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Abstract: Objective: Notch/Dll4 pathway is involved in regulating cell proliferation, apoptosis and differentiation 
etc. The vascular endothelial growth factor (VEGF) pathway has been identified as a major pathway in regulation of 
angiogenesis. This study investigated the mechanism of regulation of angiogenesis and myocardial differentiation 
by Notch/Dll4 and VEGF pathways. Methods: Mesenchymal stem cells (MSCs) were obtained from rat bone marrow 
under aseptic conditions and verified using the flow cytometry (FCM). Notch/Dll4 and VEGF plasmids were trans-
fected into MSCs. Real-time PCR was used to analyze myocardial differentiation related genes including GATA-4, 
α-actin, cTnI and Cx43 expression in MSCs before and after transfection in order to evaluate the effects of Notch/
Dll4 and VEGF interactions on myocardial differentiation. MSCs were co-transfected with Notch/Dll4 and VEGF 
plasmids. Real-time PCR and Western blot were used to measure endothelial cells specific markers including CD31, 
vWF, and Tie-2 expression both in mRNA and protein levels. In addition, this study analyzed the effects of Notch/Dll4 
and VEGF interactions on angiogenesis ability using in vitro angiogenesis assay kit. Results: Overexpression of Dll4 
in MSCs by cDNA transfection significantly inhibited GATA-4 and cTnI expression (P < 0.01), while overexpression of 
VEGF promoted GATA-4 and cTnI expression (P < 0.05). Co-transfection of Dll4 and VEGF plasmids or transfection of 
VEGF plasmid alone resulted in Cx43 gene expression significantly increase (P < 0.05). In addition, overexpression 
of Dll4 inhibited the expression of vWF and Tie-2, while overexpression of VEGF, endothelial promoted CD31, vWF, 
and Tie-2 to increase. Conclusion: Notch/DII4 suppressed the differentiation process of MSCs to myocardial cells, 
while VEGF promoted the process. Notch/Dll4 and VEGF interactions regulated the process of differentiation and 
angiogenesis of MSCs. 
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Introduction

As an evolutionarily conserved intercellular 
pathway, the Notch pathway plays an impor- 
tant role in many biological process including 
cellular differentiation, proliferation, and apop-
tosis [1, 2]. Recently, the Notch pathway, par-
ticularly vascular-specific delta-like ligand 4 
(Dll4) signaling, has been identified as another 
pivotal pathway in regulation of vascular devel-
opment [3-5]. The Notch receptors and ligands 
are membrane proteins across the membrane 
only once. Therefore Notch pathway is a rela-
tively simple way of signal transduction to facili-
tate communication between adjacent cells, 
which doesn’t need participation of the second 

messenger and phosphorylation. Signaling mol-
ecules were exhausted via protein hydrolysis. 
This type of signal transduction method cannot 
amplify signal, but is very important for accu-
rate control [6]. 

The development of the heart is a complex  
cascade of regulatory process [7], which 
includes that stem cells differentiate to cardiac 
progenitor cells [8] which further migrate and 
differentiate to cardiomyocytes and related 
blood vessels develop and form, etc [9, 10]. The 
process of angiogenesis is dependent on com-
prehensive regulation to either inhibit or pro-
mote angiogenesis. The vascular endothelial 
growth factor (VEGF) is one of the most potent 
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angiogenic factors to promote angiogenesis. 
Notch/Dll4 signaling pathways can promote 
blood vessels maturation and control vessel 
sprouting and branching therefore to regulate 
excessive proliferation of blood vessels [11, 
12]. Extensive studies have highlighted the 
relationship between Notch/Dll4 and VEGF 
pathways. It has been confirmed that Notch/
Dll4 and VEGF pathways play an important  
role in regulating embryonic vascular develop-
ment and tumor angiogenesis. It is through the 
coordinating role of Notch/Dll4 and VEGF path-
ways to guarantee the normal formation of  
new blood vessels [13, 14]. However, the inter-
action between Notch/Dll4 and VEGF, as well 
as the mechanism of this interaction in the 
regulation of cardiac differentiation and angio-
genesis remain obscure. Therefore we conduct-
ed this study to determine whether Notch/Dll4 
and VEGF interactions are associated with myo-
cardial differentiation and angiogenesis and its 
possible mechanism.

