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Abstract 

Background  Over half of patients with chronically ischaemic cerebrovascular disease (CICD) exhibit poor revascu-
larization potential. Tie2-expressing monocytes/macrophages (TEMs) have been reported to promote angiogen-
esis in tumour tissue; however, whether TEMs promote angiogenesis in chronically ischaemic brain tissue (CIBT) 
and the regulatory mechanism through which TEMs are recruited to CIBT remain unclear.

Methods  We first analysed the proportion of TEMs in blood from the internal jugular veins (IJVs) of CICD patients 
and then isolated TEMs for coculture with human umbilical vein endothelial cells (HUVECs) and for intraventricular 
injection into nude mice to explore the proangiogenic effects of TEMs in CIBT. Then, molecular biology experiments 
were performed to verify the upstream regulatory mechanism of the ANGPT2-Tie2 axis, and cell transfection experi-
ments were conducted to confirm the regulatory effects of the detected pathway on Tie2 receptors on the endothe-
lial cell surface. Additionally, a 2-vessel occlusion plus encephalomyosynangiosis rat model was established to confirm 
the recruitment mechanism of TEMs in CIBT and their ability to improve cerebral blood perfusion (CBP) and cognitive 
function.

Results  The proportion of TEMs from the IJV blood of CICD patients significantly increased, especially in patients 
who exhibited Matsushima Grade-A revascularization. The viability of HUVECs cocultured with TEMs was signifi-
cantly increased, and CBP and the expression of CD31 in the CIBT of nude mice treated with TEMs were signifi-
cantly increased. The above increases were positively correlated with the concentration of TEMs used for coculture 
and intraventricular injection. Moreover, molecular biology experiments indicated that miR-126-5p can directly 
bind to the 3’UTR of TRPS1 mRNA and that TRPS1 can directly bind to the promoter of Angpt2. HUVECs transfected 
with miR-126-5p mimics presented significantly decreased TRPS1 expression, a reduced pTie2/Tie2 ratio, increased 
ANGPT2 expression, and increased cell viability. Finally, significantly increased TEMs infiltration, downregulated TRPS1 
expression, and upregulated ANGPT2, CD31, VEGFA, and IGF1 expression were detected in the CIBT of the rats trans-
fected with the miR-126-5p agomir, accompanied by significant improvements in CBP and cognitive function.
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Conclusions  TEMs promote angiogenesis in CIBT through a paracrine mechanism, and the recruitment of TEMs 
to CIBT is regulated by the miR-126-5p/TRPS1/ANGPT2 pathway.

Keywords  Angiogenesis, Chronically ischaemic cerebrovascular disease, Encephalomyosynangiosis, Ischaemic stroke, 
Tie2-expressing monocytes/macrophages

Background
Stroke is one of the top three deadly diseases worldwide, 
which is most commonly induced by chronically ischae-
mic cerebrovascular disease (CICD) [1, 2]. However, the 
efficacy of revascularization surgery in more than half 
of CICD patients is unsatisfactory because of the lack of 
potential for angiogenesis [3]. 

In the past decade, Tie2-expressing monocytes/mac-
rophages (TEMs) were shown to infiltrate tumour tissues 
and promote tumour angiogenesis through a paracrine 
mechanism [4–9]. Recent studies have shown that TEMs 
also increase the proliferation of endothelial cells (ECs) in 
nontumor ischaemic tissues, such as ischaemic limbs [10, 
11] and brain tissue surrounding acute cerebral infarc-
tion [12]. In these ischaemic tissues, TEMs release high 
levels of various factors to stimulate EC proliferation [13, 
14]. However, whether TEMs participate in the angio-
genesis and revascularization in chronically ischaemic 
brain tissue (CIBT) is unknown, and the specific molec-
ular mechanisms by which TEMs are recruited are still 
unclear.

