF for different times,
and the data indicated that G-CSF could significantly
increase AKT phosphorylation (Figure 3(e)). Then, we pre-
treated BM-MSCs with LY294002, an AKT pathway inhibi-
tor, and observed the effect on G-CSF-regulated CXCR4
expression; the results showed that LY294002 significantly
inhibited the upregulation of CXCR4 by G-CSF (P < 0 05;

Figures 3(f)–3(h)). The results suggested that G-CSF could
promote CXCR4 expression by activating the PI3K/AKT
signalling pathway.

3.4. Knockdown of CXCR4 Expression Reduces the Effect of
G-CSF Pretreatment on BM-MSC Migration to Injured Lung
Tissue. To further determine the role of the CXCR4 in BM-
MSC migration to injured lung tissue, we knocked down
CXCR4 in BM-MSCs by transfecting with lentivirus. We first
verified the efficacy of the three target sequences. The results
of real-time quantitative PCR showed that LV-CXCR4-RNAi
(01) significantly reduced CXCR4 mRNA expression levels
in BM-MSCs (P < 0 05; Figure 4(a)). Then, we treated
lentivirus-transfected BM-MSCs with G-CSF (30ng/mL) for
24hours and found thatCXCR4mRNAexpressionwasupreg-
ulated in the G-CSF-pretreated CON-RNAi-BM-MSC group,
which exhibited significantly higher CXCR4 expression than
the CON-RNAi-BM-MSC group (P < 0 05; Figure 4(b)).
TransfectingwithLV-CXCR4-RNAi could eliminate the effect
of G-CSF on the CXCR4 expression in BM-MSCs, and the
CXCR4 mRNA expression level in the G-CSF-pretreated
CXCR4-RNAi-BM-MSC group was lower than that in the
G-CSF-pretreated CON-RNAi-BM-MSC group. Next, in the
transwell experiment, transfected BM-MSCs treated or not
with G-CSF were incubated into the upper chamber, and lung
tissue was cut into pieces and incubated into the lower cham-
ber. After 18 h, we found that G-CSF pretreatment could
enhance the migration of BM-MSCs to injured lung tissue,
but this enhancement disappeared when the CXCR4 expres-
sion was knocked down (P < 0 05; Figures 4(c) and 4(d)).
Hence, our results indicated that pretreatment of BM-MSCs
with G-CSF promotes the migration of BM-MSCs to the
lungs via upregulating the CXCR4 expression.

3.5. Knockdown of CXCR4 Expression Reduces the Ability of
G-CSF-Pretreated BM-MSCs to Inhibit Pulmonary Fibrosis.
C57BL/6 mice were given BLM (3.5mg/kg) on day 0 by intra-
tracheal injection, and 100μL of G-CSF-pretreated CXCR4-
RNAi-BM-MSCs (1× 107/mL) or CON-RNAi-BM-MSCs
(1× 107/mL) was injected into the tail vein on day 14, and
lung tissues were harvested on day 21. The mouse death rates
in the BLM group and G-CSF-pretreated CXCR4-RNAi-
BM-MSC transplant group were both up to 40%; however,
no deaths were observed in both the control group and G-
CSF-pretreated CON-RNAi-BM-MSC transplant group.
The H&E and Masson staining, the mRNA expression of col-
lagens I and III, the HYP content, and the protein levels of a-
SMA and ProSP-C revealed severe fibrosis in the BLM group
compared with the control group (P < 0 05; Figures 5(a)–
5(e)). However, the degree of lung fibrosis was significantly
alleviated in the G-CSF-pretreated CON-RNAi-BM-MSC
(1× 107/mL) group compared with the BLM group and
the G-CSF-pretreated CXCR4-RNAi-BM-MSCs (P < 0 05;
Figures 5(a)–5(e)), but there was no antifibrotic effect when
the BLM-induced mice received a tail vein injection of the
G-CSF-pretreated CXCR4-RNAi-BM-MSCs (Figures 5(a)-
5(e)). These results showed that knocking down the CXCR4
expression in BM-MSCs significantly eliminated the ability
of G-CSF to enhance the antifibrotic effects of BM-MSCs.
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4. Discussion

