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Abstract. Thymosin‑β 4 (Tβ4) has been reported to exert a 
pro‑angogenic effect on endothelial cells. However, little is 
known on the role and underlying mechanisms of Tβ4 on 
critical limb ischemia (CLI). The present study aimed there-
fore to investigate the mechanisms and pro‑angiogenic effects 
of Tβ4 in CLI mice. Tβ4 overexpression lentiviral vector was 
first transfected into HUVEC and CLI mice model, and inhibi-
tors of Notch pathway (DAPT) and NF‑κB pathway (BMS) 
were also applied to HUVEC and CLI mice. Subsequently, 
MTT, tube formation and wound healing assays were used 
to determine the cell viability, angiogenesis and migratory 
ablity of HUVEC, respectively. Western blotting, reverse 
transcription, quantitative PCR, immunofluorescence and 
immunohistochemistry were used to detect the expression of 
the angiogenesis‑related factors angiopoietin‑2 (Ang2), TEK 
receptor tyrosine kinase 2 (tie2), vascular endothelial growth 
factor A (VEGFA), CD31 and α‑smooth muscle actin (α‑SMA) 
and the Notch/NF‑κB pathways‑related factors NOTCH1 
intracellular domain (N1ICD), Notch receptor 3 (Notch3), 
NF‑κB and p65 in HUVEC or CLI mice muscle tissues. The 
results demonstrated that Tβ4 not only enhanced the cell 
viability, angiogenesis and migratory ability of HUVEC but 
also promoted the expression of Ang2, tie2, VEGFA, N1ICD, 
Notch3, NF‑κB, and phosphorylated (p)‑p65 in HUVEC. 
In addition, Tβ4 promoted the expression of CD31, α‑SMA 
Ang2, tie2, VEGFA, N1ICD and p‑p65 in CLI mice muscle 
tissues. Treatment with DAPT and BMS had opposite effects 
of Tβ4, whereas Tβ4 reversed the effect of DAPT and BMS. 
The findings from the present study suggested that Tβ4 

may promote angiogenesis in CLI mice via regulation of 
Notch/NF‑κB pathways.

Introduction

Peripheral arterial disease results from progressive narrowing 
of arteries with a great impact on lower limb, which leads 
to critical limb ischemia (CLI) (1). Previous studies demon-
strated that patients with peripheral arterial disease have a 
40% increased risk of stroke and a 20‑60% increased risk of 
myocardial infarction, and that patients with CLI in particular 
would have an additional substantial risk of limb loss (1,2). 
CLI is a gradual process in which arteries become blocked, 
narrowed or weakened (3). It is therefore crucial to develop 
novel therapeutic options for patients who develop CLI. In 
clinical, although some therapeutic strategies exist, including 
surgical or interventional revascularization, substantial number 
of patients are not eligible for those treatments and amputa-
tion can be the only option (4). Previous studies have reported 
that therapeutic neovascularization is a promising option that 
could overcome ischemia by providing an improved vascular 
network  (4,5). However, the process of neovascularization 
is complex and involves the induction of capillary sprouting 
(angiogenesis), the maturation of newly formed vessels and 
the growth of large‑conductance vessels (arteriogenesis) to 
improve blood supply (6‑8).

Thymosin‑β  4 (Tβ4) is a naturally‑occurring peptide 
that is encoded in humans by the TMSB4X gene on the 
X‑chromosome (9). Tβ4 is the most abundant and biologically 
active member of the β‑thymosin family, which is presents in all 
body fluids and all cells, except from red blood cells (10). Tβ4 
is the major G‑actin‑sequestering protein in mammalian cells 
and it prevents actin polymerization into filaments, confirming 
its crucial role in maintaining cytoskeletal dynamics  (11). 
In the last decade, Tβ4 has been reported to possess the 
ability to regulate multiple biological functions. For example, 
Kobayash et al (12) have demonstrated that Tβ4 regulates the 
motility and metastasis abilities of mouse fibrosarcoma cells. 
Renga et al (13) have reported that Tβ4 can limit inflamma-
tion by regulating autophagy, and Kleinman and Sosne (14) 
have demonstrated that Tβ4 can promote dermal healing. In 
addition, previous studies reported that Tβ4 has the ability to 
regulate endothelial cell angiogenesis (10,15). Tβ4 has also 
been reported to promote the angiogenesis of endothelial 
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progenitor cells, and Quan et al (16) showed that Tβ4 promotes 
the survival and angiogenesis of transplanted endothelial 
progenitor cells in infarcted myocardium. Furthermore, 
Zhao et al (17) demonstrated that Tβ4 can stimulate endothelial 
progenitor cell angiogenesis via a vascular endothelial growth 
factor‑dependent mechanism. However, whether Tβ4 has a 
pro‑angogenic effect in CLI needs to be further investigated 
and the underlying mechanisms must be determined. The 
present study aimed therefore to investigate the pro‑angogenic 
effect and underlying mechanisms of Tβ4 in CLI mice.

Materials and methods

Ethics statement. All animal experiments were performed 
in accordance with the guidelines of the China Council 
on Animal Care and Use. This study was approved by the 
Committee of Experimental Animals of The First Affiliated 
Hospital of Zhejiang Chinese Medical University (approval 
no. Z20190312G). Every effort was made to minimize pain 
and discomfort to the animals. Animal experiments were 
performed in The First Affiliated Hospital of Zhejiang Chinese 
Medical University.