Materials and methods

Experimental animals

4-week-old specific pathogen free (SPF) Spra- 
gue-Dawley rats (250±50 g, Grade I, purchased 
from Better Biological Engineering co., Ltd., 
Nanjing, Jiangsu, China) were housed in plastic 
cages and maintained under an artificial 12 
h/12 h light/dark cycle at 18~25°C. The rats 
had ad libitum access to standard rat chow  
and tap water. All of the experiments were con-
ducted in accordance with the European 
Communities Council Directive (2010/63/EU) 
for the use of experimental animals.

Experimental reagents and instruments

Low glucose DMEM (purchased from Gibco, 
USA); FBS (purchased from Zhejiang Tianhang 
Biotechnology Co., Ltd., Hangzhou, Zhejiang, 
China); FITC-conjugated anti-rat CD29 and 
PE-conjugated anti-rat CD44 (purchased from 
eBioscience, USA); Transfection Reagent Lipo- 
fectamine 2000 (purchased from Invitrogen, 
USA); RNA extraction kit (purchased from 
QIAGEN, Germany); reverse transcription kit 
(purchased from Applied Biosystems, USA); 
SYBR Green real-time PCR Master Mix (pur-
chased from Applied Biosystems, USA); Rea- 
dyPrep protein extraction kit (purchased from 
Bio-Rad, USA); BCA protein Assay Kit (pur-

chased from Vazyme Biotech Co., Ltd., Nanjing, 
Jiangsu, China); CD31, vWF, Tie-2 and GAPDH 
monoclonal antibodies (purchased from 
Abcam, UK); horseradish peroxidase (HRP) 
labeled secondary antibody (purchased from 
Wuhan Boster Biological, Wuhan, Hubei, China); 
PVDF membrane (0.22 μm) (purchased from 
Millipore, USA); ECL chemiluminescence detec-
tion kit (purchased from Millipore, USA); in  
vitro angiogenesis assay kit (purchased from 
Biovision, USA). CO2 incubator: SANYO; inverted 
microscope: Olympus; nucleic acid quantitative 
analysis instrument: Qubit Fluorometer; fluo-
rescence quantitative PCR detection system: 
Applied Biosystems 7500.

Culture and identification of rat bone marrow 
mesenchymal stem cells [15, 16].

12 SPF SD rats (4 wk) were sacrificed by cervi-
cal dislocation and their femurs and tibia were 
carefully flushed with low glucose DMEM to 
flush the marrow cavities using a 0.45-mm 
syringe needle until the bones become pale. 
After being centrifuged for 5 min at 1000 rpm, 
the cell sediment was resuspended in low glu-
cose DMEM containing 10% FBS and cultivated 
in a 60 mm dish at 37°C in a 5% CO2 humidified 
incubator. To isolate MSCs, after 48 hrs of cul-
ture, non-adherent cells were removed and 
adherent cells were maintained. On reaching 
70%-80% confluence, these adherent cells 
were replanted. The medium was changed 
every 2-3 days.

The cultured MSCs were retrieved by trypsin-
EDTA digestion. Cell aliquots (1×106) were 
washed with cold PBS and resuspended in 100 
μl of PBS per EP tube and stained with FITC-
conjugated anti-rat CD29 and PE-conjugated 
anti-rat CD44 at a concentration of 2 μg/mL at 
4°C for 30 min. One tube of unstained cells was 
prepared as a control for the antibodies. Cells 
were examined using a BD FACS calibur cytom-
eter and analyzed using CellQuest software.

