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Background: Multipotent mesenchymal stromal cells (MSCs) have recently been reported

to promote vasculogenesis by differentiating into endothelial cells and releasing numerous

cytokines and paracrine factors. However, due to low cell activity, their potential for clinical

application is not very satisfactory. This study aimed to explore the effects and mechanisms

of 1,25-dihydroxyvitamin D (1,25(OH)2D3) on the vasculogenesis of MSCs.

Methods: MSCs were isolated from the femurs and tibias of rats and characterized by flow

cytometry. After treatment with different concentrations of 1,25(OH)2D3 (0 µM, 0.1 µM and

1 µM), the proliferation of MSCs was analyzed by Cell Counting Kit-8 (CCK-8), and the

migratory capability was measured by Transwell assays and cell scratch tests. Capillary-like

structure formation was observed by using Matrigel. Western blotting was used to detect the

expression of FLK-1 and vWF to investigate the differentiation of MSCs into endothelial

cells. Western blotting and gelatin zymography were used to detect the expression and

activities of VEGF, MMP-2 and MMP-9 secreted by MSCs under the influence of

1,25(OH)2D3. Finally, the VDR antagonist pyridoxal-5-phosphate (P5P) and the PI3K/AKT

pathway inhibitor LY294002 were utilized to test the phosphorylation levels of key kinases

in the PI3K/AKT pathway by Western blotting and the formation of capillary-like structures

in Matrigel.

Results: The proliferation and migratory capability of MSCs and the ability of MSCs to

form a tube-like structure in Matrigel were enhanced after treatment with 1,25(OH)2D3.

Moreover, MSCs treated with 1,25(OH)2D3 showed high expression of vWF and Flk-1.

There was a significant increase in the expression of VEGF, MMP-2 and MMP-9 secreted by

MSCs treated with 1,25(OH)2D3, as well as in the activity of MMP-2 and MMP-9. The

phosphorylation level of AKT increased with time after 1,25(OH)2D3 treatment, while

LY294002 weakened AKT phosphorylation. In addition, the ability to form capillary-like

structures was reduced when the VDR and PI3K/AKT pathways were blocked.

Conclusion: This study confirmed that 1,25(OH)2D3 treatment can strengthen the ability of

MSCs to promote vasculogenesis in vitro, and the mechanism may be related to the

activation of the PI3K/AKT pathway.

Keywords: multipotent mesenchymal stromal cells, 1,25-(OH)2D3, vasculogenesis, vitamin

D receptor, PI3K/AKT pathway

Introduction
Multipotent mesenchymal stromal cells (MSCs) are non-hematopoietic stem cells with

multidirectional differentiation and self-replication that can be directly induced to

differentiate into various cell types, including osteoblasts, chondrocytes, adipocytes,
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endotheliocytes and cardiocytes.1MSCs are easily expanded,

retain stem cell characteristics in vitro, and have recently

been considered to affect the progression of vasculogenesis,

which mainly occurs in two ways.2 First, MSCs can differ-

entiate into vascular endothelial cells and smooth muscle

cells, thereby directly contributing to vasculogenesis.3,4

Second, transplanted MSCs release numerous cytokines

and paracrine factors. The expression of some paracrine

factors, such as vascular endothelial growth factor (VEGF),

angiopoietin-1 (Ang-1), matrix metalloprotein 2 (MMP-2),

matrix metalloprotein 9 (MMP-9) and p-Cdc42/Rac1, was

confirmed to be largely increased in stimulated MSCs.5

However, in most cases, limited by hypoxia and low nutrient

levels in the transplanted environment, the cellular viability

of MSCs and the density of neovascularization tend to be

low, especially in some ischemic diseases.6,7 Thus, to achieve

high efficacy of MSCs transplantation, it is important to

focus on improving cellular viability and activity.