Cell culture. Human umbilical vein endothelial cells (HUVEC; 
cat. no. CRL‑1730) and 293T/17 cells (cat. no. CRL‑11268) 
were obtained from the American Type Culture Collection. 
HUVEC and 293T/17 cells were both cultured in DMEM 
(cat. no. C11995500BT; Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% FBS (cat. no. 10437010; Gibco; Thermo Fisher 
Scientific, Inc.) and placed at 37˚C in a humidified incubator 
containing 5% CO2. 293T/17 cells were only used for the 
construction of Tβ4 overexpression lentiviral. HUVEC were 
used for transfection and the MTT, tube formation, western 
blotting and immunofluorescence assays.

Construction of Tβ4 overexpression lentiviral vector. The 
sequence of the Tβ4 overexpression vector was as follows: 
Forward, 5'‑TGG​ATT​TGT​ACC​ATT​CTT​CTG‑3' and 
reverse, 5'‑GAA​GAA​TGG​TAC​AAA​TCC​AAG‑3' (Shanghai 
GenePharma Co., Ltd.). Once the overexpression sequence 
was ligated into pLJM1 plasmid vector (cat. no. 60908‑4538; 
Tiandz, Inc.) by 2xEasyTaq SuperMix (cat. no.  AS111‑11; 
TransGen Biotech Co., Ltd.), 10 µl ligate product was mixed 
with 50 µl competent cell (E.coli DH5α; cat. no. MCC0010; 
Frdbio) and uniformly coated on the LB medium (cat. 
no. ST156; Beyotime Institute of Biotechnology). After the 
competent cell and LB  medium were incubated for 16  h 
at 37˚C, the clone colonies were selected. Subsequently, plas-
mids were extracted using TIANprep Mini Plasmid Kit (cat. 
no. DP103‑03; Tiangen Biotech Co. Ltd.). The pLJM1 plasmid 
vector without any target sequence was used as a negative 
control.

After collection of the Tβ4 overexpression plasmids, 
293T/17 cells were placed into a 15 cm dish (1.2x107 cells 
in 20  ml complete medium) and were incubated at 37˚C 
overnight until confluence reached 20‑30%. Subsequently, 
100 ng overexpression plasmids and viral packaging plasmids 
psPAX2 (cat. no. VT1444; Youbio Technology Co., Ltd.) and 
pMD2.G (cat. no. VT1443; Youbio Technology Co., Ltd.) were 
co‑transfected into 293T/17 cells using Lipofectamine 2000 

(cat. no. 11668‑019; Invitrogen; Thermo Fisher Scientific, 
Inc.). After 8 h, medium containing overexpression plasmids 
and viral packaging plasmids was replaced by fresh complete 
medium and cultured for another 48 h. The culture super-
natant was then collected and centrifuged for 10 min at 4˚C 
(14,000 x g). The supernatant was filtered with 0.45 µm filter 
(cat. no. 342414; Beckman Coulter, Inc.), the lentiviral solution 
was centrifuged for 15 min at 4˚C (4,000 x g), the lentiviral 
vector was then concentrated, and the sample was finally 
collected and stored at ‑80˚C for subsequent experiments.

Lentiviral infection. Before infection, HUVEC were seeded 
into 6‑well plates at the density of 1x106 cells in 2 ml complete 
medium and left in incubator overnight until confluence 
reached 20‑30%. Subsequently, complete medium was 
replaced with serum‑free DMEM and cells were cultured 
at 37˚C for 4 h. Subsequently, cells were infected with the Tβ4 
overexpression lentiviral vector for 6 h. Medium containing 
lentiviral was replaced with complete medium and the cells 
were cultured for another 48 h at 37˚C.

DAPT and BMS treatment. The inhibitors of Notch 
pathway and of NF‑κB pathway DAPT (cat. no. A8200) and 
BMS‑345541 hydrochloride (BMS; cat. no. B4655), respec-
tively, were obtained from APeXBIO Technology LLC. 
Following HUVEC infection with lentiviral vector, HUVEC 
were seeded into 6‑well plates at the density of 1x106 cells in 
2 ml complete medium and cultured until attachment. Then, 
DAPT and BMS were diluted in DMSO and cells were treated 
with 10 µM DAPT or 1 µM BMS for 48 h. The concentra-
tions of DAPT and BMS were determined as previously 
described (18‑20). Following treatment, cells were collected 
for further experiments.

MTT assay. MTT (cat.  no. B7777; APeXBIO Technology 
LLC) assay was used to determine cell viability. Following 
HUVEC infection, cells were seeded into 96‑well plates at the 
density of 1x104 cells in 100 µl complete medium. After 24 h, 
the cells were incubated with MTT reagent (0.5 mg/ml) for 
4 h. MTT solution was discarded and 100 µl DMSO was added 
to each well. Finally, absorbance was detected at 570 nm on 
a microplate reader (Infinite M200 PRO; Tecan Group, Ltd.).