IPF is a chronic, progressive, fibrotic interstitial pulmonary
disease. BLM-induced pulmonary fibrosis in mice is cur-
rently the most widely used animal model of pulmonary
fibrosis. On days 1–10 after the intratracheal injection of
BLM, the mice first develop severe pulmonary inflammation,
followed by a gradual decrease in inflammation and an
increase in the degree of fibrosis beginning on day 14. There-
fore, while most anti-inflammatory drugs can reduce BLM-
induced pulmonary fibrosis, they have no significant effect
on human IPF. BM-MSCs have been shown to reduce
acute pulmonary injury in mice [20]. To exclude the anti-
inflammatory effects of BM-MSCs, we transplanted the

exogenous BM-MSCs into the mice on day 14 after BLM
injection to identify the direct antifibrotic effects of BM-
MSCs. The results showed that the transplantation of BM-
MSCs effectively reduced BLM-induced pulmonary fibrosis
and that G-CSF pretreatment significantly enhanced the
antifibrotic effects of BM-MSCs.

G-CSF is one of the most widely used BM stem cell
agonists in clinical practice [21]. Studies have shown that
G-CSF can promote the repair of many tissues and organs
by mobilizing BM stem cells. For example, G-CSF pro-
motes recovery from spinal cord injury in rats by mobiliz-
ing BM cells [22]; G-CSF induces BM-HSC mobilization
to treat brain injury [23], and the mobilization of BM-
MSCs improves damaged myocardium and the treatment
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Figure 2: Pretreatment with G-CSF promotes the migration of BM-MSCs to injured lung tissue. Mice received a tail vein injection of
GFP-labelled BM-MSCs on day 14, and a single-cell suspension was generated from lung tissue for FCM analysis on day 21 (a, b). (a)
Representative FCM analysis of GFP-labelled BM-MSC population in lung tissue. (b) Data analysis of GFP-labelled BM-MSCs
population tested by FCM. In the transwell experiment, after allowing the BM-MSCs to migrate for 18 hours, the number of BM-MSCs
was calculated under the microscope (c, d). (c) Representative images of migrated BM-MSCs (crystal violet staining: purple). (d) Data
analysis of migrated BM-MSCs which are marked with arrows. BM-MSCs(1) = 1× 105 cells, BM-MSCs(2) = 3× 105 cells, and BM-
MSCs(3) = 1× 106 cells. G-CSF>BM-MSCs represented BM-MSCs pretreated with G-CSF (30 ng/mL). n = 3–5, ∗ P < 0 05. Bars: mean± SD.
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Figure 3: G-CSF promotes CXCR4 expression in BM-MSCs in vitro. The BM-MSCs were treated with G-CSF for 24 h (a–d). (a) The
proliferation of BM-MSCs was determined by CCK-8. (b) The mRNA expression of VLA-4, ICAM-1, and VCAM-1 was measured
by real-time PCR. (c) The mRNA expression of CXCR4 and CXCR7 was determined by real-time PCR. (d) The population of
CXCR4-expressing BM-MSCs was quantified by FCM. (e) Western blot analysis of AKT phosphorylation in BM-MSCs at 0, 10, 30,
60, and 240min after G-CSF treatment. The BM-MSCs were pretreated with LY294002 for 2 h followed by treatment with G-CSF for
24 h (f–g). (f) The mRNA expression of CXCR4 in BM-MSCs was measured by real-time PCR. (g) Representative FCM analysis of
CXCR4-expressing BM-MSC population. (h) Data analysis of CXCR4-expressing BM-MSC population tested by FCM. n = 3–6, ∗P < 0 05,
∗∗P < 0 01. Bars: mean± SD.
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Figure 4: Knockdown of CXCR4 expression reduces the effect of G-CSF-pretreated BM-MSCs on migrating to injured lung tissue. (a)
Screening test of CXCR4-RNAi targets. After stably transfecting BM-MSCs with CXCR4-RNAi for 120 h, the mRNA expression of
CXCR4 was quantified by real-time PCR. (b) The BM-MSCs transfected with control RNAi or CXCR4-RNAi were treated with or without
G-CSF for 24 h; the mRNA expression of CXCR4 was determined by real-time PCR. In the transwell experiment, after allowing the
BM-MSCs to migrate for 18 hours, the number of BM-MSCs was calculated under the microscope (c, d). (c) The representative
images of migrated BM-MSCs (crystal violet staining: purple). (d) Data analysis of migrated BM-MSCs which are marked with arrows.
G-CSF>BM-MSCs represented BM-MSCs pretreated with G-CSF (30 ng/mL). n = 3, ∗P < 0 05, ∗∗P < 0 01. Bars: mean± SD.
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Figure 5: Knockdown of CXCR4 expression reduces the effect of G-CSF-pretreated BM-MSCs on inhibiting pulmonary fibrosis. C57BL/6
mice were given BLM on day 0, and BM-MSCs (1× 106 cells) were injected into the tail vein on day 14. Mice were sacrificed on day 21,
and lung tissues were obtained for analysis (a–e). (a) Pathological lung sections were examined using H&E staining (upper row) and
Masson trichrome staining (lower row) (section thickness = 3–4 μm; scale bar = 100 μm, ×100). (b) The protein levels of α-SMA and
ProSP-C in lung tissue were determined by Western blot. (c) Collagen content was estimated by hydroxyproline assay. The mRNA
expression of collagen I (d) and collagen III (e) was determined by real-time PCR. G-CSF>BM-MSCs represented BM-MSCs pretreated
with G-CSF (30 ng/mL). n = 3 – 6, ∗P < 0 05, ∗∗P < 0 01. Bars: mean± SD.
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of Alzheimer’s disease [12, 24]. G-CSF also has a wide
range of biological effects and plays important roles in the
migration and proliferation of various cells in vitro. For
example, G-CSF promotes the migration and angiogenic
potential of HUVECs and promotes the proliferation, migra-
tion, and invasion of glioma cells [25, 26]. In this study, we
transplanted the G-CSF pretreated BM-MSCs into mice with
pulmonary fibrosis and observed a significant reduction in
the degree of pulmonary fibrosis. We also found that the
number of GFP-positive BM-MSCs in the lung tissue in the
G-CSF-pretreated group was significantly higher than that
in the untreated group. Therefore, we first observed whether
G-CSF affects the proliferation, migration, or adhesion ability
of BM-MSCs, resulting in a significant increase in BM-MSCs
in the lung.