The active vitamin D metabolite 1,25-dihydroxyvitamin

D (1,25(OH)2D3) is a fat-soluble steroid hormone precursor

whose function was recently considered to affect cellular

proliferation, differentiation, and immune modulation, and

its function is mainly mediated by binding to the vitamin

D receptor (VDR), a member of the nuclear hormone recep-

tor superfamily.8 Grundmann9 found that 1,25(OH)2D3 upre-

gulates the expression of VEGF and the activity of MMP-2,

thereby enhancing vasculogenesis of cord blood-derived

endothelial progenitor cells (EPCs) in vitro. Moreover, it

has been reported that 1,25(OH)2D3 promotes capillary-like

tubule formation and migration of endothelial colony-

forming cells (ECFCs) in culture, minimizing the negative

effects of exposure to preeclampsia-related factors.10

However, it is unclear whether 1,25(OH)2D3 is involved in

the differentiation and vasculogenesis of MSCs.

In our study, MSCs were treated with different concen-

trations of 1,25(OH)2D3 to explore their role in vasculogen-

esis. Furthermore, we explored the possible mechanisms of

1,25(OH)2D3-associated vasculogenesis, which will pro-

vide a theoretical basis for clinical treatments using MSCs.

Methods
Primary MSCs Isolation and Culture
Two-week-old male Sprague-Dawley (SD) rats were pur-

chased from the Animal Experiment Center of Wenzhou

Medical University and housed under a specific pathogen-

free environment. The femur and tibia of the rats were isolated

and carefully washed with phosphate-buffered saline (PBS).

Bone marrow was then obtained, and every 10 mL of bone

marrow was followed by 6 mL of lymphocyte separation

(Solarbio, Beijing, China). After centrifugation at 1000 rpm

for 20 mins, the white floc layer of the intermediate interface

was aspirated, added to the culture medium (Dulbecco’s

Modified Eagle’s Medium, HyClone, New York, US.

Ten percent foetal bovine serum, GIBCO, Grand Island, US.

Penicillin-Streptomycin Solution 100×, Solarbio, Beijing,

China), and washed twice. The flushing fluid was seeded into

culture medium and cultured in an incubator (Thermo Fisher

Scientific,Massachusetts,US) containing 95%air and 5%CO2

at 37°C.

After 2 d of incubation, the culture media were chan-

ged to remove non-adherent cells. A fresh and complete

medium was added and changed every 2 d until the con-

fluence reached 80–90%. Thereafter, cells were passaged

at 1:2 and cultured again. The cells used in this experiment

were all harvested from the third passage.

All experiments were performed with the approval of

the Wenzhou Medical University Animal Ethics

Committee (wydw2016-0170) and in accordance with the

China Animal Welfare Legislation, as well as the guide for

the care and use of laboratory animals.

Characterization of MSCs by Flow

Cytometry
MSCs (3×106 cells) were collected, washed with PBS, and

centrifuged at 1000 rpm for 5 mins. According to the manu-

facturer’s instructions, cells were then incubated with antibo-

dies against CD29 (Biolegend, California, USA), CD90

(Biolegend, California, USA), CD105 (Bioscience,

California, USA), CD45 (Abcam, Cambridge, UK) and nega-

tive control (Biolegend, California, USA) followed by flow

cytometric analysis using the Flow Cytometer System (BD,

New Jersey, USA).

Cell Culture and Groups
MSCs cells were treated with complete medium containing

1,25(OH)2D3 at concentrations of 0 µM, 0.1 µM and 1 µM

for 48 h, and then cultured for 3–7 d. The cells were cultured

under the same conditions (95% air and 5% CO2 at 37°C)

and divided into four groups: the normal MSCs group, the

1,25(OH)2D3 (Sigma-Aldrich, St Louis, MO, USA) treat-

ment group, the 1,25(OH)2D3 and pyridoxal-5-phosphate

(P5P) (Sigma-Aldrich, St Louis, MO, USA) treatment

group, and the 1,25(OH)2D3 and LY294002 (Beyotime,

Shanghai, China) treatment group. Each group had three
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duplicate wells. In addition, in the experiment group, MSCs

with 0.1 µM 1,25(OH)2D3 were exposed to the pyridoxal-

5-phosphate (0.5 µM) or LY294002 solution at the required

concentration for 24 h.