Construction of plasmid vector and cell trans-
fection

The eukaryotic plasmid vector pcDNA3.1 was 
used. Coding sequences of the target genes 
were inserted between BamH I and Xhol restric-
tion sites in order to obtain Dll4 and VEGF plas-
mids. The construction of plasmid was con-
ducted by Wuhan Transduction Biological 
Laboratory (Wuhan, Hubei, China).
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Transfection of MSCs by lipofection

According to Lipofectamine 2000 liposome 
transfection reagent instruction, the 4th pas-
sage MSCs were digested by pancreatic 
enzyme, and then was counted. It was inocu-
lated at 3×104/mL to 6-well plate. On reaching 
80% confluence, 1 µl Lipofectamine 2000 was 
diluted with 50 μl serum-free medium then 
mixed with diluted plasmids. The mixture was 

scription was undertaken using reverse tran-
scription kit according to the manufacturer’s 
protocol. The primer and probe sequences of 
the target genes and reference gene were 
obtained from the NCBI database. The con-
struction of primers was conducted by Sangon 
Biotech Co., Ltd. (Shanghai, China). The specific 
sequences were shown in Table 1. 

PCR was performed using the Applied Bio- 
systems® 7500 Fluorescence Quantitative 
PCR Detection System in 96-well microtitre 
plates using a final volume of 25 μl. Ampli- 
fications were performed starting with a 2 min 
activation step at 50°C, 10 min temple dena-
turation at 95°C, followed by 40 cycles of 95°C 
for 15 sec and 60°C for 1 min.

Relative expression levels were determined 
with the comparative threshold cycle (Ct) meth-
od, with amplification efficiency set at 97%. 

Detection of expression of CD31, vWF, and Tie-
2 by Western blot

The protein was extracted from cell samples 
using ReadyPrep protein extraction kit. Mixture 
was centrifuged at 4°C and 13000 r/min for 20 
min. The supernatant was transferred into new 
centrifugal tube. Then BCA protein quantifying 
kit was employed to detect the concentration of 

Table 1. The primers used in Real-time PCR

Gene GenBank  
Accession Primer (5’-3’) Length Tm

GATA-4 NM_001310610.1 For: CTGTGCCAACTGCCAGACTA 20 61.3
Rev: AGATTCTTGGGCTTCCGTTT 21 60.5

α-actin M12233.1 For: AGCCATGTACGTAGCCATCC 20 60.0
Rev: CTCTCAGCTGTGGTGGTGAA 20 60.2

cTnI NM_017144.2 For: CCTGCGTGGCAAGTTTAA 20 59.9
Rev: TTCCTTCTCAATGTCCTCCT 22 60.2

Cx43 NM_016975.3 For: TCTCGCCTATGTCTCCTCC 20 61.0
Rev: TGTAGTTCGCCCAGTTTT 21 61.2

CD31 NM_001305158.1 For: CTCCTAAGAGCAAAGAGCAACTTC 24 61.2
Rev: TACACTGGTATTCCATGTCTCTGG 24 61.6

vWF NM_011708 For: CTCTTTGGGGACGACTTCATC 21 60.1
Rev: TCCCGAGAATGGAGAAGGAAC 22 60.9

Tie-2 NM_001290551.1 For: GCTGAGAACAACATAGGAT 20 62.1
Rev: CTGAGTTGAACTGAACAGC 19 60.6

GAPDH NM_014364 For: TGTGGGCATCAATGGATTTGG 21 60.9
Rev: ACACCATGTATTCCGGGTCAAT 22 61.4

For, forward; Rev, reverse.

added to each well and 
incubated at 37°C and 
5% CO2 for 20 min. After 
6 hrs, it was cultured in 
low glucose DMEM con-
taining 10% FBS.