Tube formation assay. Following cell infection, HUVEC were 
diluted at the density of 2x105 cells in 200 µl medium and 
seeded into a 48 well plate which was precoated with 200 µl 
ECMatix gel (cat. no. ECM625; EMD Millipore). Cells were 
then incubated for 4 h. Subsequently, by using a phase‑contrast 
optical microscope (Axio Lab.A1 pol; Leica Microsystems 
GmbH), series of tube‑like structures were examined and 
photographed (magnification, x100).

Wound healing assay. Following cell infection, HUVEC 
were seeded into 6‑well plates at a density of 3.5x105 cells 
in 2 ml of complete medium and cultured until confluence 
reached 95%. Then, a vertical wound in each well was 
created by using a 20 µl pipette tip, and medium was replaced 
by serum‑free medium. Images in each well were collected 
at 0  and 48 h using a phase‑contrast optical microscope 
(Axio Lab.A1 pol; magnification, x100). Image J software 
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(version 1.8.0; National Institutes of Health) was used for 
data analysis.

Immunofluorescence. Following cell infection, HUVEC were 
fixed with 4% paraformaldehyde (cat. no. P804536, Macklin) 
for 15 min at room temperature and washed three times with 
PBS. Cells were permeabilized using 0.5% Triton X‑100 in 
PBS (cat. no. R‑10789704001; Roche Diagnostics) for 10 min 
at room temperature, washed three times with PBS and incu-
bated overnight at 4˚C with NF‑κB/p65 antibody (1:400; cat. 
no. 8242; Cell Signaling Technology, Inc.). The next day, cells 
were washed with PBS and incubated with Alexa Fluor 488 
goat anti‑rabbit IgG (1:1,000; cat. no. ab150077; Abcam) for 
1 h at room temperature. Finally, cells were counterstained 
with 10 µg/ml DAPI (cat. no. D3571; Invitrogen; Thermo 
Fisher Scientific, Inc.) and visualized using a fluorescence 
microscope (CKX53; Olympus Corporation).

CLI model establishment. A total of 80 adult male C57BL/6J 
mice (8‑weeks old) were obtained from Shanghai Laboratory 
Animal Technology. All animals were fed using the same 
animal feeding unit and given 12 h dark/12 h light cycle. 
Animals were maintained under specifc pathogen‑free 
conditions at 20‑25˚C and 50‑65% humidity. Animals were 
randomly divided into eight groups (n=10/group) as follows: 
Sham, Model, negative control (NC), Tβ4, DAPT + NC, 
Tβ4 + DAPT, BMS + NC and Tβ4 + BMS groups. Before 
surgery, mice were intraperitoneally injected with ketamine 
(80 mg/kg; cat. no. 3131; R&D Systems, Inc.) and xylazine 
(10 mg/kg; cat. no. B27154; Yuanye). Once mice were anes-
thesized, 1 cm incision was made perpendicular to the right 
posterior inguinal ligament. Then, the proximal part of the 
right femoral artery and vein (including the superficial and 
deep branches, as well as the distal part of the saphenous 
artery and vein) was ligated and resected. The incision was 
sutured with propylene suture line (cat. no. LAT‑18‑5901; Lab 
Animal Technology Develop) (5). Finally, buprenorphine 
hydrochloride (0.1 mg/kg; cat.  no. 2808; R&D Systems, 
Inc.) was injected subcutaneously to relieve postopera-
tive pain. The mice were observed twice daily to monitor 
their health and behavior, and they did not appear to be 
in distress or to exhibit obvious behavioral abnormalities. 
On the 7th day following operation, mice were sacrificed 
with an overdose of pentobarbital sodium (100‑150 mg/kg; 
intraperitoneally injected; cat. no. B005; Nanjing Jiancheng 
Bioengineering Institute), and the gastrocnemius muscle of 
the right hind limb was collected and stored at ‑80˚C for 
later use. The humane endpoints used in the study included 
the following: Animal death was verifed by the absence of 
pulse, breathing, corneal reflex and inaudibility of respira-
tory sounds and heartbeat sounds upon examination with a 
stethoscope.

For the Sham group, mice were only cut and the skin 
of a limb without ligation or resection was sutured. For the 
NC  group, 14  days before the model establishment, mice 
were injected with 3x1012 NC lentiviral (10 times, 5 µl each 
time) into the right hind limb muscle during. For Tβ4 group, 
14 days before the model establishment, mice were injected 
with 3x1012  Tβ4 overexpression lentiviral (10  times, 5  µl 
each time) vector into the right hind limb muscle. For the 

DAPT + NC and BMS + NC groups, based on the NC group 
and after the establishment of the model, mice were treated 
orally with 10 mg/kg BMS daily or intraperitoneally injected 
with 10 mg/kg DAPT daily for 7 days. For the Tβ4 + DAPT 
and Tβ4 + BMS groups, based on the Tβ4 group and after 
the establishment of the model, mice were intraperitoneally 
injected with 10 mg/kg DAPT or treated orally with 10 mg/kg 
BMS for 7 days. The concentrations of DAPT and BMS were 
determined according to previous studies (19,21,22).