Cell Proliferation Assay
Cell Counting Kit-8 (CCK-8, Signalway Antibody,

Maryland, USA) was used for analysis of the influence of

1,25(OH)2D3 on the proliferation of MSCs according to the

manufacturer’s instructions. The cells (3×104 cells/well) of

different groups were seeded in a 96-well plate with three

wells per group and 100 µL per well. The cells were cultured

in the incubator for 0, 1 d, 3 d or 7 d. Then, 10 µL of CCK-8

solution was added into each well, and the mixture was

incubated for 1 h with 5% CO2 at 37°C. Absorbance was

measured at 450 nm using a Microplate Reader (Perlong

medical, Beijing, China).

Cell Migration Assay
Cell migration was measured by a Transwell filter system

(Corning-Costar, New York, US) with a filter with 8 µm

pores. After culture in serum-free medium for 24 h, the cells

(2×105 cells/well, 300 µL) of the different groups were seeded

into the upper chamber of the insert, and a complete medium

(700 µL) was added to the lower chamber. The Transwell filter

systems were then incubated for 72 h at 37°C with 5% CO2.

The cells were fixed with methanol (Sinpharm, Beijing,

China), and the cells that remained on the upper surface of

the filter were removed carefully with a cotton swab. The cells

were stained with 0.5% crystal violet (Solarbio, Beijing,

China) for 30 mins and counted under a microscope

(Caikon, Shanghai, China).

Cell scratch test can also be used to examine cell migra-

tion. After culture for 24 h, the cells (8×105 cells/well) of the

different groups were seeded into the culture medium.

A 10 µL pipette tip was used to draw a line in the middle of

the dish, and the cells were cultured in an incubator for

24 h. Pictures of the scratches were taken at 0 h and 24 h.

Cell Lumen Formation
Matrigel gel (Corning-Costar, New York, US) was thawed

in a refrigerator at 4°C overnight, seeded onto a 12-well

plate (80 µL per well), and placed in an incubator for 30

mins to coagulate. Cells were seeded onto the 12-well plate

and cultured overnight in the incubator. The cells were then

cultured for 3–7 d and a picture was taken. Image J software

(NIH Image) was used for quantification of capillary-like

structures, and tube length and branching points were

analyzed after 6 h by two independent observers. Tube

length was measured as the sum of tubular circumference

formed by MSCs in one field of vision (microscope at

100×). Branching points were measured as the number of

branching points formed by MSCs in one field of vision

(magnification 100×).

Western Blotting
The cellular lysates were scraped and collected in eppendorf

tubes on ice, then heat at 100°C for 10 mins and centrifuged at

12,000 rpm for 10mins at 4°C, the supernatants were collected

and frozen at −80°C still use. Protein concentration was quan-

tified byBCAprotein assays. Equal amounts of protein (25 µg/

lane) were separated by electrophoresis through 10% and 12%

SDS-PAGE and transferred onto nitrocellulose (NC) mem-

branes (Millipore, Massachusetts, USA), then the membranes

were blocked with non-fat milk for 1 h at room temperature.

According to themanufacturer’s instructions, the primary anti-

bodies as follows Flk-1 (1:200; Santa Cruz, Dallas, TX, USA),

vWF (1:1000, Abcam, Cambridge, UK), VEGF (1:1000,

Proteintech, Chicago, USA), AKT (1:1000, Cell Signaling

Technology, Boston, USA), p-AKT (1:2000, Cell Signaling

Technology, Boston, USA), MMP-2 (1:1000, Abcam,

Cambridge, UK), MMP-9 (1:1000, Abcam, Cambridge,

UK), GAPDH (1:2000, Cell Signaling Technology, Boston,

USA) were incubated with the membrane at 4°C overnight,

respectively. After that, washing the membranes and incubat-

ing them with secondary antibody conjugated to horseradish

peroxidase (HRP; 1:1000) for 1 h at 37°C. After being washed

again, protein bands were quantified using the Tanon-5200

Image Analyzer.

Gelatine Zymography
The protein samples (25 µL) extracted from the cells were

electrophoretically separated on a 10%SDS-PAGE containing

gelatine (1 mg/mL) at 4°C. Next, the gels were washed twice

for 30 mins in eluent that included 2.5% Triton X-100, 50 mM

Tris-HCl and 5 mM CaCl2 (pH 7.6, Jrdun Biotechnology,

Shanghai, China). The gels were washed three times in pure

water for 20 mins, and then incubated in the medium (pH 7.6,

50 mM Tris-HCl, 5 mM CaCl2, 0.02% Brij-35) at 37°C for

20 h. After staining with 0.05% Coomassie Brilliant Blue

(Jrdun Biotechnology, Shanghai, China), the gels were photo-

graphed by a Tanon-5200 Image Analyzer.

