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Acute pancreatitis (AP), a common acute abdominal disease, 10%–20% of which can evolve into severe acute pancreatitis (SAP),
is of significant morbidity and mortality. Bone marrow-derived mesenchymal stem cells (BMSCs) have been reported to have a
potential therapeutic role on SAP, but the specific mechanism is unclear. Therefore, we conducted this experiment to shed light on
the probable mechanism. We validated that SDF-1𝛼 significantly stimulated the expressions of VEGF, ANG-1, HGF, TGF-𝛽, and
CXCR4 in BMSCs, which were inhibited by its receptor agonist, AMD3100.The capacities of proliferation, migration, and repair of
human umbilical vein endothelial cells were enhanced by BMSCs supernatant. Meanwhile, BMSCs supernatant could also promote
angiogenesis, especially after the stimulation with SDF-1𝛼. In vivo, the migration of BMSCs was regulated by SDF-1𝛼/CXCR4 axis.
Moreover, transplanted BMSCs could significantly alleviate SAP, reduce the systematic inflammation (TNF-𝛼↓, IL-1𝛽↓, IL-6↓, IL-
4↑, IL-10↑, and TGF-𝛽↑), and promote tissue repair and angiogenesis (VEGF↑, ANG-1↑, HGF↑, TGF-𝛽↑, and CD31↑), compared
with the SAP and anti-CXCR4 groups. Taken together, the results showed that BMSCs ameliorated SAP and the SDF-1𝛼/CXCR4
axis was involved in the repair and regeneration process.

1. Introduction

Though acute pancreatitis (AP) is considered one of the
commonest acute abdominal diseases, no effective treat-
ment has yet been available. The incidence of AP is ris-
ing continually with 10%–20% of patients progressing to
severe acute pancreatitis (SAP) [1], which is associated with
significant morbidity and mortality. AP can also transform
into chronic pancreatitis and even pancreatic cancer and
the overall mortality rate is reported to be about 15%–20%
[2]. However, the pathogenic mechanisms of AP have still
not been understood. It is well recognized that AP begins
with pancreatic acinar injury, attributed to the premature
activation of trypsin within the pancreatic acinar cells, after
which exudation, edema, and a local inflammatory response
are observed [3, 4]. Further pathological deterioration can

be prevented by the self-regulation of the bodies in most
patients. But some AP patients can still progress to SAP
with hemorrhage, necrosis, and a systematic inflammatory
response, further leading to shock, multiple organ failure,
and even death. Consequently, the treatment of SAP focuses
predominantly on inhibiting the synthesis and secretion of
trypsin and averting the systemic inflammatory response.
Most patients with SAP require drug treatment, whereas
some choose to receive surgery. However, no satisfactory
therapeutic effect has been discovered whichever method is
adopted.

Mesenchymal stem cells (MSCs), first described by
Friedenstein et al. in 1976 [5], are multipotent adult stem
cells that can be derived from many different organs and
tissues. MSCs are characterized by the expression of cell-
surfacemolecules, including CD44, CD73, CD90, and CD105
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[6]. MSCs can differentiate into bone, cartilage, muscle,
adipose tissue, and so forth in vitro, depending on the culture
conditions [7]. MSCs also have low or no immunogenicity
whichmake them ideal choices for cell transplantation.Many
studies have also demonstrated that MSCs have therapeutic
effects on several autoimmune, ischemic, and inflammatory
diseases [8]. Therefore, they are widely valued and studied.
MSCs have been isolated initially from bone marrow and
much of the literature uses these cells [9–11], though other
sources of MSCs have been described [12]. Recent researches
have also shown that bone marrow-derived mesenchymal
stem cells MSCs (BMSCs) are involved in the pathogenesis
of AP and can relieve the severity and improve the prognosis
of SAP [9–11].Thus, we selected these cells as our therapeutic
tool for SAP. Jung et al. [9] found that BMSCs reduced the lev-
els of proinflammatory cytokines and increased the numbers
of Foxp3+ regulatory T cells to improve SAP repair. Tu et al.
[10] believed that BMSCs attenuated systemic inflammation
through relieving injury to pancreatic acinar cells and small
intestinal epithelium. However, the specific mechanism has
been a controversy so far. In our previous work, we have
firstly demonstrated that stromal-cell-derived factor 1𝛼 (SDF-
1𝛼) and its receptor, chemokine receptor 4(CXCR4), played
an important role in the process of BMSCs therapy for SAP
[11].

SDF-1𝛼 is a chemokine that regulates the migration of
BMSCs by interacting with CXCR4 [13, 14]. However, recent
studies have also shown that the SDF-1𝛼/CXCR4 axis not
only regulates themigration of cells, but also repairs damaged
tissue and promotes angiogenesis [15, 16]. SDF-1𝛼/CXCR4
axis has been reported to induce neovascularization in
ischemic, tumor, and wounded tissues [17–19]. Besides, SDF-
1𝛼 combines with vascular endothelial growth factor (VEGF)
to enhance angiogenesis [20, 21]. Therefore, we come to the
conclusion that the SDF-1𝛼/CXCR4 axis is probably involved
in the repair of acute necrotizing pancreatitis through pro-
moting the formation of new vessels.

To demonstrate our hypothesis, we conducted this exper-
iment, further investigatingwhether SDF-1𝛼/CXCR4 axis can
regulate the migration of BMSCs to injured pancreas and
validating whether it can also enhance tissue repair and
regeneration to recover SAP by inducing angiogenesis in rats.

In the current study, we used superparamagnetic iron
oxide nanoparticles (SPION) to label BMSCs in order to track
their distribution, as previously described [22, 23]. SPION
have frequently been used to trace BMSCs in vivo. Recent
studies have also indicated that the proliferation, migration,
and differentiation capacities of SPION-labeled BMSCs are
not affected by labeling (maintaining their “stemness”) [24,
25].

2. Materials and Methods

2.1. Materials and Reagents. Sodium taurocholate, CXCR4
agonist (AMD3100), dimethyl sulfoxide (DMSO), 3-(4,5-
dimethylthiazol-2-yl)-2, S-diphenyltetrazolium bromide
(MTT), 4,6-diamidino-2-phenylindole (DAPI), poly-l-
lysine, and Trypan Blue were purchased from Sigma-Aldrich
(Brooklyn, NY, USA). The amylase activity assay kit was

from Biovision (Palo Alto, California, USA), SPION (Fe
2
O
3
,

30 nm) were from Dk Nanotechnology Co. Ltd (Beijing City,
China), Lipofectamine 2000, Dulbecco’s modified Eagle’s
medium–low glucose (DMEM-LG), penicillin, streptomycin,
fetal bovine serum (FBS), and the Histostain-Plus Kit (DAB,
Broad Spectrum)were from Invitrogen (Carlsbad, California,
USA), 0.25% trypsin was from Hyclone (Logan, Utah, USA),
Transwell plates were fromCorning (NY, USA), BCA protein
concentration assay kit, RIPA lysis buffer, TRIzol Reagent,
phenylmethanesulfonyl fluoride (PMSF, 100mM), and the
Prussian blue staining kit were fromBeyotime Biotechnology
Research Institute (Nantong City, Jiangsu Province, China),
recombinant rat SDF-1𝛼 protein was from Peprotech (Rocky
Hill, USA), Matrigel matrix was from Becton, Dickinson
and Company (New Jersey, USA), Antibodies directed
against CXCR4 were from Abcam (Cambridge, MA, USA),
and VEGF, angiopoietin-1 (ANG-1), and GAPDH, and a
fluorescent secondary antibody were from ProteinTech
(Wuhan City, Hubei Province, China). Enzyme-linked
immunosorbent assay (ELISA) kits for interleukin 1𝛽 (IL-
1𝛽), IL-4, IL-6, IL-10, tumor necrosis factor 𝛼 (TNF-𝛼), and
transforming growth factor 𝛽 (TGF-𝛽) were purchased from
R&D Systems (Minneapolis, MN, USA).