Western blotting. HUVEC and animal samples were 
lysed using RIPA lysis buffer (cat. no. P0013B; Beyotime 
Institute of Biotechnology). Protein concentration was 
determined using a BCA assay kit (cat. no. 23250; Pierce; 
Thermo Fisher Scientific, Inc.). Proteins (30  µg) were 
separated by 10% SDS‑PAGE (cat. no. P0052A; Beyotime 
Institute of Biotechnology) and transferred onto nitrocel-
lulose membranes (cat.  no.  HTS112M: EMD Millipore). 
Membranes were blocked with 5% skimmed milk for 2 h 
at room temperature and incubated with primary antibodies 
against Ang2 (1:1,000; 57 kDa; cat. no. ab155106; Abcam), 
tie2 (1:1,000; 126 kDa; ab24859; Abcam), VEGF‑A (1:1,000; 
23 kDa; cat. no. ab46154; Abcam), N1ICD (1:500; 80 kDa; 
ab8925; Abcam), p‑p65 (1:2,000; 70 kDa; cat. no. ab86299; 
Abcam), p65 (1:1,000; 64 kDa; cat. no. ab16502; Abcam), 
Notch3 (1:1,000; 270 kDa; cat. no.  2889; Cell Signaling 
Technology, Inc.) and GAPDH (1:1,000; 37  kDa; cat. 
no.  5174; Cell Signaling Technology, Inc.) at 4˚C over-
night. The next day, membranes were incubated with 
HRP‑conjugated goat anti‑rabbit IgG secondary antibody 
(1:5,000; cat. no. ab205718; Abcam) for 1 h at room tempera-
ture. Bands were detected using SuperSignal West Pico 
Chemiluminescent Substrate (cat. no. 34078; Thermo Fisher 
Scientific, Inc.). Relative expression of various proteins was 
normalized to endogenous control GAPDH using Image 
Lab™ Software (version 3.0; Bio‑Rad Laboratories, Inc.).

RNA extraction and reverse transcription quantitative (RT‑q) 
PCR. mRNA was extracted from cells and gastrocnemius 
muscle samples using TRIzol (cat. no. 15596; Invitrogen; 
Thermo Fisher Scientific, Inc.) and collected into a 1.5 ml 
centrifuge tube (cat. no. 615001; Nest). Chloroform (160 µl; 
cat.  no. C 805334; Shanghai Macklin Biochemical Co., 
Ltd.) was added into the tube that was centrifuged at 4˚C 
for 20 min (14,000 x g). The supernatant was collected and 
mixed with an equal volume of isopropanol (cat. no. H822173; 
Shanghai Macklin Biochemical Co., Ltd.) and the samples 
were centrifuged at 4˚C for 5 min (14,000 x g). RNA sedi-
ment was diluted using RNase‑free H2O. Then, PrimeScript 
RT kit (cat.  no.  RR037A; Takara Bio, Inc.) was used to 
reverse‑transcribe RNA into cDNA according to the manu-
facturers' instructions. Gene expression was tested by q‑PCR 
assays using Verso 1‑step RT‑qPCR Kit (cat. no. A15300; 
Thermo Fisher Scientific, Inc.) in ABI 7500 Fast Real‑Time 
PCR System (Applied Biosystems). RT‑qPCR reactions 
were performed as follows: 95˚C for 30 sec, 60˚C for 30 sec, 
45 cycles at 60˚C for 30 sec. The relative expression levels were 
normalized to endogenous control using 2‑ΔΔCq method (23). 
The sequences of the primers are presented in Table  I 
(Sangon Biotech Co., Ltd.).
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Immunohistochemistry. The density of capillaries (CD31+ cells) 
and arterioles (α‑SMA+  cells) was observed by immuno-
histochemistry. After mice gastrocnemius muscle tissues 
were paraffin‑embedded, the muscle tissues were placed on 
a microtome (cat. no. RM2235; Leica Microsystems GmbH) 
and cut into 4 µm thick slices. Then the slices were fixed 4% 
paraformaldehyde for 10 min at room temperature and placed 
on a glass slide (cat. no.  80302‑3101‑16‑P4; ShiTai) and 
followed by deparaffinization (in two successive xylene baths) 
for 10 min. Following slides incubation with antigen repair 
solution (cat. no. p0081; Beyotime Institute of Biotechnology) 
for 10 min at room temperature, slides were incubated with 
endogenous peroxidase blocker (cat. no. BF06060; Biodragon 
Immunotech) for 10 min at room temperature. Tissue slides 
were blocked with 5% FBS (cat. no. 10437010; Gibco; Thermo 
Fisher Scientific, Inc.) for 1 h at room temperature. Slides 
were incubated with primary antibodies against CD31 (cat. 
no. ab134168; 1:500; Abcam) and α‑SMA (cat. no. ab32575; 
1:500; Abcam) overnight at 4˚C. Then, all sections were 
incubated with a secondary antibody (cat. no. G‑21234; 1:500; 
Thermo Fisher Scientific, Inc.) at 37˚C for 30 min and treated 
with the DBA reagent (cat. no. SFQ004; Beijing 4A Biotech 
Co., Ltd.) for 30 min. Sections were treated with hematoxylin 
(cat. no. B25380; Yuanye) for 10 min and sealed with resin 
(cat. no.  G8590; Beijing Solarbio Science & Technology 
Co., Ltd.). Finally, the capillaries density (CD31+ cells) and 
arterioles density (α‑SMA+ cells) were observed and imaged 
using a phase‑contrast optical microscope (Axio Lab.A1 pol; 
magnification, x400). Furthermore, immunohistochemistry 
quantification was evaluated by calculating the ratio of posi-
tive cell number to the total cell number in five fields, which 
were selected in each slide randomly.