Statistical Analysis
All experiments were repeated three times. Statistical ana-

lyses were performed using Graphpad prism 8 software
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(GraphPad, San Diego, CA, USA). The results of the

experiments are displayed as the mean±SEM, and normal-

ity was determined using the Shapiro–Wilk test. Statistical

evaluation of the data was performed by using the

unpaired Student’s test to compare variables between two

groups, and One-way analysis of variance (ANOVA) fol-

lowed by post hoc tests was used for the comparisons of

multiple groups. A P-value of <0.05 was considered to

indicate a statistically significant result.

Results
Characterization of MSCs
To verify whether the acquired cells wereMSCs, we used flow

cytometric analysis to determine the expression of the BMSC-

specific molecules CD29, CD90, and CD105 and the hemato-

poietic marker CD45. The acquired cells exhibited strong

positive signals for CD29, CD90 and CD105 (Figure 1A–C)

but were negative for CD45 (Figure 1D). The negative control

for flow cytometry is shown in Figure 1E. These results

suggest that the cells we acquired were MSCs.

1,25(OH)2D3 Promotes the Proliferation

and Migration of MSCs
The proliferation of MSCs was detected by CCK-8.

Compared with the viability in the control group, the viability

of the cells was significantly increased after the 0.1 μM and 1

μM 1,25(OH)2D3 treatment, although the effect of 0.01 μM
1,25(OH)2D3 was not obvious (Figure 2A).

Next, we used the Transwell system to detect the migra-

tion of MSCs. The number of cells treated with 0.1 μM
1,25(OH)2D3 that migrated from the upper layer to the

lower layer in the Transwell chamber was greater than that

in the control group, suggesting that the migratory ability of

MSCs was strengthened (Figure 2B and C). Similarly, after

24 h of wound healing, the images showed that the number

of cells that migrated to the middle was significantly

increased and almost fused the scratch with 0.1 µM

1,25(OH)2D3 treatment compared to that of the control

group (Figure 2D). These results suggest that

1,25(OH)2D3 promotes the proliferation and migration of

MSCs.

1,25(OH)2D3 Promotes the Vasculogenesis

and Differentiation of MSCs into Endothelial

in vitro
1,25(OH)2D3 treatment promoted the formation of capil-

lary-like structures by MSCs in vitro. MSCs incubated

with 0.1 μM 1,25(OH)2D3 showed significantly more

endothelial tube formation and neovascularization in

Matrigel than those in the control group (Figure 2E). The

Figure 1 Identification and purification of bone mesenchymal stem cells (MSCs). The acquired MSCs were incubated with antibodies against CD29, CD90, CD105 or CD45,

followed by flow cytometric analysis. Cells exhibited strong positive signals for CD29 (A), CD90 (B) and CD105 (C), whereas they were negative for CD45 (D). (E) The
negative control for flow cytometry.
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Figure 2 1,25(OH)2D3 promotes the activity and vasculogenesis of MSCs in vitro. (A) CCK-8 was used to analyze the proliferation of cells. MSCs were treated with different

concentrations of 1,25(OH)2D3 (0 μM, 0.01 μM, 0.1 μMor 1 μM), and then the absorbancewas measured after 0 h, 1 d, 3 d and 7 d at 450 nm by a microplate reader. The viability of

the cells was significantly increased at 7 d after 1,25(OH)2D3 treatment. ATranswell filter system and the cell scratch test for cell migration. (B) After cultivation in an incubator for
72 h, the number of MSCs treated with 0.1 µM 1,25(OH)2D3 that migrated from the upper layer to the lower layer in the Transwell chamber was greater than that in the control

group (magnification: 200×). (C) The analysis showed a significant increase in the number of cells in the 0.1 μM 1,25(OH)2D3 treatment group compared to that in the control

group. (D) In the cell scratch test, photographs were taken at 0 h and 24 h to measure wound healing, which showed that the number of cells migrating to the middle after 0.1 µM