MicroRNAs (miRNAs), small noncoding RNAs, sup-
press the expression of target genes by inhibiting tran-
scription or destabilizing messenger RNA (mRNA) to 
regulate various biological processes, such as cell pro-
liferation, differentiation, and hormone secretion [15]. 
Extensive evidence has revealed that miR-126-5p, which 
is a functional mature miRNA produced by the 5’ arm of 
the miR-126 precursor, plays an important role in regu-
lating EC proliferation [16–19]. Transcriptional repressor 
GATA binding 1 (TRPS1), a special member of the GATA 
transcription factor family, represses the expression of 
target genes by acting on the GATA regulatory element 
(GRE) located on the promoter or enhancer of genes 
[20, 21]. As an oncogene, TRPS1 is highly expressed in 
breast cancer [22], colon cancer [23] and other malignant 
tumours and has recently been shown to participate in 
the regulation of EC proliferation in tumour tissues [24]. 
In addition, bioinformatics analysis indicated that TRPS1 
is a downstream factor of miR-126-5p and can act on the 
GRE in the Angpt2 promoter to regulate Angiopoietin-2 
(ANGPT2) expression and ANGPT2-Tie2 conjunction 
[25–27] (Figure S1).

On the basis of the above information, we hypothesized 
that TEMs are recruited to CIBT via the miR-126-5p/
TRPS1/ANGPT2 pathway and promote EC proliferation 

and angiogenesis in CIBT. In this study, TEMs were 
cocultured with human umbilical vein endothelial cells 
(HUVECs) under hypoxia and injected into the lateral 
ventricles of nude mice subjected to internal carotid 
artery occlusion (ICAO) plus encephalomyosynangiosis 
(EMS) procedures to verify the ability of TEMs to pro-
mote EC proliferation and angiogenesis in CIBT. Fur-
thermore, the recruitment mechanism was explored 
both by in  vitro experiments with transfected HUVECs 
and molecular biology experiments, including dual lucif-
erase reporter (DLR), RNA immunoprecipitation (RIP) 
and chromatin immunoprecipitation (ChIP) assays, and 
by in  vivo experiments with Sprague–Dawley (SD) rats 
subjected to 2-vessel occlusion (2VO) plus EMS model 
establishment combined with temporal muscle (TM) 
transfection and intraventricular injection. We believe 
our findings will help identify new therapeutic targets for 
increasing the efficacy of revascularization surgery and 
reducing the risk of stroke in CICD patients.

Materials and methods
Patients and blood samples
CICD patients who received indirect revascularization 
surgery were included in this study. Computed tomog-
raphy perfusion (CTP) was performed on postoperative 
day 180. Digital subtraction angiography (DSA) was per-
formed 2 years after surgery to assess the degree of indi-
rect revascularization via the Matsushima classification 
system: Grade-A revascularization indicated that more 
than two-thirds of the middle cerebral artery (MCA) 
anastomosis-induced circulation was fulfilled, Grade-B 
revascularization indicated one-third to two-thirds fulfil-
ment, and Grade-C revascularization indicated less than 
one-third fulfilment [28].  

Blood samples from CICD patients with Matsushima 
Grade-A revascularization (n = 10) and Matsushima 
Grade-C revascularization (n = 10) were collected from 
the internal jugular vein (IJV) catheter during DSA 
examination, whereas blood samples from patients with 
intracranial aneurysms (as the control group, n = 10) 
were collected in the same way. The exclusion criteria 
were as follows: (1) patients with malignancy; (2) patients 
with other ischaemic diseases, including cardiovascular 
diseases and peripheral vascular disease; and (3) patients 
with abnormal haemopoietic or immune function. Base-
line data are provided in Table 1.
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Quantification of TEMs in blood
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from IJV blood via human whole blood mononu-
clear cell separation solution (Solarbio, China). PBMCs 
were double-stained with APC-conjugated anti-CD14 
(367117, BioLegend, USA) and PE-conjugated anti-Tie2 
(10700-R116-F, Sino Biological, China), and TEMs were 
detected via flow cytometry (BD, USA).