Statistical analysis. Student's t‑test and one‑way ANOVA 
followed by Tukey's post‑hoc test were used for statistical anal-
ysis. Data were analyszed using SPSS software (version 18.0, 
SPSS, Inc.). Data were presented as the means ± standard 
deviation. All experiments were conducted three times. P<0.05 
was considered to indicate a statistically significant difference.

Results

Tβ4 promotes cell viability, angiogenesis and migration of 
HUVEC. Following Tβ4 overexpression in HUVEC, the 
transfection efficiency was detected by RTq‑PCR, and MTT, 

tube formation and wound healing assays were conducted. As 
presented in Fig. 1A, Tβ4 expression level was increased in the 
Tβ4 group compared with NC group (P<0.001). Furthermore, 
Tβ4 overexpression significantly increased HUVEC viability 
compared with the NC  group (Fig.  1B; P<0.05). In addi-
tion, Tβ4 enhanced the HUVEC angiogenesis (Fig. 1C) and 
migratory ability (Fig. 1D), compared with the NC group 
(both P<0.001).

Tβ4 promotes the expression of angiogenesis‑related and 
Notch/NF‑κB pathway‑related factors in HUVEC. The expres-
sion of some angiogenesis‑related factors were detected by 
western blottong and RTq‑PCR. As presented in Fig. 2A and B, 
Tβ4 significantly upregulated the expression of Ang2, tie2 and 
VEGF‑A at both translation and transcription levels, compared 
with the NC group (all P<0.001). Furthermore, whether the 
effect of Tβ4 on HUVEC angiogenesis was associated with 
Notch/NF‑κB signaling pathway was evaluated. Western blot-
ting and immunofluorescence were used to detect the expression 
of key proteins of Notch/NF‑κB pathways. As presented in 
Fig. 2C, the protein expression of N1ICD and Notch3 was 
increased by Tβ4 group compared with NC group (P<0.001 and 
P<0.01, respectively). In addition, Tβ4 increased the expression 
of NF‑κB/p65 in HUVEC nucleus (Fig. 2D). These results indi-
cated that the effect of Tβ4 on HUVEC angiogenesis may be 
associated with Notch/NF‑κB signaling pathway.

The promotion effects of Tβ4 on HUVEC viability and on 
N1ICD and p‑p65 expression are mediated by Notch/NF‑κB 
pathway. The inhibitors of Notch and NF‑κB pathways 
(DAPT and BMS, respectively) were used in the present study. 
As presented in Fig. 3A, the expression of N1ICD and p‑p65, 
as well as the ratio p‑p65/p65 were significantly increased 
by Tβ4, but were decreased following treatment with DAPT 
and BMS compared with NC group (P<0.001, P<0.01 and 
P<0.05, respectively). Furthermore, in Tβ4  + D APT and 
Tβ4  +  BMS  groups, the promotion effect of Tβ4 on the 
expression of theses proteins was reversed by treatment 
with DAPT and BMS compared with Tβ4 and DAPT + NC 
or BMS + NC groups (P<0.05 and P<0.001, respectively). 
Similarly, as presented in Fig. 3B, the promotion effect of 
Tβ4 on HUVEC viability was reversed by DAPT and BMS 
compared with Tβ4 and DAPT + NC or BMS + NC groups 
(P<0.05 and P<0.01, respectively). These results demonstrated 
that the promotion effects of Tβ4 on HUVEC viability 

Table I. Sequences of the primers used for reverse transcription-quantitative PCR.

Target gene	 Forward primers, 5'‑3'	 Reverse primers, 5'‑3'

Ang2‑human	 AACTTTCGGAAGAGCATGGAC	 CGAGTCATCGTATTCGAGCGG
Ang2‑rat	 AGAATAAGCAAGTCTCGCTTCC	 TGAACCCTTTAGAGGCTCGGT
Tie2‑human	 TTAGCCAGCTTAGTTCTCTGTGG	 AGCATCAGATACAAGAGGTAGGG
Tie2‑rat	 CAGCTTGCTCCTTTATGGAGTAG	 ATCAGACACAAGAGGTAGGGAAT
VEGFA‑human	 AGGGCAGAATCATCACGAAGT	 AGGGTCTCGATTGGATGGCA
VEGFA‑rat	 CTGCCGTCCGATTGAGACC	 CCCCTCCTTGTACCACTGTC
GAPDH‑human	 GGAGCGAGATCCCTCCAAAAT	 GGCTGTTGTCATACTTCTCATGG
GAPDH‑rat	 AGGTCGGTGTGAACGGATTTG	 GGGGTCGTTGATGGCAACA
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and N1ICD and p‑p65 expression may be mediated by 
Notch/NF‑κB signaling pathway.