1,25(OH)2D3 treatment was significantly increased comparedwith that of the control group (magnification: 100×). (E) Effect of 1,25(OH)2D3 on tube formation of MSCs inMatrigel

(magnification: 100×). (F) The tube length and branching points were significantly increased after treatment with 0.1 μM 1,25(OH)2D3. Tube length: the sum of tubular

circumference formed by MSCs in one field of vision (magnification 100×). Branching points: the number of branching points formed by MSCs in one field of vision (magnification

100×). (G) Representative Western blotting luminogram and analysis of FLK-1 expression in cell lysates, with an obvious increase with 0.1 μM 1,25(OH)2D3 treatment. (H)

RepresentativeWestern blotting luminogram and analysis of vWF expression in cell lysates, with an obvious increasewith 0.1 μM1,25(OH)2D3 treatment. Datawere obtained from

three replicate experiments and are expressed as the mean±SEM. ****P < 0.0001 vs control, ***P < 0.001 vs control, **P < 0.01 vs control.
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tube lengths were 1.757 higher and the branching points

were 1.363 times higher (1.757 ± 0.065 and 1.363 ± 0.026;

P < 0.05; n = 3) (Figure 2F).

Endothelial cells are polygonal or flat and form the inner

wall of the blood vessel. Research has shown that stimu-

lated human adipose mesenchymal stem cells (ASCs)

Figure 3 1,25(OH)2D3 incubation with MSCs promoted the expression and activity of angiogenic factors and induced differentiation into endothelial cells. MSCs were

treated with different concentrations of 1,25(OH)2D3 (0 µM, 0.01 µM or 0.1 µM), and then the cell lysates and conditioned media were collected for further analysis. (A)

Protein semiquantification is shown for VEGF in cell lysates based on the results of Western blotting. (B) There was an obvious increase in VEGF expression after 1,25

(OH)2D3 treatment, with a maximal response at 0.1 µM. (C) Representative Western blotting luminograms of MMP-2 and MMP-9 in cell lysates. (D) The expression of

MMP-2 and MMP-9 was significantly increased after 1,25(OH)2D3 treatment, with a maximal response at 0.1 µM. (E) Gelatine zymography image of MMP-2 and MMP-9 in

conditioned media. (F) Analysis showed that the activity of MMP-2 and MMP-9 was significantly improved, especially in the 0.1 µM 1,25(OH)2D3 treatment group. Data were

obtained from three replicate experiments and are expressed as the mean±SEM. ****P < 0.0001 vs control, **P < 0.01 vs control, ####P < 0.0001 vs control, ###P < 0.001 vs

control, #P < 0.5 vs control.
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enhance neovascularization by differentiation into endothe-

lial cells, manifested by high expression of endothelium-

specific genes such as von Willebrand factor (vWF) and

Flk-1 and robust in vitro microvascular formation.11 After

treatment with 0.1 μM 1,25(OH)2D3, we detected the

expression of Flk-1 and vWF in the MSCs culture. As

expected, Western blotting indicated high expression of

Flk-1 and vWF compared with that of the control group,

which suggests that the MSC-derived cells are indeed func-

tional endothelial cells (Figure 2G and H).

VEGF, MMP-2 and MMP-9 are Involved in

the Vasculogenesis Effect of 1,25(OH)2D3

on MSCs
VEGF, MMP-2 and MMP-9 have been reported to play an

important role in the process of vasculogenesis.12,13 To

explore whether VEGF, MMP-2 and MMP-9 are involved

in the vasculogenesis effect of 1,25(OH)2D3 on MSCs, we

detected their expression and activity in MSCs treated with

different concentrations of 1,25(OH)2D3 (0 µM, 0.1 µM and

1 µM). Western blotting analysis showed that 1,25(OH)2D3

induced a significant dose-dependent increase, with

a maximal response at 0.1 µM, in the protein expression of

VEGF in cell lysates (Figure 3A and B), and both MMP-2

and MMP-9 showed the same tendency (Figure 3C and D).