Cell culture
HUVECs were purchased from American Type Culture 
Collection (ATCC) and cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) with high glucose (Gibco, USA) 
supplemented with 10% foetal bovine serum (FBS; Gibco, 
USA) and 1% penicillin‒streptomycin (Gibco, USA). The 
cells were routinely cultured in a humidified incubator at 
37 °C with 21% O2 and 5% CO2. For hypoxic culture, the 
cells were cultured in a tri-gas incubator with 1% O2, 94% 
N2, and 5% CO2. All experiments were conducted with 
HUVECs between the third and sixth passages.

Cell coculture and subgrouping
First, CD14+ cells were isolated from the PBMCs of 
Matsushima Grade-A patients via magnetic-activated 
cell sorting (MACS) (QuadroMACS Separator, LS 

Separation columns; Miltenyi Biotec, German) using 
human CD14 magnetic beads (Miltenyi Biotec, Ger-
man). Tie2 antibody (5 μg, ab221154, Abcam, UK) was 
labelled with NHS-Biotin (ThermoFisher, USA), and 
further labelled with Anti-Biotin MicroBeads (Milte-
nyi Biotec, Germany). Then, TEMs and Tie2-negative 
monocytes/macrophages (TNMs) were sorted from 
CD14+ cells via MACS and confirmed via flow cytom-
etry and immunofluorescence. HUVECs (4 × 103) were 
cocultured directly or indirectly with TEMs or TNMs 
in 24-well Transwell culture plates. The two methods of 
coculture had the following groups: (1) Control group, 

Table 1  Demographics of the patients included in this study

BMI: body mass index; T2DM: type 2 diabetes mellitus; WBC: white blood cell; TIA: transient ischaemic attack; I/C MTT: ipsilateral/contralateral mean transit time; mRS, 
modified Rankin scale. Continuous data are expressed as the means ± SDs. Data on age, BMI, WBC count, monocyte count, and lymphocyte count were analysed via 
one-way ANOVA; data on sex, hypertension status, T2DM status, hyperlipidaemia status, smoking status, alcohol status, and mRS score before surgery were analysed 
via the chi-square test; data on past TIAs status were analysed via the Fisher’s exact test; data on the I/C MTT ratio before surgery were analysed via the unpaired t test. 
P > 0.05 indicated that there was no significant difference between any two of the three groups or between two groups

Characteristic Patients with intracranial 
aneurysm (n = 10)

Matsushima Grade-A 
patients (n = 10)

Matsushima Grade-C 
patients (n = 10)

P value

Age (years) 51.5 ± 10.6 56.6 ± 9.0 53.9 ± 8.9 0.5633

Sex (male %) 50 (5/10) 50 (5/10) 60 (6/10) 0.8747

BMI (kg/m2) 21.07 ± 1.61 21.90 ± 1.90 20.15 ± 1.78 0.1044

Hypertension (%) 50 (5/10) 50 (5/10) 70 (7/10) 0.5810

T2DM (%) 40 (4/10) 20 (2/10) 30 (3/10) 0.6211

Hyperlipidaemia (%) 20 (2/10) 40 (4/10) 40 (4/10) 0.5488

Smoking (%) 30 (3/10) 40 (4/10) 30 (3/10) 0.8607

Alcohol (%) 50 (5/10) 60 (6/10) 50 (5/10) 0.8747

WBC count (× 109/L) 7.14 ± 1.73 7.60 ± 1.55 7.97 ± 1.01 0.4604

Monocytes count (× 109/L) 0.27 ± 0.09 0.29 ± 0.11 0.23 ± 0.06 0.3339

Lymphocytes count (× 109/L) 1.96 ± 0.43 2.39 ± 0.39 2.23 ± 0.42 0.0796

Past TIAs (%) – 40 (4/10) 50 (5/10) 1.0000

I/C MTT ratio before surgery – 1.22 ± 0.15 1.25 ± 0.18 0.7189

mRS score before surgery 0.6210

 0 – 3 4

 1 – 4 2

 2 – 3 4

Table 2  Subgrouping of HUVECs cocultured with TEMs or TNMs

HUVECs: human umbilical vein endothelial cells; TEMs: Tie2-expressing 
monocytes/macrophages; TNMs: Tie2-negative monocytes/macrophages