2.2. Animal Model. Healthy Sprague Dawley rats weighing
200–250 g (𝑛 = 99) were purchased from Shanghai Labo-
ratory Animal Co. Ltd (Shanghai, China). All animals were
maintained at about 25∘C with an alternating 12 h dark/12 h
light cycle, with a free access to standard laboratory water and
food. An animal model of SAP was established by retrograde
pancreatic duct injection of Na-taurocholate as previously
described [14, 26]. All animal procedures were conducted
according to the Shanghai LaboratoryAnimalOrdinance and
approved by the Ethics Committee of Shanghai Tenth People’s
Hospital (Tongji University, Shanghai, China).

2.3. Cells and Cell Culture. BMSCs were isolated, cultured,
and identified as described in our previous study [14].
A human umbilical-vein endothelial cell line (EA.hy926
cells) was purchased from Shanghai Cell Bank of the Chi-
nese Academy of Sciences. EA.hy926 cells were cultured
in DMEM-LG complete medium with 10% FBS, 100U/mL
penicillin and 100 𝜇g/mL streptomycin at 37∘C in 5% CO

2
.

The cells were digested and passaged by 1 : 3 when they
reached >90% confluence.

2.4. Experimental Groups. Sixteenth-six rats were randomly
divided into four groups: normal control (NC) (𝑛 = 6), sham
(𝑛 = 6), SAP (𝑛 = 18), and SAP+BMSCs (𝑛 = 18), SAP+anti-
CXCR4 BMSCs (𝑛 = 18). We established three subgroups
among the SAP, SAP+BMSCs, and SAP+anti-CXCR4BMSCs
groups: SAP d1 (𝑛 = 6), d4 (𝑛 = 6), and d7 (𝑛 = 6),
SAP+BMSCs d1 (𝑛 = 6), d4 (𝑛 = 6), and d7 (𝑛 = 6), and
SAP+anti-CXCR4 BMSCs d1 (𝑛 = 6), d4 (𝑛 = 6), and d7
(𝑛 = 6). Another thirty-three rats were randomly divided
into three groups to assess the distributions of SPION-labeled
BMSCs: normal control (𝑛 = 3), BMSCs d1 (𝑛 = 3), d3
(𝑛 = 3), d5 (𝑛 = 3), d7 (𝑛 = 3), and d10 (𝑛 = 3) and
anti-CXCR4 BMSCs d1 (𝑛 = 3), d3 (𝑛 = 3), d5 (𝑛 = 3),
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d7 (𝑛 = 3), and d10 (𝑛 = 3). BMSCs or SPION-labeled BMSCs
(1 × 107 cells/mL/kg) were injected into the rats through
the tail vein for cell therapy or tracing. All animals were
killed with a lethal dose of pentobarbital injected into the
abdominal cavity. Recombinant SDF-1𝛼 protein (10 ng/mL or
100 ng/mL)was directly added to theBMSCS culturemedium
in vitro. Alternatively, BMSCs were stimulated with SDF-1𝛼
after culture with AMD3100 (10 𝜇g/mL) for 1 h. EA.hy926
cells in 25 cm2 flasks were first damaged by the addition
of 100 𝜇L of 0.25% trypsin and then incubated in DMEM-
LG complete medium supplemented with or without BMSCs
supernatant containing DMEM-LG complete medium and
BMSCs secretions. To assess the migration capacity of the
cells in response to BMSCs, EA.hy926 cells were cultured
in the upper chamber of a Transwell apparatus and lower
chamber was filled with DMEM-LG complete medium with
or without BMSCs supernatant.

2.5. Sample Collection. Blood samples and pancreatic tis-
sues were collected from the normal control, sham, SAP,
and SAP+BMSCs, SAP+anti-CXCR4 BMSCs groups. The
serum was first extracted by centrifugation at 8000×g at
4∘C and then stored at −80∘C. The pancreatic tissues were
stored in liquid nitrogen or fixed in 4% paraformaldehyde.
After pretreatment with SDF-1𝛼 for 48 h, the BMSCs super-
natants were collected, including the normal control, SDF-
1𝛼 10 ng/mL, and SDF-1𝛼 100 ng/mL groups, and stored at
−80∘C. Meanwhile, the normal BMSCs supernatants were
also collected at 24 h after cells were given fresh DMEM-LG
complete medium.

2.6. Hematoxylin-Eosin (H&E) Staining and the Detection
of Serum Amylase Activity. H&E staining and the detection
of serum amylase activity were performed as previously
described [11].

2.7. ELISAs. Theserum levels of IL-1𝛽, IL-4, IL-6, IL-10, TNF-
𝛼, and TGF-𝛽 were analyzed with ELISAs. Samples of serum
(150 𝜇L) were diluted with standard diluent (1 : 1), and then
40 𝜇L diluted samples were added to the test sample wells.
The test samples (10 𝜇L) were added to the wells (a final
fivefold dilution of the samples), without touching the well
walls as far as possible, and gentlymixed.The plate was closed
with the closure plate membrane and incubated for 30min
at 37∘C. Wash solution was diluted 30-fold (or 20-fold) with
distilled water and reserved.The closure plate membrane was
removed, the liquid in the wells was discarded, the wells were
dried by swinging the plate, and washing buffer was added
to every well. The plate was left to stand for 30 s and then
drained, this was repeated five times, and the plate dried by
patting. Horseradish peroxidase- (HRP-) conjugated reagent
(Agrisera, Sweden) (50 𝜇L) was added to each well, except the
blank control well. After the plate was closed with the plate
closure membrane, it was incubated for 30min at 37∘C.Wash
solution was diluted 30-fold (or 20-fold) with distilled water
and reserved. Chromogen solutionA (50𝜇L) and chromogen
solution B (50 𝜇L) were added to each well, and the plate
was incubated for 10min at 37∘C in the dark. Stop solution
(50𝜇L) was added to each well to stop the reaction (the

solution changed from blue to yellow). Taking the blank well
as zero, the absorbance of eachwell was read at 450 nm 15min
after the stop solution was added. The concentrations of the
rat inflammatory cytokines in the samples were determined
by comparing the absorbance of the samples with standard
curves. Each sample included three repeated measurements.

2.8. Immunohistochemistry. TheHistostain-Plus kit was used
for the immunohistochemical analysis. Paraffin-embedded
pancreatic tissues were dewaxed and rehydrated. Hydrogen
peroxide (3%) was used to inactivate any endogenous per-
oxidase for 20min at room temperature. Antigen retrieval
was performed in a high-pressure cooker for 30min. The
pancreatic slices were incubated overnight with rabbit anti-
rat VEGF (1 : 50) at 4∘C in a wet box, after the endogenous
antigens were blocked with 5% bovine serum albumin (BSA)
for 30min at room temperature. On the second day, the
slices were incubated with biotin-labeled secondary antibody
(goat anti-rabbit, Epitomics, China) for 30min at 37∘C and
then with HRP-conjugated streptavidin for 20min at 37∘C.
After the slices were stained with diaminobenzidine and
hematoxylin, they were dehydrated, cleared, and mounted
with neutral resin. CD31 and vWF proteins were detected
with a similar procedure.