Detection of expression 
of GATA-4, α-actin, cTnI, 
Cx43, CD31, vWF, and 
Tie-2 by RT-PCR

Cell samples were wa- 
shed with PBS (RNase 
free) and centrifuged to 
obtain cell sediments. 
Total RNA was extracted 
from cell sediments fol-
lowing the manufactur-
er’s instructions. RNA 
samples’ concentration 
and purity were mea-
sured using Qubit Fluo- 
rometer. Reverse tran-

Figure 1. The 1st passage MSCs adherent to the wall 
after culture for 24 hrs (×400).
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protein. Protein samples were given SDS-PAGE 
electrophoresis. They were transferred to poly-
vinylidene fluoride membrane using the semi-
dry transfer buffer. After being blocked with 5% 
nonfat milk powder for 1 h, the primary antibod-
ies which was diluted with TBST (CD31, vWF, 
and Tie-2) were added and then incubated at 

4°C overnight. The membrane was washed 
with TBST for three times and then the HRP-
labeled secondary antibodies were added and 
incubated in the room temperature for 1 h. 
Afterwards, it was washed with TBST for three 
times. Blots were visualized and quantified 
using Quantity one v4.62 software. All samples 

Figure 2. Myocardial differentiation related gene expression.
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were run in the same gel to minimize variability 
and the quantitative results for each protein 
were normalized to GAPDH.

In vitro angiogenesis

According to in vitro angiogenesis assay kit 
instructions, the matrigel at 50 μl/well was  
laid into 96-well plates to solidify to analyze the 
capillary-like tube formation of MSCs. MSCs 
were resuspended in DMEM medium contain-
ing 5% serum at 1×104/ml. 100 μl cell suspen-
sion was plated on matrigel at 37°C and 5% 
CO2. After 12 hrs, tube images were obtained 
by using an inverted microscope. 

Statistical analysis

Statistical analyzes were performed using sta-
tistical software SPSS 17.0. The data are 
expressed as mean ± SEM. The data were ana-
lyzed using one-way analysis of variance 
(ANOVA) followed by the Student-Newman-
Keuls post hoc test for multiple comparisons. 
Values of P < 0.05 were considered statistically 
significant.

Results

Culture and identification of rat marrow mes-
enchymal stem cells

After being cultured for 24 hrs, cells began to 
adhere to the wall and demonstrate fusiform 
morphology (Figure 1). After being cultured for 
3 days, the cells were digested using trypsin 
and passed in the 1:2 ratio. The 3rd passage 
MSCs were measured for specific markers 
including CD29 and CD44 using FCM. The 
results showed that positive rates of CD29 and 
CD44 on MSCs were 98.4 % and 99.6% respec-
tively indicating high purity of MSCs obtained.

The effects of Notch/Dll4 and VEGF interac-
tion on myocardial differentiation related gene 
expression

MSCs were cultured for 3 passages then trans-
fected with Dll4 and VEGF plasmids. Empty 
vector was used as control. 24 hrs after trans-
fection, real-time PCR was used to measure 
Dll4 and VEGF overexpression. As shown in 
Figure 2A, 2B, after being transfected with Dll4 
and VEGF plasmids, Dll4 and VEGF gene expre- 
ssion were significantly increased (P < 0.01) 
compared to the control group.

As shown in Figure 2C and 2E, overexpression 
of Dll4 inhibited expression of GATA-4 and cTnI, 
while overexpression of VEGF promoted it (P < 
0.05). After co-transfection of Dll4 and VEGF, 
there was no difference of GATA-4 expression 
level between the Dll4+VEGF group and the 
control group. The overexpression of Dll4 and 
VEGF was not associated with α-actin expres-
sion (Figure 2D). As shown in Figure 2F, 
Co-transfected 

Dll4 and VEGF or VEGF alone caused Cx43 reg-
ulation (P < 0.05). 

The effects of Notch/Dll4 and VEGF interac-
tions on angiogenesis

As shown in Figure 3A, after Dll4 overexpres-
sion, the change of CD31 expression was not 
significant, but the expression of vWF and Tie-2 
were decreased by 23% and 39% respectively. 
However, after VEGF overexpression, CD31, 
vWF and Tie-2 were significantly increased (P < 
0.05). Compared to the empty vector, CD31, 
vWF and Tie-2 expression levels were increased 
by 38%, 41%, and 29% respectively. The results 
of protein level were shown in Figure 3B, which 
were consistent with mRNA expression level, 
i.e. Dll4 over-expression can suppress the 
expression of vWF and Tie-2, while VEGF over-
expression can promote the expression of 
endothelial cell-specific markers including 
CD31, vWF and Tie-2.