Groups Procedures

Control group Cultured routinely

Hypoxia group Cultured in a hypoxic environment

TNMs group Hypoxia, cocultured with 1 × 103 TNMs

TEMs group Hypoxia, cocultured with 1 × 103 TEMs

2 × TEMs group Hypoxia, cocultured with 2 × 103 TEMs

4 × TEMs group Hypoxia, cocultured with 4 × 103 TEMs
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(2) Hypoxia group, (3) TNMs group, (4) TEMs group, 
(5) 2 × TEMs group, and (6) 4 × TEMs group (Table 2).

Cell transfection and subgrouping
MiR-126-5p mimics, inhibitors and the correspond-
ing negative control (NC) were purchased from GeneP-
harma (Shanghai, China). The TRPS1 overexpression 
plasmid (pcDNA3.1-TRPS1), the plasmid expressing 
short hairpin RNA (shRNA) of TRPS1 (sh-TRPS1) and 
the corresponding NC were constructed by Synbio Tech-
nologies (Suzhou, China). HUVECs were transfected 
with Lipofectamine™ 3000 (Invitrogen, USA) according 
to the following groups: (1) Control group, (2) Hypoxia 
group, (3) Mimics NC group, (4) Mimics group, (5) Mim-
ics + pcDNA3.1 NC group, (6) Mimics + pcDNA3.1-
TRPS1 group, (7) Inhibitors NC group, (8) Inhibitors 
group, (9) Inhibitors + sh NC group, and (10) Inhibi-
tors + sh-TRPS1 group (Table  3). All information on 
miRNAs and plasmids used for transfection is provided 
in the supplementary materials (Figure S2, Table S1, and 
Table S2).

Ethynyl deoxyuridine (EdU) assay
An EdU assay was performed to evaluate the proliferation 
of HUVECs cocultured with TEMs or TNMs, and the 
BeyoClick™ EdU Cell Promotion Kit with Alexa Fluor 555 
(Beyotime, China) was used according to the manufac-
turer’s protocol. After overnight coculture, the cells were 
incubated with 20 μmol/L EdU working solution for 2 h, 
washed with phosphate buffer solution (PBS) containing 
3% bovine serum albumin (BSA; Beyotime, China), fixed 
and permeabilized with 4% paraformaldehyde (PFA; Bey-
otime, China) and 0.3% Triton X-100 (Beyotime, China) 
for 15  min. For direct coculture, anti-CD31 (1:1000, 
28083-1-AP, Proteintech, China) and 488-conjugated 
goat anti-rabbit (1:2000, ab6721, Abcam, UK) antibodies 

were additionally used to label the HUVECs. Finally, the 
cells were stained with Click reaction solution, and the 
cell nuclei were stained with Hoechst 33342. Images were 
obtained via confocal microscopy (Olympus, Japan), and 
the percentage of EdU-positive HUVECs indicated the 
extent of cell proliferation. Each experiment was per-
formed at least three times.

Flow cytometric analysis of apoptosis
Flow cytometry was performed to evaluate the apop-
tosis of HUVECs cocultured with TEMs or TNMs, and 
an Annexin V-FITC Apoptosis Detection Kit (Beyotime, 
China) was used according to the manufacturer’s proto-
col. After overnight coculture, the cells were collected in 
flow cytometry tubes, washed three times with cold PBS, 
and resuspended in 195 μL of binding buffer. The cell sus-
pension was subsequently mixed with 5 μL of Annexin 
V-FITC staining solution and 10 μL of propidium iodide 
staining solution at room temperature in a dark room for 
15 min. For direct coculture, anti-CD31 (10148-MM13-
A, Sino Biological, China) was also used to label the 
HUVECs. The apoptosis rate of HUVECs was evaluated 
via flow cytometry (BD, USA) within 1  h. Each experi-
ment was performed at least three times.