2.9. Immunoblotting Assay. Each sample of pancreatic tissue
(approximately 100 𝜇g) was crushed to power and 500𝜇L
of RIPA lysis buffer containing 5 𝜇L of PMSF (100 : 1) was
added to extract the total proteins. The concentration of
the total proteins was determined with the BCA method.
The proteins (20 𝜇g) were separated with 12% SDS-PAGE
and transferred to 0.45 𝜇m nitrocellulose membrane. After
the membrane was blocked with 5% skim milk for 1 h, it
was incubated overnight with anti-VEGF polyclonal antibody
(1 : 1000) at 4∘C. On the following day, the membrane was
washed three times with phosphate-buffered saline (PBS)
containing Tween 20 for 10min each time and then incubated
with a secondary goat anti-rabbit antibody (1 : 1000) at 37∘C
for 1 h and washed again three times. The experiment was
repeated five times. Finally, the signal was detected with the
Odyssey 3.0 analysis software (LI-CORBiotechnology, USA).

2.10. qRT-PCR. Total RNA was extracted from the cells and
frozen pancreatic specimens with TRIzol Reagent. First-
strand cDNA was synthesized with the PrimeScript Reverse
Transcriptase Reagent Kit (Takara Biotechnology, Japan)
with oligo(dT) and random primer. The gene expression
of the BMSCs and EA.hy926 cells was quantified with the
KAPA Kit (Kapa Biosystems, USA) and 50 ng of cDNA was
amplified in a 10𝜇L reaction using the Applied Biosystems
7500 Real-Time PCR system based on SYBR Green dye
(Applied Biosystems).The primers were purchased from Bei-
jing Genomics Institute (Beijing, China). Rat glyceraldehyde-
phosphate dehydrogenase (GAPDH)was used as the endoge-
nous control. The sequences of the primers are listed in
Table 1. qRT-PCR was performed with the following cycling
conditions: 95∘C for 3min, followed by 40 cycles of 95∘C
for 1 s and 60∘C for 20 s. Quadruplicate cycle threshold
(CT) values were analyzed with the SDS software (Applied
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Table 1: The primer sequences of genes.

Rat
Gene Forward primer Reverse primer PCR amplified products (bp)
GAPDH 5>ACCACAGTCCATGCCATCAC<3 5>TCCACCACCCTGTTGCTGTA<3 452
VEGF 5>TGTGAGCCTTGTTCAGAGCG<3 5>GACGGTGACGATGGTGGTGT<3 252
CXCR4 5>TGTGAGCCTTGTTCAGAGCG<3 5>TGTGAGCCTTGTTCAGAGCG<3 260
ANG-1 5>CAAGGCTTGGTTACTCGTCAG<3 5>CCATGAGCTCCAGTTGTTGC<3 109
HGF 5>AGTCTATGGACCTGAAGGCTC<3 5>CCATCTGCGTTGATCAATCC<3 171
TGF-𝛽 5>CTACTGCTTCAGCTCCACAGAG<3 5>CTGTACTGTGTGTCCAGGCTC<3 162
CD31 5>GAGTGCTTCTTGGTGGGTCC<3 5>CCTGAGAAGCACTGTACACC<3 150

Biosystems, USA), using the comparative CT method. The
procedure was replicated three times. Eachmeasurement was
set three repeats.

2.11. Immunofluorescent Staining. Immunofluorescent stain-
ing was used to assess CXCR4 expression in SPION-labeled
BMSCs, as previously described [11].

2.12. Labeling BMSCs. BMSCs at >90% confluence were
pretreated with or without AMD3100 (10𝜇g/mL) and then
incubated with labeling medium containing 25𝜇g/mL Fe3+
and 0.75 ng/mL poly-l-lysine for 24 h. After theywere labeled,
the cells were washed three times with PBS and harvested
with 0.25% trypsin-EDTA. The viability of the cells was
assessed with Trypan Blue exclusion before cell transplanta-
tion. The functions of the different concentrations of Fe3+-
labeled BMSCs were analyzed in the following experiments.

2.13. Cell Migration Assay. In this experiment, 5 × 104
EA.hy926 cells were added to the upper chamber of the Tran-
swell apparatus and supplemented with 180𝜇L of DMEM
and 20 𝜇L of 1% BSA, and the lower chamber was filled with
500𝜇L of DMEM-LG complete medium with or without
BMSCS supernatant (100 𝜇L). After incubation for 12 h, the
upper chamber was removed and the cells were fixed with 4%
paraformaldehyde for 30min. The lower surface of the filter
membrane was stained with 0.1% crystal violet for 10min
in the dark. After the membrane was thoroughly washed, it
was observed with a digital camera and light microscope.
The experiment was repeated three times. Finally, the crystal
violet was dissolved in 300 𝜇L of 33% acetic acid and the
absorbance of the solution was measured at 573 nm with an
ELISA plate reader (Gene Company Limited, HK, China).

2.14. Cell Proliferation Assay (MTT Test). To investigate
whether BMSCs could repair the injured vascular endothelial
cells, we designed this experiment. First, EA.hy926 cells
were cultured in 25 cm2 culture flasks and then incubated
with 100 𝜇L of 0.25% trypsin-EDTA for 60min at a con-
stant temperature of 37∘C in a humidified atmosphere of
95% O

2
supplemented with 5% CO

2
until their confluence

reached approximately 90%. Finally, the cells were collected
and seeded into 96-well plates at 2000 cells/well. Each well
contained DMEM-LG complete medium with or without

BMSCs supernatant (DMEM-LG complete medium: BMSCs
supernatant = 1 : 1). MTT solution (20𝜇L of 5mg/mL) was
added daily for seven days (12 h, 36 h, 68 h, 92 h, 121 h, and
145 h). The medium was then removed and 150𝜇L of DMSO
was added to each well. The plates were then shaken slowly
for 10min. Absorbance was measured with an ELISA plate
reader at 490 nm. This experiment was repeated three times.
SPION-labeled BMSCs were also assayed withMTT test after
treatment with different concentrations of Fe3+ (25 𝜇g/mL,
50 𝜇g/mL, 75𝜇g/mL, or 100 𝜇g/mL).

2.15. ANG-1 and VEGF Silencing with Small Interfering RNAs.
Gene silencing technology was used to understand the effects
of the BMSCs supernatant on the angiogenic activity of
EA.hy926 cells in vitro. Small interfering RNA (siRNA) tar-
geting rat ANG-1 (5-GGCCCAGAUACAACAGAAUUU-
dTdT-3) and (5-AUUCUGUUGUAUCUGGGCCUUdTd-
T-3) or VEGF (5-GGGATTGCACGGAAACUUUdTdT-
3) and (5-AAAGUUUCCGUGCAAUCCCdTdT-3) and
control nonsilencing siRNAs (5-AUGUGAAUGCACCAA-
AGAAdTdT-3) and (5-UUCUUUGGUCUGCAUUCA-
CAUdTdT-3) were synthesized by Biomics Biotechnologies
Co., Ltd (Nantong City, Jiangsu Province, China). BMSCs
were transfected with the siRNAs using Lipofectamine 2000,
according to the manufacturer’s protocol (Biotend, Shanghai,
China). The BMSCs supernatant was collected 48 h after
transfection and stored at −80∘C for the tube formation assay.