Pitchford et al. showed that G-CSF can significantly pro-
mote the in vitro proliferation of BM-HSCs but has little
effect on the proliferation of BM-EPCs, indicating that G-
CSF has different biological effects on different BM stem cells
[27]. There are two possible mechanisms that G-CSF pre-
treatment increased the number of BM-MSCs in the lung:
(1) G-CSF may promote the proliferation of BM-MSCs and
(2) G-CSF may promote the migration and homing of BM-
MSCs to the lungs. In this study, we initially examined the
effect of G-CSF on the proliferation of BM-MSCs and found
no such effect. The migration and homing of BM-MSCs to
injured tissues are closely related to the expression levels of
cell surface adhesion molecules and chemokine receptors
[28, 29]. Subsequently, we examined the effects of G-CSF
on the expression of major adhesion molecules and chemo-
kine receptors in BM-MSCs. Adhesion molecules can induce
circulating stem cells to specifically recognize the matrix
microenvironment and homing to the damaged tissue. Che-
mokines are small cytokines that control the directional
movement of cells, and their function is mediated by specific
receptors. Therefore, we first examined the expression of the
major adhesion molecules VLA-4, ICAM-1, and VCAM-1 in
BM-MSCs treated with G-CSF. The results suggested that G-
CSF does not affect the expression of the abovementioned
adhesion molecules. Next, we further concern about the
changes of chemokine receptor expression. SDF-1 is a key
chemokine in organisms. Several studies found that the
expression of SDF-1 in BLM-induced lungs was significantly
increased compared with that in saline-treated lungs [30–33].
CXCR4 is the main receptor for SDF-1 and is expressed on
the surface of various stem cells. Recent studies have found
that SDF-1 can also bind to CXCR7 [34]. Subsequently, we
examined the expression of CXCR4 and CXCR7 in G-CSF-
treated BM-MSCs. The results showed that CXCR4 expres-
sion on the surface of BM-MSCs was significantly increased
after G-CSF pretreatment, but there was no significant
change in CXCR7 expression. Therefore, we believe that G-
CSF may increase the CXCR4 expression on the surface of
BM-MSCs to promote their migration and homing to injured
tissues and thereby increase the number of BM-MSCs in
damaged lung tissue.