The changes of angiogenesis ability after DII4 
and VEGF overexpression were analyzed using 
in vitro angiogenesis assay kit. There was no 
capillary-like tube formed in the DII4+ group. In 
the VEGF+ group, there were a lot of capillary-
like tubes. The formation of capillary-like tubes 
was observed in the DII4+VEGF+ group, but 
they were much less than VEGF+ group. 

Discussion

Notch pathway includes Notch receptors, Notch 
ligands, other Notch effectors, and regulatory 
molecules. Morgan [2] and his colleagues 
found Notch genes in the mutant flies for the 
first time. There were four types of Notch recep-
tors (Notch1-4) and five types of Notch ligands 
(Delta-like 1, 3, 4, Jagged1, and Jagged2) in 
mammals. Notch signal was generated via 
adjacent cells Notch ligand-receptor interac-
tions and went into the nucleus through the 
configuration change to bind with CSL and form 
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transcriptional activation complex exerting its 
biological effects. Notch signal transduction 
enables target cells directly receive signals 
from their adjacent cells, which does not require 
second messengers and protein kinase to 
amplify. It plays an important role in embryonic 
development, tissue homeostasis, and stem 
cell differentiation. A number of studies have 
found that Notch signaling pathway may regu-
late angiogenesis, which suggests that Notch 
signaling may be used as targets for the angio-
genesis-targeting therapy [17, 18]. Notch sig-
naling pathway regulates angiogenesis via four 
ligands (Dll1, Dll4, Jagged1, and Jagged2) and 
3 receptors (Notch1, Notch3 and Notch4), 
wherein Dll4 is the main ligand binding with 
Notch to regulate the formation of new blood 
vessels [19]. In some hematological malignan-
cies such as acute lymphoblastic leukemia and 
lymphoma, there were abnormal activation of 
the Notch signaling pathway found [20], sug-
gesting that Notch signaling pathway plays an 
important regulatory role in endothelial cell pro-
liferation and differentiation [21]. In terms of 
regulating stem cell differentiation, more in-
depth studies are about the regulatory role of 
Notch signaling pathway in the process of 
embryonic stem cell differentiation into cardio-
myocytes. The study found, Notch signaling 
pathway plays an important regulatory role [22-
24] to the differentiation of cardiac cells in 
embryonic stem cells. The theory to use embry-
onic stem cells in order to induce cardiomyo-
cytes regenerate, thus to treat cardiovascular 
disease has long been proposed [25]. However, 
the exact mechanism of induction and other 
issues have not been resolved yet. 

VEGF is a very important factor to promote 
blood vessel growth, especially in tumor tis-
sues. VEGF can participate in various physio-
logical and pathological angiogenesis process 
via its receptors. In some solid tumors or hema-
tological malignancies, there is abnormally high 
expression of VEGF detected, which is associ-
ated with unfavorable prognosis [26]. In recent 
years, VEGF, in addition to promote angiogene-
sis, were found to promote embryonic stem 
cells and adipose stem cells differentiate to 
myocardial cells [27, 28]. However the specific 
molecular mechanism is still unclear. Therefore, 
it is very important to study the mechanism of 
the role in stem cell differentiation in order to 
provide the theoretical basis for the treatment 
of cardiovascular diseases. Taylor [29] and his 
colleagues found that Notch/Dll4 activation 
can downregulate VEGFR2 expression. A vari-
ety of evidence has shown that VEGF and Dll4/
Notch signaling pathway are related in the pro-
cess of angiogenesis and the regulation of 
stem cell differentiation. However the specific 
mechanism of the interactions is still far from 
being clear. Therefore, we launched the study 
to investigate Notch/Dll4 and VEGF interac-
tions regulating angiogenesis and myocardial 
differentiation and its related mechanism. We 
hope we can provide some theoretical basis for 
the treatment of cardiovascular diseases.