2.16. Angiogenesis. A tube formation assay was performed
to investigate the effect of the BMSCs supernatant on the
angiogenic activity of EA.hy926 cells in vitro. Ninety-six-well
culture dishes were coated with 50 𝜇L of matrigel matrix and
incubated for 30min at 37∘C. EA.hy926 cells were starved
for 24 h and were then seeded onto the solidified gels at
a density of 105 cells/well in 50𝜇L of culture medium. The
BMSCs supernatant (50 𝜇L) or 1 ×PBS (50 𝜇L) was added to
each well. These cells were divided into the normal control,
SDF-1𝛼 10 ng/mL, SDF-1𝛼 100 ng/mL, ANG-1 siRNA, and
VEGF siRNA groups. After incubation for 6 h, the total
tube-like structures were photographed with phase-contrast
microscopy (100x) and five randomly selected microscopic
fields per photograph were quantified using the Image J
software. To further detect the angiogenesis in vivo, the
expressions of vascular endothelialmarkers (VEGF, vWF, and
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CD31) were measured by immunohistochemistry or western
blotting in SAP, SAP+BMSCs, and SAP+anti-CXCR4 BMSCs
groups.

2.17. Magnetic Resonance Imaging (MRI) and Prussian Blue
Staining. To track the distributions of SPION-labeledBMSCs
in vivo, MRI and Prussian blue staining were used to detect
Fe3+.The animalswere anesthetized and then put into anMRI
coil (Shanghai Niumag Electronic Science and Technology
Co., Ltd, China). The T1-weighted imaging (T1WI) param-
eters were as follows: FOV read = 100mm, FOV phase =
100mm, TR = 500ms, TE = 20ms, slice width = 3.5mm, slice
gap = 0.5mm, and NS = 12, and the T2-weighted imaging
(T2WI) parameters were as follows: FOV read = 100mm,
FOV phase = 100mm, TR = 2000ms, TE = 80ms, slice width
= 3.5mm, slice gap = 0.5mm, andNS = 8. Finally, the animals
were killed and pancreas, lung, liver, spleen, and small
intestine were collected and fixed in 4% paraformaldehyde
for Prussian blue staining. A Prussian blue staining kit was
used to detect Fe3+ in the SPION-labeled BMSCs and above
tissues, according to the manufacturer’s instructions. The
cells were fixed in 4% glutaraldehyde, washed, and incubated
for 30min with 2% potassium ferric-ferrocyanide (Perl’s
reagent) in 3.7% hydrochloric acid. The cells were washed
again, counterstained with Nuclear Fast Red, and the iron
staining was evaluated with light microscopy (Carl Zeiss,
Oberkochen, Germany) with a ×40/0.75 objective lens and
Axiovision 4.4 software (Carl Zeiss). The SPION labeling
efficiency was determined bymanually counting the Prussian
blue stained and unstained cells under a Zeiss microscope
(Carl Zeiss) at ×100 magnification with a ×100/1.30 oil-
immersion objective lens. The percentage of labeled cells was
determined as the average of five high-powered fields. After
the slices were fixed, dehydrated, embedded, and sectioned,
the tissues were stained with Prussian blue, as described
above. The blue granules were counted by a person, who did
not know the experiment, from ten areas of each histologic
section.

2.18. Image Processing and Statistical Analysis. Adobe Photo-
shop 6.0 (Adobe Systems Inc., San Jose, CA), Image-Pro Plus
version 6.0 (Media Cybernetics, USA), and Image J (National
Institutes of Health, USA) were used for image typesetting,
analysis, and processing. GraphPad Prism 5.0 (GraphPad
Co., USA) was used for mapping. The SPSS 17.0 statistical
software (Chicago, IL) was used for all statistical analyses.
Experimental data are shown as means ± standard deviations
(SD) and compared with Student’s or a paired 𝑡 test or one-
way ANOVA. A value of 𝑃 < 0.05 was deemed to indicate
significant differences.

3. Results

3.1. Recombinant SDF-1𝛼 Protein Stimulated BMSCs Expres-
sions of VEGF,ANG-1,HGF, TGF-𝛽, andCXCR4. Theexpres-
sions of VEGF, ANG-1, HGF, TGF-𝛽, and CXCR4 were
detected with qRT-PCR or immunoblotting assays at 24 h
and 48 h after recombinant SDF-1𝛼 protein was added to
the BMSCs culturemedium.The recombined SDF-1𝛼 protein

significantly stimulated the expressions of VEGF, ANG-1, and
CXCR4 in the BMSCs, which was also positively correlated
with the concentration of SDF-1𝛼. This effect was blocked
by the CXCR4 agonist, AMD3100 (Figures 1(a)-1(b) and
1(d)–1(g)). The mRNA levels of HGF and TGF-𝛽 were both
upregulated after stimulation with SDF-1𝛼 but were inhibited
by AMD3100 (Figure 1(c)).

3.2. BMSCs Supernatant Promotes the Proliferation, Migra-
tion, and Repair of EA.hy926 Cells. The BMSCs supernatant
promoted the growth andmigration of EA.hy926 cells signifi-
cantlymore thanDMEM-LG completemedium (Figures 2(a)
and 2(b)).Moreover, EA.hy926 cells impaired by trypsinwere
more effectively repaired by the BMSCs supernatant than by
DMEM-LG complete medium (Figure 2(c)).

3.3. SDF-1𝛼/CXCR4 Axis Induces Angiogenesis In Vitro, Being
Related to the Expressions of VEGF and ANG-1. The BMSCs
supernatant pretreated with SDF-1𝛼 significantly promoted
angiogenesis compared with the normal BMSCs supernatant
in vitro, which was also positively related to the concentration
of SDF-1𝛼. Furthermore, the angiogenesis was reduced in
bothVEGF siRNA andANG-1 siRNA comparedwith normal
BMSCs supernatant (Figure 1(h)).

3.4. No Significant Differences on Biological Functions between
BMSCs and SPION-Labeled BMSCs ([Fe3+] = 25 𝜇g/mL).
More than 95% of BMSCs were successfully labeled with
SPION ([Fe3+] = 25 𝜇g/mL) (Figure 3(a)).The growth activity
of SPION-labeled BMSCs ([Fe3+] = 25𝜇g/mL) was similar
to unlabeled BMSCs, which was significantly stronger than
that of other SPION-labeled BMSCs ([Fe3+] = 50, 75, or
100 𝜇g/mL) (Figure 3(b)). CXCR4 expression was observed
with confocalmicroscopy and similar in both the BMSCs and
SPION-labeled BMSCs (Figures 3(c)–3(e)).