Gelatine zymography analysis showed that the activity of

MMP-2 and MMP-9 in the conditioned media was signifi-

cantly upregulated, with maximal activity at 0.1 µM

1,25(OH)2D3 treatment (Figure 3E and F).

Effect of VDR Blockade or PI3K/AKT

Pathway Activation on the Vasculogenesis

of 1,25(OH)2D3-Treated MSCs
The genomic action of 1,25(OH)2D3 is mediated through

the interaction of the VDR with vitamin D response ele-

ments (VDREs) of the target genes.14 To explore whether

VDR is involved in the 1,25(OH)2D3-promotion of the

vasculogenesis of MSCs, we tested the capillary-like struc-

tures formation of MSCs after P5P blocking. Matrigel

showed a decrease in the formation of capillary-like struc-

tures compared with the 0.1µM 1,25(OH)2D3 treatment

group (Figure 4A), with 0.773 times lower tube length

and 0.796 times lower branching points (0.773 ± 0.032

and 0.796 ± 0.024; P < 0.05; n = 3) (Figure 4B).

To further explore the underlying mechanisms by which

1,25(OH)2D3 promotes vasculogenesis of MSCs, we

Figure 4 VDR binding and PI3K pathway were involved in 1,25(OH)2D3-mediated

vasculogenesis of MSCs. (A) The endothelial tube formation of MSCs in Matrigel after

the blocking with P5P or LY294002. (B) Analysis showed that compared with the 0.1 µM

1,25(OH)2D3 treatment group, both the tube length and branching points of MSCs were

redused after blocking by P5P or LY294002. (C) Representative Western blotting lumi-

nogram and analysis of p-AKT and AKT in MSCs after treatment with 0.1 µM

1,25(OH)2D3 for 0.5 h, 1 h and 3 h. Increased expression of p-AKTwas time dependent,

with no change in AKT expression. (D) Western blotting of p-AKT expression in the

control, 1,25(OH)2D3 and 1,25(OH)2D3 and LY294002 treatment groups. The expres-

sion of p-AKT in MSCs treated with 1,25(OH)2D3 was higher than that in MSCs treated

with 1,25(OH)2D3 and LY294002. (E) Representative Western blotting luminogram and

analysis of the downregulated expression of FLK-1 after blocking with P5P or LY294002.

(F) RepresentativeWestern blotting luminogram and analysis of vWF after blocking with

P5P or LY294002. Data were obtained from three replicate experiments and are

expressed as the mean±SEM. ****P < 0.0001 vs control, ***P < 0.001 vs control, **P <

0.001 vs control, ###P < 0.001 vs control, ##P < 0.001 vs control, #P < 0.05 vs

1,25(OH)2D3 treatment.
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evaluated cell lysates for the phosphorylation of key kinases

involved in the PI3K/AKT pathway, which is known to reg-

ulateMMPs and VEGF and plays a role in angiogenesis. After

treatment with 1,25(OH)2D3 for 30 mins, 1 h or 3 h, the

expression of p-AKT showed a time-dependent increase, and

there was no difference in the expression of total AKT com-

pared with that of the control group (Figure 4C). 1,25(OH)2D3

-activated phosphorylation was significantly inhibited by the

specific PI3K inhibitor LY294002. After LY294002 treatment,

the expression of p-AKT was obviously decreased compared

with that of the 1,25(OH)2D3 treatment group (Figure 4D).

The blocking differences could also clearly and signif-

icantly be seen in Matrigel, in which the formation of

capillary-like structures was decreased (Figure 4A). The

tube lengths were 0.836 times lower and the branching

points were 0.876 times lower compared with the 0.1 μM
1,25(OH)2D3 treatment group (0.836 ± 0.024 and 0.876 ±

0.024; P<0.05; n=3) (Figure 4B).

In addition, the expression of FLK-1 and vWF obviously

decreased after blocking the VDR or PI3K pathway, which

indicated that VDR binding and the PI3K pathway were

involved in the 1,25(OH)2D3-mediated differentiation of

MSCs to endothelial cells (Figure 4E and F).