Tube formation assay
A tube formation assay was performed to evaluate 
the ability of HUVECs to form tubule-like structures. 
HUVECs (1 × 104) from each group were inoculated into 
each well of a 96-well plate containing 50 μL of Matrigel 
(Corning, USA). After 24 h of incubation, tube formation 
was observed via an inverted phase-contrast microscope 
(Olympus, Japan). Images were analysed via ImageJ soft-
ware (National Institutes of Health, USA), and the extent 
of tubule formation was quantified by counting the total 
length, number of branches, and number of nodes in five 

Table 3  Subgrouping of HUVECs transfected with miRNAs and plasmids

HUVECs: human umbilical vein endothelial cells; NC, negative control

Groups Procedures

Control group Cultured routinely

Hypoxia group Cultured in a hypoxic environment

Mimics NC group Hypoxia, transfected with miRNA mimics NC

Mimics group Hypoxia, transfected with has-miR-126-5p mimics

Mimics + pcDNA3.1 NC group Hypoxia, cotransfected with has-miR-126-5p mimics and pcDNA3.1 NC

Mimics + pcDNA3.1-TRPS1 group Hypoxia, cotransfected with has-miR-126-5p mimics and pcDNA3.1-TRPS1

Inhibitors NC group Hypoxia, transfected with miRNA inhibitors NC

Inhibitors group Hypoxia, transfected with hsa-miR-126-5p inhibitors

Inhibitors + sh NC group Hypoxia, cotransfected with hsa-miR-126-5p inhibitors and shRNA NC

Inhibitors + sh-TRPS1 group Hypoxia, cotransfected with hsa-miR-126-5p inhibitors and shRNA-
TRPS1-2 (validated by qRT‒PCR, Fig S2)
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random fields of view (× 100). Each experiment was per-
formed at least three times.

Scratch wound assay
A scratch wound assay was performed to evaluate the 
migration ability of HUVECs. The cell culture medium 
was replaced with serum-free medium. Then, HUVECs 
from each group of 6-well plates were scratched with a 
200-μL micropipette tip and washed with PBS. After 24 h 
of incubation, the degree of wound closure was observed 
via microscopy. The wound width was measured via 
ImageJ software, and the migration ability was evaluated 
by the percentage of wound closure. Each experiment 
was performed at least three times.

Transwell migration assay
Transwell migration assays were also performed to evalu-
ate the migration of HUVECs. HUVECs (1 × 104) from 
each group were resuspended in serum-free medium and 
inoculated into the upper layer of the Transwell chamber, 
while complete medium was added to the lower layer. 
After 24  h of incubation, the cells that had migrated to 
the lower layer were stained with crystal violet (Beyo-
time, China) and observed under a microscope. The 
number of stained cells located in the lower layer was 
determined via ImageJ software, which indicates the 
degree of HUVECs migration. Each experiment was per-
formed at least three times.

Methylthiazolyldiphenyl‑tetrazolium bromide (MTT) 
proliferation assay
An MTT proliferation assay was performed to evaluate 
the viability of HUVECs. HUVECs (1 × 104) from each 
group were inoculated into 96-well plates. After adhe-
sion, the cells were incubated with 100 μL of MTT solu-
tion (5  mg/mL; Beyotime, China) for 4  h at 37  °C. The 
supernatant was subsequently removed, and 200 μL of 
dimethyl sulfoxide (DMSO; Beyotime, China) was added 
to each well. The optical density (OD) values at a wave-
length of 490  nm were measured via a multifunctional 
enzyme-linked immunosorbent assay (ELISA) reader 
(BioTek, USA) at 24 h and 48 h, which indicated the via-
bility of the HUVECs. Each experiment was performed at 
least three times.