3.5. SDF-1𝛼/CXCR4 Axis Regulates the Migration of SPION-
Labeled BMSCs to Necrotic Pancreatic Tissues and the Migra-
tion Increased Gradually, Peaking on Days 5–7. The results
of Prussian blue staining showed that the SPION-labeled
BMSCs were relatively low in pancreas, liver, spleen, and
small intestine at the first day of the transplant compared
to lung, but gradually increasing in pancreatic tissue at
posttransplant days 3 and 7 and relatively high compared
to liver, spleen, and small intestine, when the formation of
tubular complexes (TCs) was also maximal (Figures 4(a)–
4(c)). On the contrary, SPION-labeled BMSCs in the lung
tissue became less and less (Figure 5(b)).Themore important
point was that the migrations of SPION-labeled BMSCs to
injured pancreas could be inhibited by anti-CXCR4 treatment
(Figures 4(a)–4(c)). To further visually investigate whether
the SPION-labeledBMSCs couldmigrate to injured pancreas,
the MRI method was selected for realizing the tracing in
vivo. The magnetic resonance images displayed that SPION-
labeled BMSCs ([Fe3+] = 25 g/mL) were high signal in T1WI
(white) and low signal (dark) in T2WI as shown in Fig-
ure 5(a). The high signal intensity (white points) in pancreas
(as indicated by red circle) increased gradually in T1WI and
peaked on days 5 and 7 (Figure 5(b)). We also performed
T2WI on day 7 in order to exclude the possibility of false
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Figure 1: Continued.
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Figure 1: The SDF-1𝛼/CXCR4 axis could promote the expressions of cellular growth factors in BMSCs and induce angiogenesis in vitro.
((a), (d), and (e))The CXCR4 expression of BMSCs was significantly unregulated after being stimulated by combined SDF-1𝛼 protein, which
could be inhibited by the CXCR4 receptor agonist, AMD3100. ((b)–(d), (f)-(g)) Recombined SDF-1𝛼 protein could significantly promote
BMSCS expression of VEGF, ANG-1, HGF, and TGF-𝛽 and the effect could also blocked by AMD3100. Moreover, there was a dose-effect
relationship between combined SDF-1𝛼 protein and CXCR4, VEGF, ANG-1, HGF, and TGF-𝛽 expressions. Data are expressed as mean ± SD
(∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 for SDF-1𝛼 (10 ng/mL or 100 ng/mL) versus NC, †𝑃 < 0.05, ††𝑃 < 0.01, and †††𝑃 < 0.001 for
SDF-1𝛼 (10 ng/mL or 100 ng/mL) versus SDF-1𝛼 (10 ng/mL or 100 ng/mL) + AMD3100 10 𝜇g/mL). (h) BMSCs supernatant could significantly
promoted angiogenesis, especially after being pretreated with SDF-1𝛼 and this increase was partly offset by AMD3100. Both VEGF siRNA
and Ang-1 siRNA significantly weakened proangiogenic capacity of BMSCs. Data are expressed as mean ± SD (##𝑃 < 0.01 for NC versus
PBS, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 for SDF-1𝛼 (10 ng/mL or 100 ng/mL), Ang-1 siRNA, or VEGF siRNA versus NC) (NC, normal
control, SDF-1𝛼, stromal cell derived factor-1a, CXCR4, CXC chemokine receptor 4, VEGF, vascular endothelial growth factor, and ANG-1,
angiopoietin-1).

positive and the result showed that the high signals (white
points) in T1WI became low signals (dark points) in T2WI,
whereas the low signals (dark points) in T1WI became high
signals (white points) as shown in Figure 5(c). Furthermore,
the high signals in T1WI decreased obviously in anti-CXCR4
group compared with BMSCs group on posttransplant day 5
(Figure 5(b)).

3.6. Transplanted BMSCs Reduced Pancreatic Edema, Hem-
orrhage, and Necrosis, Inhibited Systematic Inflammation,
and Promoted the Formation of TCs Involved in the SDF-
1𝛼/CXCR4 Axis. Pancreatic edema, hemorrhage, and necro-
sis were markedly reduced and the levels of serum amylase
were significantly lower in the SAP+BMSCs group than in the
SAP and SAP+anti-CXCR4 BMSCs groups (Figures 6(a) and
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Figure 2: The BMSCs supernatant could promote the proliferation, migration, and repair of human umbilical-vein endothelial cell line
(EA.hy926 cells). (a)Themethylene blue staining (magnification, ×200) is indicating that the BMSCs supernatant could significantly promote
the migration of EA.hy926 cells. Data are expressed as mean ± SD (∗𝑃 < 0.05 for DMEM-LG versus DMEM-LG + BMSCs supernatant). (b)
The significant increase of the growth of EA.hy926 cells was investigated in MTT test after being given BMSCs supernatant. (c) Impaired
EA.hy926 cells could be repaired by BMSCs supernatant. Data are expressed as mean ± SD (#𝑃 > 0.05 for sham versus normal, ∗𝑃 < 0.05
and ∗∗𝑃 < 0.01 for DMEM-LG versus DMEM-LG + BMSCs supernatant at each corresponding time point). Data analysis was performed
by a one-way ANOVA. (BMSCs, bone marrow-derived mesenchymal stem cells, MTT, 3-(4,5-dimethylthiazol-2-yl)-2,S-diphenyltetrazolium
bromide).

6(b)). Inflammatory cytokines were detected with ELISAs.
The results show that the levels of serum proinflamma-
tory cytokines (IL-1𝛽, IL-6, and TNF-𝛼) were significantly
downregulated in the SAP+BMSCs group compared with the
SAP and SAP+anti-CXCR4 BMSCs groups. In contrast, the
levels of serum anti-inflammatory cytokines (IL-4, IL-10, and
TGF-𝛽) were significantly upregulated in the SAP+BMSCs
group comparedwith the SAP and SAP+anti-CXCR4BMSCs
groups (Figure 6(c)). We also found that a large number of
TCs appeared in the BMSCs group (as indicated by red arrow
and a magnified picture in Figure 6(a)).

3.7. SDF-1𝛼/CXCR4 Axis Enhances the Expressions of VEGF
andANG-1 inDamaged Pancreatic Tissues. VEGF expression
in injured pancreatic tissues was measured with qRT-PCR
and immunoblotting. VEGF expression was higher in the
SAP+BMSCS group than in the normal control, SAP and
SAP+anti-CXCR4 BMSCs groups on postoperative days 1
and 4 but had decreased on postoperative day 7 (Figures 7(b),
7(c), and 7(e)). The expression of ANG-1 was detected with
qRT-PCR and immunoblotting and its expression was higher
in the SAP+BMSCS group than in the normal control, SAP,
and SAP+anti-CXCR4 BMSCs groups (Figures 7(a), 7(c),
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Figure 3:There is similarity in the proliferation andCXCR4 expression between unlabeled and SPION-labeled BMSCs ([Fe3+] = 25 g/mL). (a)
The Prussian blue staining shows that BMSCs were labeled by SPION successfully. (b) TheMTT tests are showing that the growth activity of
SPION-labeled BMSCs ([Fe3+] = 25 g/mL) slowed slightly compared with that of the unlabeled BMSCs, which was also significantly stronger
than that of other SPION-labeled BMSCs ([Fe3+] = 50, 75, or 100 g/mL). Data are expressed as mean ± SD (&&𝑃 < 0.01 and &&&

𝑃 < 0.001

for normal control versus SPION-labeled BMSCS ([Fe3+] = 100 g/mL), $$𝑃 < 0.01 and $$$
𝑃 < 0.001 for normal control versus SPION-labeled