MSCs are self-renewing and pluripotent stem 
cells. MSCs can readily obtain immunogens 
and have low immune rejection. Therefore they 
are often used in stem cell differentiation 
experiments. We obtained MSCs from rat bone 
marrow and verified them according to stan-

Figure 3. The effects of 
Notch/Dll4 and VEGF inter-
actions on angiogenesis.
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dards by International Cell Therapy Association 
[30]. We used FCM to measure the CD29 and 
CD44 positive rates in obtained MSCs. The 
CD29 and CD44 positive rates reached 98.4% 
and 99.6% respectively indicating high purity of 
obtained MSCs.

In order to study the effects of Dll4 and VEGF 
on MSCs differentiation to myocardial cells, we 
transfected separately and co-transfected Dll4 
and VEGF expression plasmids in order to 
obtain cells with over-expression of Dll4 and 
VEGF. In terms of the choice of plasmid, we 
chose pcDNA3.1 because pcDNA3.1 increased 
enzyme loci and CMV drive expression on the 
basis of pcDNA3.0. We measured myocardial 
differentiation related genes such as GATA-4, 
alpha actin, cTnI and Cx43 on mRNA level. The 
results showed that Dll4 and VEGF over-expres-
sion can cause GATA-4 downregulation and 
upregulation respectively (P < 0.05). After co-
transfection of Dll4 and VEGF plasmids, the 
expression of GATA-4 has no significant differ-
ence compared to the control group. 

α-actin is widely present in the myocardial cells 
thus considered specific structural protein of 
the myocardial cells. We found that there was 
no significant correlation between α-actin 
expression level and Dll4 and VEGF expression 
level. During experiment, after transfection of 
VEGF, α-actin appeared to increase, but the dif-
ference was not significant. The possible rea-
sons could be that α-actin is usually present in 
the myocardial cells with high differentiation. 
The fact that α-actin significant changes were 
not detected may be due to the timing. Over-
expression of Dll4 significantly inhibited cTnI 
expression (P < 0.01), while over-expression of 
VEGF promoted cTnI expression (P < 0.05). 
After co-transfection of Dll4 and VEGF plas-
mids, cTnI expression had no significant  
difference compared to the control group. 
Co-transfection of Dll4 and VEGF plasmids and 
separate transfection of VEGF plasmid can 
cause Cx43 gene expression increase (P < 
0.05). The results suggest that Notch and VEGF 
play antagonistic roles against each other in 
the process of stem cells differentiation to myo-
cardial cells. This coordinative effect maintains 
the normal differentiation process of stem 
cells.

We used the 5th generation of MSCs to con-
duct experiment which was consistent with the 

results from Wang [31] and her colleagues. The 
results showed that after over-expression of 
Dll4, the change of CD31 expression was not 
significant, while the expression of vWF and 
Tie-2 were decreased by 23% and 39% respec-
tively. After transfection of VEGF expression 
plasmid, CD31, vWF and Tie-2 in MSCs were 
significantly increased (P < 0.05). Compared to 
the empty vector, CD31, vWF and Tie-2 expres-
sion levels were increased by 18%, 41%, and 
29% respectively. The test result of protein 
level were basically consistent with the mRNA 
expression level, i.e. Dll4 over-expression can 
suppress the expression of vWF and Tie-2, 
while VEGF over-expression can promote the 
endothelial cell-specific markers including 
CD31, vWF and Tie-2. Further in vitro angiogen-
esis kit analyzed the change of angiogenesis 
ability after Dll4 and VEGF over-expression. 

In conclusion, according to the above results, 
Notch activation may inhibit angiogenesis. But 
there are also reports having the exact oppo-
site conclusion. In terms of interpretation of the 
opposite conclusions, we believe that it was 
due to different tissue sources and cell types. 
Depending on different types of tissues and 
cells, Notch/D114 signal pathway could play 
different roles to either promote or inhibit 
angiogenesis, which is consistent with the lit-
erature reported [32].
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