The promotion effects of Tβ4 on HUVEC angiogenesis and 
migratory ability are mediated by Notch/NF‑κB pathway. 
Regarding the effect of Tβ4 on HUVEC angiogenesis and 
migratory ability (Fig. 4A and B), the results demonstrated that 
the relative angiogenesis and migration rates of HUVEC were 
significantly increased by Tβ4 but were decreased following 
treatment with DAPT and BMS compared with the NC group 
(P<0.001, P<0.01 and P<0.05, respectively). Furthermore, in 
Tβ4 + DAPT and Tβ4 + BMS groups, the promotion effects 
of Tβ4 on HUVEC angiogenesis and migratory ability was 
reversed by DAPT and BMS treatments compared with Tβ4 
and DAPT + NC or BMS + NC groups (P<0.05 and P<0.001, 
respectively). These results suggested that the promotion 
effects of Tβ4 on HUVEC angiogenesis and migratory ability 
may be mediated by Notch/NF‑κB signaling pathway.

The promotion ef fects of Tβ4 on the expression of 
angiogenesis‑related factors are mediated by Notch/NF‑κB 
pathway. The changes in angiogenesis‑related protein 

expression were detected following HUVEC treatment with 
DAPT and BMS. As presented in Fig. 5A and B, the protein and 
gene expression of Ang2, tie2 and VEGF‑A were significantly 
increased by Tβ4 but were decreased following cell treatment 
with DAPT and BMS compared with the NC group (P<0.001 
and P<0.01, respectively). Furthermore, in Tβ4 + DAPT and 
Tβ4 + BMS groups, the promotion effects of Tβ4 on the 
expression of these proteins were reversed by DAPT and 
BMS treatments compared with Tβ4 and DAPT + NC or 
BMS + NC groups (P<0.05, P<.01, and P<0.001, respectively). 
These findings further suggested that the promotion effects 
of Tβ4 on HUVEC angiogenesis and migratory ability were 
mediated by Notch/NF‑κB signaling pathway.

Tβ4 enhances the capillary and arteriolar densities 
through regulating Notch/NF‑κB pathway in CLI mice. In 
order to confirm the pro‑angiogenesis effect of Tβ4, in vivo 
experiments were preformed. The expression of Tβ4 was 
increased in the Tβ4 group compared with NC group in 
gastrocnemius of right hind limb tissues (Fig. 5C; P<0.001). 
Once CLI mice model was established, the capillary and 
arteriolar densities were observed by immunohistochemical 

Figure 1. Tβ4 promoted cell viability, angiogenesis and migratory ability of HUVEC. (A) Tβ4 mRNA expression was detected by reverse transcrip-
tion quantitative PCR after infection with Tβ4 overexpression lentiviral. (B) Viability of HUVEC was measured using MTT assays after infection with 
Tβ4 overexpression lentiviral. (C) Angiogenesis of HUVEC was measured using tube formation assay after infection with Tβ4 overexpression lentiviral 
vector. Magnification,  x100. (D) Migratory ability of HUVEC was measured using wound healing assay after infection with Tβ4 overexpression 
lentiviral vector. (Magnification x100). All experiments were conducted three times. *P<0.05 and ***P<0.001 vs. NC. Tβ4, thymosin‑β 4; NC, negative control; 
OD, optical density.
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Figure 2. Tβ4 promoted the expression of angiogenesis‑related and Notch/NF‑κB pathway‑related proteins in HUVEC. (A) Protein expression of Ang2, tie and 
VEGF‑A were detected by western blotting after infection with Tβ4 overexpression lentiviral. GAPDH was used as an internal control. (B) mRNA expression 
of Ang2, tie2 and VEGF‑A were detected by reverse transcription quantitative PCR after infection with Tβ4 overexpression lentiviral vector. GAPDH was used 
as an internal control. (C) Protein expression of N1ICD and Notch3 were detected by western blotting after infection with Tβ4 overexpression lentiviral vector. 
GAPDH was used as an internal control. (D) Expression of NF‑κB/p65 in HUVEC nucleus was detected by immunofluorescence. Magnification, x600. All 
experiments were conducted three times. **P<0.01 and ***P<0.001 vs. NC. VEGF‑A, vascular endothelial growth factor A; Ang2, angiopoietin‑2; tie2, tyrosine 
kinase 2; NC, negative control; N1ICD, NOTCH1 intracellular domain; Notch3, Notch receptor 3; Tβ4, thymosin‑β 4.
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Figure 3. Promotion effects of Tβ4 on HUVEC viability and N1ICD and p‑p65 expressions were mediated by Notch/NF‑κB signaling pathway. (A) Protein 
expression of N1ICD and p‑p65 were detected by western blotting after infection with Tβ4 overexpression lentiviral and treatment with DAPT or BMS. 
GAPDH was used as an internal control. (B) Viability of HUVEC was measured using MTT assay after infection with Tβ4 overexpression lentiviral vector 
and treatment with DAPT or BMS. All experiments were conducted three times. *P<0.05, **P<0.01 and ***P<0.001 vs. NC; #P<0.05, ##P<0.01 and ###P<0.001 
vs. Tβ4; &&P<0.05 and &&&P<0.001 vs. DAPT + NC; ^^P<0.05 and ^^^P<0.001 vs. BMS + NC. NC, negative control; N1ICD, NOTCH1 intracellular domain; 
Tβ4, thymosin‑β 4; p‑, phosphorylated.
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staining. As presented in Fig. 6A and B, capillary density 
(CD31+ cells) and arteriolar density (α‑SMA+ cells) were 
remarkably decreased in Model, NC, DAPT  +  NC, and 
BMC  +  NC  groups, but were increased in Tβ4  group. 
Furthermore, in Tβ4 + DAPT and Tβ4 + BMS groups, the 
promotion effects of Tβ4 on the densities of capillary and 
arteriolar were reversed by DAPT and BMS treatment. 
These results demonstrated that Tβ4 may have the ability 
to increase capillary and arteriolar densities in CLI mice, 
and that these effects might be mediated by Notch/NF‑κB 
signaling pathway.