BMSCS ([Fe3+] = 75 g/mL), and †𝑃 < 0.05 and †††𝑃 < 0.001 for normal control versus SPION-labeled BMSCS ([Fe3+] = 50 g/mL) at each
corresponding time point). ((c)-(d)) CXCR4 expression was detected by immunofluorescence and western blotting and similar between
unlabeled and SPION-labeled BMSCs (𝑃 > 0.05). (SPION, superparamagnetic iron oxide nanoparticles, BMSCs, bone marrow-derived
mesenchymal stem cells).
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Figure 4: Continued.
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Figure 4: Prussian blue staining was performed for detecting the SPION-labeled BMSCs in pancreatic and lung tissues. (a) The Prussian
blue staining of pancreatic tissue indicates that the cells were stained blue (as indicated by black arrows), gradually increased, and peaked on
postoperative days 5–7, when the formation of tubular complexes was also maximal (as indicated by red arrows). However, the migration was
partly inhibited and the trend was not obviously investigated in anti-CXCR4 group. (b) The lung tissues were stained by Prussian blue and
the blue particles (as indicated by black arrows) were gradually decreasing in both BMSCs and anti-CXCR4 groups. (c) The blue particles in
lung, pancreas, liver, spleen, and small intestine were counted and analyzed between BMSCs and anti-CXCR4 groups.The result showed that
the number of blue particles of pancreas in BMSCs group was significantly more than in anti-CXCR4 group at postoperative days 1, 3, 5, and
7. Data are expressed as mean ± SD (∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 for BMSCs versus anti-CXCR4 at each corresponding time point).

and 7(d)). The mRNA levels of HGF and TGF-𝛽 were also
detected with qRT-PCR and were significantly higher in the
SAP+BMSCs group than in the normal, SAP, and SAP+anti-
CXCR4 BMSCs groups (Figures 7(f) and 7(g)).

3.8. SDF-1𝛼/CXCR4 Axis Induces the Neovascularization In
Vivo. To assess the neovascularization, we conducted qRT-
PCR or immunohistochemistry for detecting these angiogen-
esis markers (CD31, VEGF, and vWF). The results indicated
that the expressions of CD31, VEGF, and vWF in necrotic
pancreatic tissue were higher in the SAP+BMSCs group than
in the normal control, SAP, and SAP+anti-CXCR4 BMSCs
groups, especially in early phase (Figures 7(h) and 8(a)–8(d)).

4. Discussion

Several studies have shown that MSCs from the bone or
umbilical cord can attenuate acute necrotic pancreatitis by
inhibiting systematic inflammation, regulating the immune
responses, reducing the apoptosis of pancreatic acinar cells,
and repairing damaged the small intestinal epithelium [9–12].
However, these functions do not account for how to repair
and regenerate the necrotic pancreatic tissues. In the study,
we found that BMSCs can reduce severe acute pancreatitis
by alleviating the systematic inflammation, promoting the
formation of tubular complexes (TCs), and inducing angio-
genesis involving the SDF-1𝛼/CXCR4 axis by enhancing the

expression of cell growth factors in a rat model of SAP. Large
previous studies have found that MSCs can not only differ-
entiate into different kinds of functional adult cells but also
secrete various soluble factors, including VEGF, HGF, and
TGF-𝛽 [27]. These factors which promote angiogenesis and
mitosis and reduce apoptosis can explain tissue repair and
regeneration after MSCs transplanted [28, 29]. Moreover, the
regeneration of the pancreas begins with the TCs that consist
of a cluster of epithelia surrounded by the mesenchymal
cells [30, 31]. Thus, we inferred that SDF-1𝛼/CXCR4 axis was
involved in the repair and regeneration of SAP.

SDF-1𝛼 and its receptor CXCR4 have been studied
extensively, together with their roles in migration, homing,
proliferation, angiogenesis, and so forth [11, 13–15, 18, 32,
33]. Many researches have shown that BMSCs can migrate
to injured tissues via the SDF-1𝛼/CXCR4 axis and relieve
myocardial infraction [13, 14], promote wound healing [19],
heal bone fracture [34], reduce cerebral ischemia [35], and
ameliorate acute necrotizing pancreatitis [11]. SDF-1𝛼 expres-
sion is upregulated by hypoxia-inducible factor-1 (HIF-1)
[36]. In the study, we successfully established a rat model of
acute necrotizing pancreatitis with the retrograde injection
of Na-taurocholate, which causes acinar cell injury/necrosis
by triggering transient pathological intra-acinar-cell cal-
cium ions and activating digestive zymogens [37–39]. The
injured/necrotic pancreatic tissue causes HIF-1 expression
and thus induces SDF-1𝛼 expression, which attracts BMSCs
to injured pancreas through the interaction with CXCR4.
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Figure 5: The transplanted SPION-labeled BMSCs were tracked by MRI in vivo. (a) [Fe3+] was detected by MRI and the result showed that
the SPION-labeled BMSCs ([Fe3+] = 25 g/mL) appeared high signals (white spots) on T1WI and low signals (dark spots) on T2WI. (b) The
SPION-BMSCs ([Fe3+] = 25 g/mL) was tracked by MRI in vivo and the photos show that the white spots (inside of red circle) were increasing
gradually and peaked on postoperative days 5–7. Instead, the white spots decreased on postoperative day 5 in anti-CXCR4 group compared
with BMSCs group. (c) The SPION-BMSCs ([Fe3+] = 25 g/mL) were detected in SAP rats at postoperative day 7 by T1WI and T2WI and
the result was showing that the high signals (white spots), which appeared in T1WI, became low signals (dark spots) in T2WI (SPION,
superparamagnetic iron oxide nanoparticles, T1WI, T1-weighted imaging, and T2WI, T2-weighted imaging).

For further investigating whether BMSCs could migrate
to injured pancreas and the migration was regulated by SDF-
1𝛼/CXCR4 axis in a SAP rat model, SPION was used to
label BMSCs. SPION were initially used as a unique MR
contrast agent in the clinical context. Recently, their two uses
have been discovered—the labeling of live cells and tissues,
disease diagnosis, and therapy [22, 23, 40–42]. Studies have
demonstrated that SPION-labeling does not deleteriously
affect the functions of the target cells [25]. In our study, we
also demonstrated that there was no difference in the pro-
liferation capacities between SPION-labeled (Fe = 25 𝜇g/mL,
labeling efficiency > 95%) and unlabeled BMSCs. Moreover,

the expression of CXCR4was also similar between the labeled
and unlabeled cells. SPION-labeled BMSCs could be detected
by both MRI and Prussian blue staining because SPION
is the nanometer particles of ferric oxide. The dynamic
movement of labeling cells could be observed at the photos
of MRI so that we can intuitively assess the proportions of
SPION-labeled BMSCs in vivo. The result showed that these
cells could migrate to the damaged pancreatic tissues and
there was also a gradual increase in migration, peaking on
postoperative days 5–7, with the formation of large numbers
of TCs. SDF-1𝛼/CXCR4 axis could regulate the migration
of BMSCs as our previously described [11]. Meanwhile, the



Stem Cells International 13

SA
P

NC Sham Tubular complex

SA
P
+

BM
SC

s
SA

P
+

an
ti-

CX
CR

4
BM

SC
s

1d 4d 7d

(a)

0

1

2

3

4

Edema

Sc
or

e $

$$$

∗
†
∗
†
∗
†

∗
†
∗
†
∗
† ∗

†
∗
†
∗
†

∗
†
∗
†
∗
† ∗

†
∗
†
∗
†

∗
†
∗
†
∗
†

∗
†
∗
†
∗
†

∗
†
∗
†
∗
†

∗
†
∗
†
∗
†

#

SAP + BMSCs
SAP + anti-CXCR4

SAP + anti-CXCR4
SAP + anti-CXCR4

SAP + anti-CXCR4
 BMSCs

Sham
SAP

Normal

0

1

2

3

4

Sc
or

e

$

∗
†

∗
†
∗
†

∗
†

∗
†
∗
†

∗
†

∗
†
∗
†

#

SAP + BMSCs

 BMSCs
Sham
SAP

Normal

SAP + BMSCs

 BMSCs
Sham
SAP

Normal

#

$$$

$$$

1000

800

600

400

200

0

#

0

1

2

3

4

Sc
or

e

SAP + BMSCs

 BMSCs
Sham
SAP

Normal

$$$

$$$

1d 4d 7d

1d 4d 7d 1d 4d 7d

1d 4d 7d
Infiltration

Necrosis

A
m

yl
as

e a
ct

iv
ity

(b)

Figure 6: Continued.