Discussion
This study successfully isolated MSCs from rat bone mar-

row and identified that 1,25(OH)2D3 treatment markedly

promoted cell proliferation and MSC migration. Further

studies illustrated that 1,25(OH)2D3 strengthens the ability

of MSCs to promote vasculogenesis in vitro by paracrine

stimulation and activation of VEGF, MMP-2 and MMP-9

secreted by as the MSCs. Subsequently, after blocking the

VDR and the PI3K pathway, we found that 1,25(OH)2D3-

mediated vasculogenesis was associated with VDR bind-

ing and the PI3K/AKT pathway.

MSCs are characterized by high expression of specific

markers, such as CD29, CD90 and CD105, and by the

absence of markers specific to hematopoietic and endothe-

lial cell lineages, such as CD45.15 Hence, using the corre-

sponding antibodies, we identified whether the cells we

isolated from rat bone marrow were MSCs by flow cyto-

metry. The results showed obvious CD29+, CD90+,

CD105+ and CD45−, which confirmed that the isolated

cells were MSCs.

Previous literature has shown that transplanted MSCs

exhibit strong vasculogenesis activity.16,17 Ikhapoh et al18

demonstrated that atherogenic cytokines regulate VEGF-

A-induced differentiation of MSCs into endothelial cells

in vitro. Moreover, transplanted MSCs prelease paracrine

factors such as VEGF, which regulate vasculogenesis to

promote the formation of novel vasoganglions in the sur-

rounding infarcted area.19 VEGF is a highly specific pro-

vascular endothelial growth factor that has the ability to

stimulate both angiogenesis and vasculogenesis, thereby

improving blood supply.20 Matrix metalloproteinases

(MMPs) are important proteolytic systems that degrade

extracellular matrices. MMP-2 can recognize various extra-

cellular matrix components as substrates21 and enhance

vasculogenesis and metastasis of aberrant tumors.22

MMP-9 contributes to strengthening the proliferation of

vascular epithelial cells and inhibiting their apoptosis after

injury.23 Both MMP-2 and MMP-9 play important roles in

regulating the hair cycle by inducing VEGF, IGF-1, and

TGF-β expression.24 Thus, these three factors are com-

monly considered as specific factors for vasculogenesis. In

our study, we found that the proliferation and migratory

capabilities of MSCs were enhanced after treatment with

1,25(OH)2D3. The improvement accompanied a dose-

dependent increase in the expression of VEGF, which was

also true for the expression and activity of MMP-2 and

MMP-9. Interestingly, compared with the expression and

activity of MMP-2, the results showed that MMP-9 was

expressed more highly in cell lysates but showed reduced

activity in conditioned media. This result indicated that

MMP-9 activity may interfere with some factors stimulated

by 1,25(OH)2D3 during the secretion into the extracellular

milieu, but MMP-2 was not affected. Adya et al25 also

corroborated our results, but the underlying mechanism is

currently unclear and requires further research. Western

blotting analysis showed that the expression of vWF and

FLK-1 were both significantly increased in the

1,25(OH)2D3 treatment group. These results indicated that

the vasculogenic effect of 1,25(OH)2D3 on MSCs occurred

by promoting not only its paracrine effects and activation of

VEGF, MMP-2 and MMP-9 but also the differentiation of

MSCs into endothelial cells.

In recent years, with the continuous development of

cellular biotechnology, MSC transplantation has become

another breakthrough treatment for ischemic diseases after

angioplasty. Lee et al26 found that intracoronary infusion of

human MSCs was tolerable and safe and led to modest

improvements in cardiac contraction at a 6-month follow-

up in MI patients. Unfortunately, the effect of MSCs trans-

plantation therapy is still not satisfactory due to the low

cellular viability of transplantedMSCs. Currently, improving

the survival of MSCs in the ischemic environment after
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transplantation is a hot topic, and many efforts have been

made. Hu et al27 showed that Tongxinluo stimulation pro-

motes tube formation by MSCs, and the underlying mechan-

isms were associated with increased migration ability of

MSCs and the upregulation of MMP-2 and VEGF expres-

sion. Moreover, concentration-dependent Tongxinluo also

decreases apoptosis of MSCs under hypoxic and serum

deprivation conditions.28 In our study, we stimulated MSCs

with different doses of 1,25(OH)2D3 and discovered that cell

proliferation and migration were both significantly promoted

with 0.1 μM 1,25(OH)2D3 stimulation.