Tβ4 enhances the expression of angiogenesis‑related 
proteins by regulating Notch/NF‑κB pathway in CLI mice. 
To further verify the current findings, the expression of 
angiogenesis‑related proteins was detected in CLI mice. As 
presented in Fig. 7A and B, the protein and gene expression of 
Ang2, tie2 and VEGF‑A were significantly increased by Tβ4, 
but were decreased following treatment with DAPT and BMS 
compared with the NC group (P<0.001 and P<0.05, respec-
tively). Furthermore, in Tβ4 + DAPT and Tβ4 + BMS groups, 
the promotion effects of Tβ4 on the expression of these proteins 
were reversed by DAPT and BMS treatment, compared with 

Figure 4. Promotion effects of Tβ4 on HUVEC angiogenesis and migratory ability were mediated by Notch/NF‑κB signaling pathway. (A) Angiogenesis 
of HUVEC was measured using tube formation assay after infection with Tβ4 overexpression lentiviral vector and treatment with DAPT or BMS. 
(Magnification, x100). (B) Migratory ability of HUVEC was measured using wound healing assay after infection with Tβ4 overexpression lentiviral vector 
and treatment with DAPT or BMS. (Magnification, x100). All experiments were conducted three times. *P<0.05, **P<0.01 and ***P<0.001 vs. NC; #P<0.05 and 
##P<0.01 vs. Tβ4; &&&P<0.001 vs. DAPT + NC; ^^P<0.001 and ^^^P<0.001 vs. BMS + NC. NC, negative control; Tβ4, thymosin‑β 4.
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Figure 5. Promotion effects of Tβ4 on the expression of angiogenesis‑related proteins were mediated by Notch/NF‑κB signaling pathway. (A) Protein expres-
sion of Ang2, tie2 and VEGF‑A were detected by western blotting after infection with Tβ4 overexpression lentiviral vector and treatment with DAPT or 
BMS. GAPDH was used as an internal control. (B) mRNA expression of Ang2, tie2 and VEGF‑A was detected by reverse transcription quantitative PCR 
after transfected with Tβ4 and treatment with DAPT or BMS. GAPDH was used as an internal control. (C) mRNA expression of Tβ4 was detected in CLI 
mice muscle tissues. All experiments were conducted three times. *P<0.05, **P<0.01 and ***P<0.001 vs. NC; #P<0.05 and ##P<0.01 vs. Tβ4; &&&P<0.001 
vs. DAPT + C; ^^^P<0.001 vs. BMS + NC. VEGF‑A, vascular endothelial growth factor A; Ang2, angiopoietin‑2; tie2, tyrosine kinase 2; NC, negative control; 
Tβ4, thymosin‑β 4; CLI, critical limb ischemia.

Figure 6. Tβ4 enhanced the capillary and arteriolar densities by regulating Notch/NF‑κB signaling pathway in CLI mice. (A) Protein expression of CD31 was 
detected by immunohistochemistry in CLI mice muscle tissues. (B) Protein expression of α‑SMA was detected by immunohistochemistry in CLI mice muscle 
tissues. All experiments were conducted three times. NC, negative control; Tβ4, thymosin‑β 4; CLI, critical limb ischemia; α‑SMA, α‑smooth muscle actin.
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Tβ4 and DAPT + NC or BMS + NC groups (P<0.05, P<0.01 
and P<0.001, respectively). Regarding the expressions of key 
proteins of Notch/NF‑κB signaling pathway (Fig. 7C), the 
results demonstrated that expression of N1ICD, p‑p65 and 
the ratio of p‑p65/p65 were significantly increased by Tβ4, 
but were decreased following treatment with DAPT and BMS 
compared with the NC  group (P<0.001). Furthermore, in 
Tβ4 + DAPT and Tβ4 + BMS groups, the promotion effects of 
Tβ4 on the expression of these proteins were reversed by DAPT 
and BMS treatment, compared with Tβ4 and DAPT + NC or 
BMS + NC groups (P<0.001). These findings suggested that 
Tβ4 had the ability to enhance angiogenesis by regulating 
Notch/NF‑κB signaling pathway in CLI mice.

Discussion

Therapeutic angiogenesis and arteriogenesis remain important 
therapeutic goals in patients with CLI without revascularization 
possibilities. Numerous therapies have been attempted, with some 
encouraging effects (24‑26). The present study aimed to explore 
the underlying mechanisms and pro‑angiogenic effects of Tβ4 in 
CLI mice. The effects of Tβ4 on HUVEC were first investigated, 

and the results demonstrated Tβ4 could promote the migratory 
ability and angiogenesis of HUVEC, which were mediated by 
Notch/NF‑κB signaling pathway. Furthermore, a CLI mice model 
was established followed by treatment with Tβ4 overexpression 
vector, the inhibitor of Notch pathway DAPT and the inhibitor of 
NF‑κB pathway BMS. The results further demonstrated that Tβ4 
could increase the capillary and arteriolar densities in CLI mice 
muscle tissues by regulating Notch/NF‑κB signaling pathway. 
These findings suggested that Tβ4 may promote angiogenesis in 
CLI mice via regulation of Notch/NF‑κB pathway.