14 Stem Cells International

130

120

110

100

90

80Th
e c

on
ce

nt
ra

tio
n 

of
 se

ru
m

 IL
-1

(p
g/

m
L)

††
∗

†
∗

†
††

††
†

∗

∗
∗∗∗

†
∗

∗∗∗

†††
∗∗

†††
∗

Control Day 1 Day 4 Day 7

SAP + BMSCs
SAP + anti-CXCR4 BMSCs

SAP

SAP + BMSCs
SAP + anti-CXCR4 BMSCs

SAP
SAP + BMSCs
SAP + anti-CXCR4 BMSCs

SAP

SAP + BMSCs
SAP + anti-CXCR4 BMSCs

SAP

SAP + BMSCs
SAP + anti-CXCR4 BMSCs

SAP
SAP + BMSCs
SAP + anti-CXCR4 BMSCs

SAP

Sham

Control Day 1 Day 4 Day 7Sham Control Day 1 Day 4 Day 7Sham

Control Day 1 Day 4 Day 7Sham Control Day 1 Day 4 Day 7Sham

Control Day 1 Day 4 Day 7Sham

#

#

# #

# #

$

††
∗

$ †† †
∗∗

$
†† †

†∗∗∗
∗∗

†
∗∗

$$$
†† †
∗∗

$
†† †
∗∗

$

†
∗ †

∗

$

$

$
$

$$$
$$$

Th
e c

on
ce

nt
ra

tio
n 

of
 se

ru
m

 IL
-4

(p
g/

m
L)

80

70

60

50

40

Th
e c

on
ce

nt
ra

tio
n 

of
 se

ru
m

 IL
-6

(p
g/

m
L)

90

80

70

60

Th
e c

on
ce

nt
ra

tio
n 

of
 se

ru
m

 IL
-1
0

(p
g/

m
L)

60

55

50

45

40

35

Th
e c

on
ce

nt
ra

tio
n 

of
 se

ru
m

 T
N

F-
𝛼

(p
g/

m
L)

260

240

220

200

180

160

220

200

180

160

140

120Th
e c

on
ce

nt
ra

tio
n 

of
 se

ru
m

 T
G

F-
𝛽

(p
g/

m
L)

(c)

Figure 6: Transplanted BMSCs could reduce severe acute pancreatitis (SAP), promoting the formation of tubular complexes and inhibiting
systematic inflammatory response, being involved in the SDF-1𝛼/CXCR4 axis. ((a), (b))TheH&E staining of pancreatic tissues (magnification,
×100) is showing that the edema, infiltration, and necrosis were significantly reduced in the SAP+BMSCs group compared with SAP and
SAP+anti-CXCR4 BMSCs groups at postoperative days 1, 4, and 7, respectively. A large number of tubular complexes were also investigated
in SAP+BMSCs group (as indicated by red arrow in a 400x magnified picture). Serum amylase activity was also significantly reduced in
SAP+BMSCs group than in normal, SAP, and anti-CXCR4 BMSCs groups at postoperative days 1, 4, and 7, respectively. (c) The levels of
serum proinflammatory cytokines are significantly lower in SAP+BMSCs than in SAP and SAP+anti-CXCR4 BMSCs groups. In contrast, the
levels of serum anti-inflammatory cytokines are significantly higher in SAP+BMSCs than in SAP and SAP+anti-CXCR4 BMSCs groups. Data
are expressed as mean ± SD (#𝑃 > 0.05 for sham versus normal, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 for SAP versus Normal, †𝑃 < 0.05,
††
𝑃 < 0.01, and †††𝑃 < 0.001 for SAP versus SAP+BMSCs, $𝑃 < 0.05, $$𝑃 < 0.01, and $$$

𝑃 < 0.001 for SAP+BMSCs versus SAP+anti-CXCR4
BMSCs). Data analysis was performed by Student’s test (BMSCs, bone marrow-derived mesenchymal stem cells, H&E, hematoxylin-eosin).

number of cells, whichmigrated to the necrotic pancreas, was
positively related to the therapeutic effect. However, SPION-
labeled BMSCs could be rarely seen on postoperative day 10,
perhaps because the SPIONwere degraded or the BMSCs had
differentiated into other cells, including pancreatic exocrine
cells.

To validate whether the SDF-1𝛼/CXCR4 axis also plays
an important role in the repair and regeneration of SAP,
we conducted the study in vitro and vivo. We found that
the secretions of BMSCs could promote the proliferation,
migration, and restoration of EA.hy926 cells. The BMSCs
supernatant induced angiogenesis and the SDF-1𝛼/CXCR4
axis stimulated BMSCs to express VEGF, ANG-1, HGF,
and TGF-𝛽, promoting further angiogenesis in vitro. Both

VEGF and ANG-1 play important roles in angiogenesis.
Moreover, the expressions of VEGF,ANG-1,HGF, andTGF-𝛽
in the damaged pancreatic tissues were higher in the BMSCs
transplantation group than in the normal control, SAP, and
SAP+anti-CXCR4 BMSCs groups. Taken all together, the
result showed that transplantedBMSCs repaired the damaged
pancreas through secreting large cellular growth factors and
the effect was regulated by SDF-1𝛼/CXCR4 axis.

As we all know, VEGF, a potent inducer of angiogenesis,
promotes the repair of injured vascular endothelial cells
and neovascularization. Studies have shown that the SDF-
1𝛼/CXCR4 axis promotes the synthesis and secretion of
VEGF [17, 43] and SDF-1𝛼, combined with VEGF, enhances
ischemic angiogenesis [20]. In our study, we confirmed that
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Figure 7: Continued.
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Figure 7: qRT-PCRorwestern-blot assays are showing that the expressions ofANG-1, VEGF,HGF, TGF-𝛽, andCD31 in pancreatic tissuewere
significantly higher in SAP+BMSCs group. ((a), (c), and (d)) The expression of ANG-1 was investigated higher in SAP+BMSCs group than
in normal, SAP, and SAP+anti-CXCR4 BMSCs groups. ((b), (c), and (e)) There was a significant higher expression of VEGF in SAP+BMSCs
group than in normal, SAP, and SAP+anti-CXCR4 BMSCs groups at posttransplant days 1 and 4, with a subsequent decrease at day 7. ((f)–(h))
ThemRNA level ofHGF,TGF-𝛽, andCD31was significantly higher in SAP+BMSCs group than innormal, SAP, and SAP+anti-CXCR4BMSCs
groups. Data are expressed as mean ± SD (#𝑃 > 0.05 for sham versus NC, ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 for SAP+BMSCs versus NC, †𝑃 < 0.05,
††
𝑃 < 0.01, and †††𝑃 < 0.001 for SAP+BMSCs versus SAP, $𝑃 < 0.05, $$𝑃 < 0.01, and $$$