CXCR4 plays an important role in stem cell migration
[35]. A previous study found that AMD3100, a specific
CXCR4 antagonist, can inhibit the migration of endogenous

neural stem cells in rats [36]. Pretreatment with AMD3100
also significantly inhibited the migration of BM-MSCs into
injured tissues, thereby limiting the repair ability of BM-
MSCs [37, 38]. In this study, we measured the knockdown
of CXCR4 to confirm whether CXCR4 mediates the induc-
tion of BM-MSC migration into injured pulmonary tissue
by G-CSF. The results showed that after knocking down the
CXCR4, the ability of G-CSF to promote BM-MSCmigration
to injured tissues and the inhibitory effect of BM-MSCs on
pulmonary fibrosis were significantly reduced, further sug-
gesting that G-CSF promotes BM-MSC activity by upregulat-
ing the CXCR4 expression. Migration and homing to injured
lung tissue increased the local number of BM-MSCs and
enhanced the repair function of these cells. However, the sig-
nalling pathway that participates in the regulation of CXCR4
expression by G-CSF has not yet been identified.

The PI3K family contains intracellular phos-
phatidylinositol kinases that have Ser/Thr kinase activity
and are widely expressed in many tissues. Activated PI3K
produces a second messenger 3,4,5-triphosphate phos-
phatidylinositol (PIP3) that triggers a series of phosphoryla-
tion reactions that activate AKT. The phosphorylation of
AKT activates or inhibits a series of downstream substrates,
such as Bad, caspase 9, NF-κB, and GSK23, thereby regulat-
ing cell proliferation, differentiation, apoptosis, and migra-
tion [39–41]. Furmento et al. found that G-CSF increased
MMP-2 and VEGF expression in Swan 71 cells through the
activation of PI3K/AKT and thus participated in the regula-
tion of trophoblast function [42]. In this study, G-CSF specif-
ically activated the AKT signalling pathway in BM-MSCs,
while pretreatment with the PI3K/AKT inhibitor LY294002
alleviated G-CSF-induced CXCR4 expression. Therefore,
we believe that G-CSF promotes the migration and homing
of BM-MSCs to injured tissues by promoting CXCR4 expres-
sion via the activation of the PI3K/AKT signalling pathway.

Previous studies have suggested that the differentiation of
BM-MSCs and their replacement functions are the main fac-
tors in promoting the repair of damaged tissue [43]. In BLM-
induced lung injury in rats, BM-MSCs can differentiate into
alveolar epithelial cells, replace damaged and apoptotic cells,
promote tissue repair, and thereby improve pulmonary fibro-
sis [44]. Recently, researchers have proposed a new hypothe-
sis that BM-MSCs are involved in tissue injury repair in at
least two different ways: paracrine mechanisms or differenti-
ation and replacement mechanisms, and the former may play
a more crucial role in tissue repair than the latter [45]. Our
previous study found that BM-MSCs can inhibit the prolifer-
ation and transdifferentiation of fibroblasts by paracrine
mechanism, which confirmed that BM-MSCs can alleviate
pulmonary fibrosis through a paracrine mechanism [46].
However, no matter what kind of mode of action, BM-
MSCs must first migrate and home to the lung. Therefore,
our research may provide new ideas for the clinical applica-
tion of G-CSF and MSCs.

5. Conclusions

In summary, our study confirms that G-CSF can promote the
migration and homing of BM-MSCs by upregulating the
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CXCR4 expression, thereby enhancing the antifibrotic effects
of BM-MSCs. Thus, our findings provide a new avenue for
the application of BM-MSC transplantation in the repair of
different tissues in the body.
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