Tβ4 was first isolated from the thymus and belongs to the 
β‑thymosin family, which consists of several structurally related 
amino acid polypeptides (27). Tβ4 lacks a secretion signal, 
therefore it is speculated that its presence in body fluids might be 
due to damaged cell (10,27,28). Tβ4 was reported to take part in 
tissue damage‑related diseases, such as dermal injuries, cerebral 
ischemia‑reperfusion injury, heart injury and CLI (14,15,28‑30). 
Furthermore, during tissue injury, Tβ4 can promote endothe-
lial cell migration and tube formation (10,12). Similarly, the 
present study demonstrated that Tβ4 may stimulate the migra-
tory ability and tube formation of HUVEC. In addition, this 
study demonstrated that Tβ4 could increase the capillary and 

Figure 7. Tβ4 enhanced the expression of angiogenesis‑related proteins by regulating Notch/NF‑κB signaling pathway in CLI mice. (A) Protein expression of 
Ang2, tie2 and VEGF‑A was detected by western blotting in CLI mice muscle tissues. GAPDH was used as an internal control. (B) mRNA expression of Ang2, 
tie2 and VEGF‑A was detected by reverse transcription quantitative PCR in CLI mice muscle tissues. GAPDH was used as an internal control. (C) Protein 
expression of N1ICD, p‑p65 and p65 was detected by western blotting in CLI mice muscle tissues. GAPDH was used as an internal control. All experiments 
were conducted three times. ‡P<0.05, ‡‡P<0.01 and ‡‡‡P<0.001 vs. Sham; *P<0.05, **P<0.01 and ***P<0.001 vs. NC; #P<0.05 and ###P<0.001 vs. Tβ4; &&&P<0.001 
vs. DAPT + NC; ^^P<0.01 and ^^^P<0.001 vs. BMS + NC. VEGF‑A, vascular endothelial growth factor A; Ang2, angiopoietin‑2; tie2, tyrosine kinase 2; 
NC, negative control; N1ICD, NOTCH1 intracellular domain; Tβ4, thymosin‑β 4; CLI, critical limb ischemia.
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arteriolar densities of CLI mice muscle tissues. These findings 
suggested that Tβ4 may have the ability to induce angiogenesis 
in CLI mice.

Previous studies reported that Ang‑tie signaling is an 
important regulator signal in vascular development, angiogen-
esis and remodeling (31,32). In the Ang family, Ang2 is usually 
secreted in diseased or remodeling vessels and has been iden-
tified as the main ligand for tie2 (31,33). Tie2 plays a central 
role in promoting vascular stability, and therapeutic drugs that 
target the Ang‑tie signaling axis to enhance tie2 activation 
have been extensively explored in ischemic vascular diseases, 
various types of cancer and inflammation (31,32). The expres-
sion of Ang2 and tie2 in HUVEC and CLI mice muscle tissues 
following Tβ4 overexpression was therefore determined in the 
present study. The results demonstrated that Tβ4 upregulated 
the expression of Ang2 and Tie2 in both HUVEC and CLI 
mice muscle tissues, which further confirmed previous results. 
In addition, VEGFA is one vascular endothelial growth factor, 
which has been strongly associated with angiogenesis in 
endothelial cells (34,35). In the present study, the expression of 
VEGFA was therefore evaluated and the results demonstrated 
that Tβ4 also increased VEGFA expression, which confirmed 
that Tβ4 could induce angiogenesis in CLI mice.

Previous studies have reported that Notch/NF‑κB 
signaling pathway is highly related to the process of angiogen-
esis (36‑40). Notch1 is part of the Notch family that regulates 
cell fate and VEGF expression in various types of cell, 
including HUVEC (10,39,41). Once ischemia occurrs, Notch1 
would bind to its ligands (Jagged1 or Jagged2, or Delta‑like 1, 
3, or 4) to form a dimer and cleaved into N1CID, leading to 
VEGFA overexpression  (42,43). Previous studies reported 
that activation of Notch signaling pathway could also promote 
NF‑κB pathway following ischemia (40). After ischemia onset, 
Notch induces free NF‑κB to translocate into the nucleus and 
to activate the expression of pro‑angogenic factors, such as 
VEGFA, leading to angiogenesis of endothelial cell (37,40,44). 
The present study hypothesized therefore that Notch/NF‑κB 
signaling pathway could be involved in the process of 
Tβ4‑induced angiogenesis. After inhibiting Notch and NF‑κB 
signaling pathway, the results demonstrated that Notch/NF‑κB 
pathway might be related to Tβ4‑induced angiogenesis.

In conclusion, the presents tudy demonstrated that Tβ4 may 
induce angiogenesis in CLI mice by regulating Notch/NF‑κB 
signaling pathway, and may be considered as a therapeutic target 
for CLI treatment. However, whether Tβ4 could induce angio-
genesis in a clinical setup requires further investigation focusing 
on application, duration, dosage and safety of Tβ4 treatment.
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