𝑃 < 0.001 for SAP+BMSCs versus SAP+anti-
CXCR4 BMSCs at each corresponding time point) (NC, normal control, ANG-1, angiopoietin-1, VEGF, vascular endothelial growth factor,
SAP, severe acute pancreatitis, and BMSCs, bone marrow-derived mesenchymal stem cells).

the SDF-1𝛼/CXCR4 axis correlates positively with VEGF
expression in BMSCs. In vivo, VEGF expression in pan-
creatic tissues in the early phase of BMSCS transplantation
was significantly higher than that in the normal, SAP, and
SAP+anti-CXCR4 BMSCs groups. Therefore, we confirmed
that the SDF-1𝛼/CXCR4 axis is involved in the upregulation
of VEGF expression in pancreatitis tissues. On the one hand,
the upregulation of SDF-1𝛼 attracted BMSCs to damaged
pancreatic tissues. On the other hand, the interaction of SDF-
1𝛼 with CXCR4 increased the expression of VEGF, which
repaired the damaged vascular endothelial cells and further
enhanced angiogenesis. SDF-1𝛼 also increased the expression
of the CXCR4 receptor as shown in our experiment and fur-
ther promoted the migration of BMSCs to injured pancreatic
tissues. Meanwhile, VEGF can also enhance the expression
of CXCR4 [15]. Thus, the SDF-1𝛼/CXCR4 axis and VEGF
form a virtuous circle, producing a cascade effect. As a result,
the association between the SDF-1𝛼/CXCR4 axis and VEGF
could account for the migration of BMSCs, the restoration of
damaged vascular endothelial cells, neovascularization, and
the ultimate repair and regeneration of necrotic pancreatic
tissues. However, we also found that the expression of VEGF
had decreased at posttransplant day 7 because the ischemia
and hypoxia in the pancreatic tissues were significantly
reduced after cell transplantation.

ANG-1, also involved in the process of angiogenesis,
was upregulated by the SDF-1𝛼/CXCR4 axis, and that ANG-
1 expression was higher in the SAP+BMSCS group than
in the normal, SAP, and SAP+anti-CXCR4 BMSCs groups.
Large studies have also demonstrated that VEGF, combined
with ANG-1, promotes angiogenesis more effectively [44].
Thus, the SDF-1𝛼/CXCR4 axis, VEGF, and ANG-1 are jointly
involved in the process of neovascularization of necrotic pan-
creatic tissues. In addition, HGF was significantly expressed
after BMSCs were stimulated by the SDF-1𝛼/CXCR4 axis.
HGF expression was also elevated in damaged pancreatic
tissues after BMSCS transplantation. HGF can stimulate
epithelial cell proliferation, motility, morphogenesis, and
angiogenesis in various organs via the tyrosine phospho-
rylation of its receptor, c-MET [45]. Bai et al. [46] found
that HGF mediated MSC-induced recovery in a model of
multiple sclerosis. Wang et al. [31] found that HGF/c-Met
are expressed inside pancreatic tubular complexes and are
possibly involved in the regeneration of islet cells. In our
study, we have also confirmed that HGF participates in the
process of repairing and regenerating necrotic pancreatic
tissue.

As for TGF-𝛽, it is a cytokine with a wide range of diver-
sity and often has contradictory functions. Recent studies
lay emphasis on its anti-inflammatory and antiatherogenic
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Figure 8: Transplantation BMSCs could promote angiogenesis in damaged pancreatic tissue, which was inhibited by anti-CXCR4 treatment.
((a), (d)) VEGF expression was assayed in pancreatic tissue by immunohistochemistry and the result showed that VEGF expression was
higher in SAP+BMSCs group than in normal, SAP, and anti-CXCR4 groups at postoperative days 1 and 4. On the contrary, it was lower in
SAP+BMSCs group than in SAP group at postoperative day 7. ((b)–(d)) vWf and CD31 expressions in pancreatic tissue were showed to be
significantly higher in SAP+BMSCs group than in normal, SAP, and SAP+anti-CXCR4 BMSCs groups. Data are expressed as mean ± SD
(#𝑃 > 0.05 for sham versus NC, ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 for SAP+BMSCs versus NC, †𝑃 < 0.05, ††𝑃 < 0.01, and †††𝑃 < 0.001 for
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roles. TGF-𝛽 influences the activation of macrophages and T
cells, as well as the proliferation of smooth muscle cells in the
vessel wall [47, 48]. A reduction in the production or activity
of this cytokine is believed to destabilize plaque. These and
numerous other experimental data constitute the basis of
David Grainger’s TGF-𝛽 protective cytokine hypothesis [49,
50]. In our study, we found that the SDF-1𝛼/CXCR4 axis
also promotes the expression of TGF-𝛽 in vitro and that
the TGF-𝛽 in both serum and pancreatic tissue was higher
in the BMSCs+SAP group than in the normal, SAP, and
SAP+Anti-CXCR4 groups in vivo. Therefore, TGF-𝛽 could
also be involved in inhibiting inflammation and promoting
the regeneration of damaged pancreas.

Many studies have shown that the systematic inflam-
matory response plays a key role in the deterioration of
SAP. However, the inflammatory response is essential as a
vascular reaction and could be relieved if the injured vessels
could be repaired. Conversely, the repair and regeneration
of injured vessels are helpful to promote tissue repair and
regeneration. In the study, we found that damaged vascular
endothelial cells were repaired and regenerated after BMSCs
transplantation, which may be one of the reasons for the
decrease of proinflammatory factors.

In conclusion, our results demonstrate that transplanted
BMSCs reduce the systematic inflammatory responses,
repair, and regenerate necrotic pancreatic tissues by secreting
cytokines and promoting angiogenesis, with the involvement
of the SDF-1𝛼/CXCR4 axis, in a rat model of SAP. SPION is
a good option for labeling BMSCs, and the SPION labeling
method could be applied to live traces in vivo.

Of course, some problems have not yet been overcome
in this study. There is still a certain distance from the animal
research to the clinical application. Firstly, the necrotized
pancreas was not fully repaired, especially in early phase.
Secondly, the safety of BMSCs transplantation still needs
to be tested. The occurrences of pulmonary embolism and
venous thrombosis need to be further evaluated. Third, in
vivo, the cell survival rate and time still need to be improved
after BMSCs transplanted. Thus, the future research should
be focused on how to lengthen cell survival time, enhance
the functions of BMSCs, and improve the safety of BMSCs
transplantation.

Abbreviation

SDF-1𝛼: Stromal-cell-derived factor-1𝛼
VEGF: Vascular endothelial growth factor
ANG-1: Angiopoietin-1
HGF: Hepatocyte growth factor
TGF-𝛽: Transforming growth factor-𝛽
CXCR4: CXC chemokine receptor 4
TNF-𝛼: Tumor necrosis factor-𝛼
IL-1𝛽: Interleukin-1𝛽
CD31: Platelet endothelial cell adhesion molecule-1
vWF: von Willebrand factor
SPION: Superparamagnetic iron oxide nanoparticles
FOV: Field of vision
TR: Repetition time

TE: Echo time
NS: Number of scans.
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