1,25(OH)2D3 is essential for mineral homeostasis and

skeletal integrity, but it has also played an increasingly impor-

tant role in influencing cell growth and differentiation in recent

years, which is mediated by binding to the VDR.29 VDR-

mediated vitamin D significantly enhances the proliferation

of neural stem cells (NSCs) and enhances their differentiation

into neurons and oligodendrocytes.30 It has been reported that

1,25(OH)2D3 stimulates the differentiation of cultured mouse

myeloid leukemia cells into macrophages,31 as well as cardiac

cells and colorectal microadenoma.32,33 However, it has not

been determined whether 1,25(OH)2D3 can promote the pro-

liferation and differentiation ofMSCs, especially into endothe-

lial cells. We confirmed that 1,25(OH)2D3 treatment promotes

the proliferation and migration of MSCs and their differentia-

tion into endothelial cells.

Recently, some studies found associations between

1,25(OH)2D3 and cardiovascular disease (CVD), lung disease,

and tuberculosis.34,35 Panizo et al36 found that in uremic

cardiomyopathy, activation of 1,25(OH)2D3 receptors weak-

ens myocardial fibrosis by increasing the expression of some

proteins, including MMP-2. In addition, supplementation of

vitamin D in streptozotocin-induced diabetic mice improves

endothelial function,37 and induces increased expression of

VEGF in vascular smooth muscle cells (VSMCs) by binding

to the VDR, which acts as a transcription factor for the VEGF

promoter.38 Similarly, the role of vitamin D in restoring angio-

genic balance by increasing VEGF levels has also been

demonstrated in a pregnancy-induced hypertension rat

model.39 In our study, the size of the official cavities and the

number of official cavity-like structures formed by MSCs

treated with 1,25(OH)2D3 were significantly increased. After

blocking the VDR channel with pyridoxal-5-phosphate, the

cell-to-tube capacity of MSCs was significantly weakened,

demonstrating that 1,25(OH)2D3 promotes vasculogenesis of

MSCs, which is mediated by the VDR.

The PI3K/AKT pathway is widely present in eukaryotic

animal cells and is involved in mediating many important

Figure 5 A schematic model of the role of 1,25(OH)2D3 in the vasculogenesis of MSCs.
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cellular processes.40 In recent years, it has been found that

PI3K/AKT can promote the proliferation of MSCs and inhi-

bit their apoptosis. Lv et al41 overexpressed Hif-1α in MSCs

by transfection with a Hif-1α-expressing vector in an oxy-

gen-glucose deprivation (OGD)-induced injury model. The

results indicated that Hif-1α overexpression improved cell

viability and suppressed apoptosis, in which the PI3K/AKT/

mTOR pathway is implicated. Xue et al42 also found that

lentivirus-mediated overexpression of miR-486 resulted in

an increase in VEGF at both the mRNA and protein levels

and reduced apoptosis of MSCs. Furthermore, PTEN-PI3K

/AKTwas shown to be involved in changes in BMSC biolo-

gical functions that are regulated by miR-486. These findings

demonstrate that the survival and vasculogenesis of MSCs

may be related to the PI3K/AKT pathway. To further explore

whether the mechanism by which 1,25(OH)2D3 promotes

vasculogenesis in MSCs is related to the PI3K pathway, we

tested the main factors and blocked the pathway by using the

PI3K-specific inhibitor LY294002. Western blotting showed

that the expression of pAKT in MSCs increased with time

after 1,25(OH)2D3 treatment but was significantly reduced in

the 1,25(OH)2D3 and LY294002 treatment groups. The cell-

to-tube capacity of MSCs was also significantly weakened

after LY294002 treatment. These results suggest that

1,25(OH)2D3-mediated vasculogenesis by MSCs may be

associated with the PI3K/AKT pathway.

In conclusion, this study shows that 1,25(OH)2D3

strengthened the vasculogenesis of MSCs, among which

1,25(OH)2D3 promoted the expression of VEGF, and

enhanced the activity of MMP-2 and MMP-9. This promo-

tion is mediated by VDR and is achieved by activating the

PI3K pathway (Figure 5).
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