Dual‑luciferase reporter (DLR) assay
A DLR assay was performed to verify the direct regu-
latory relationship between miR-126-5p and TRPS1. 
According to the potential binding sites of miR-126-5p 
on TRPS1 mRNA 3’UTR predicted via miRDB data-
base [25] (Figure S1C), four plasmids containing the 
TRPS1 3’UTR-wt and five plasmids containing the 
TRPS1 3’UTR-mut were constructed via the pGL basic 

vector (Promega, USA) (Fig.  6A, Table  S2). HEK-293  T 
cells (1 × 103) were seeded in 96-well plates 24  h before 
transfection, and 0.1  μg of plasmid, 0.01  μg of pGL-TK 
and 50  nM miR-126-5p mimics (GenePharma, China) 
or their NC were cotransfected with Lipofectamine™ 
3000 (Invitrogen, USA). After 48  h of transfection, the 
luciferase assay reagent II (Promega, USA) was used to 
measure firefly luciferase activity, the Stop & Glo Reagent 
(Promega, USA) was used to measure Renilla luciferase 
activity, and luciferase activity was calculated via a mul-
tifunctional ELISA reader (BioTek, USA). Relative lucif-
erase activity was defined as the ratio of firefly luciferase 
activity to Renilla luciferase activity. Each experiment 
was performed at least three times. All sequences of 
miRNAs, TRPS1 3’UTR-wt and mut are provided in the 
Table S1 and Table S3.

RNA immunoprecipitation (RIP) assay
A RIP assay was also performed to verify the direct regu-
latory relationship between miR-126-5p and TRPS1, and 
the Imprint® RNA Immunoprecipitation Kit (Sigma, 
German) was used according to the manufacturer’s pro-
tocol. HUVECs were harvested and lysed with complete 
RIP lysis buffer. The cells were subsequently incubated 
with anti-AGO2 (5 μg, 67934-1-Ig, Proteintech, China) or 
anti-IgG (5 μg, 30000-0-AP, Proteintech, China) antibod-
ies combined with ProteinA/G magnetic beads overnight 
at 4 °C. The precipitate was extracted via a magnetic rack, 
and RNA was extracted via TRIzol (Sigma, Germany). 
The RNA fraction was reverse transcribed and analysed 
via qRT‒PCR. All information on the primers is provided 
in the Table S4.

Chromatin immunoprecipitation (ChIP) assay
A ChIP assay was performed to verify the direct regu-
latory relationship between TRPS1 and ANGPT2. 
HUVECs were fixed with 1% formaldehyde and lysed 
with SDS lysis buffer (Beyotime, China). The cells were 
subsequently sonicated, and protein‒DNA crosslinks 
were removed by heating at 65 °C. After incubation with 
ProteinA + G Agarose/Salmon Sperm DNA (Sigma, Ger-
man), the cells were incubated with anti-TRPS1 (5  μg, 
21938-1-AP, Proteintech, China) and anti-IgG (5  μg, 
30000-0-AP, Proteintech, China) antibodies overnight 
at 4  °C. After the precipitate was washed, the DNA was 
purified and concentrated. Finally, the DNA fraction was 
analysed via qRT‒PCR. The information on the primer is 
provided in the Table S4.

Animals
Adult BALB/c nude mice (male, 20–25  g, 42 in total, 
n = 6 mice/group, three for western blotting and three 
for immunofluorescence) and adult SD rats (male, 
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260–280  g, 81 in total, n = 9 rats/group, three for west-
ern blotting, three for immunofluorescence, and three 
for electron microscopy) were purchased from ZhuHai 
Bestest Biotechnology Co., Ltd. (Guangdong, China), and 
housed under specific pathogen-free (SPF)-grade condi-
tions (temperature 22 °C ± 2 °C, humidity 55% ± 5%, 12 h 
light/dark cycle). The animals were allowed to adapt to 
the environment for 1 week before the experiment.

Nude mice were subjected to ICAO modelling and 
received different treatments. The rats were subjected to 
2VO plus EMS modelling. All the animals were randomly 
divided into different groups, as shown in Tables 4 and 5.

Nude mouse model of unilateral chronic cerebral 
ischaemia
A chronic cerebral ischaemia model in nude mice was 
established via unilateral ICAO [29], which effectively 
reduced unilateral CBP in nude mice (Figure S4A-B). The 
mouse was anaesthetized with isoflurane (3% for induc-
tion, 1.5% for maintenance, 0.6 L/min oxygen flow; RWD, 
China) and fixed on an electric blanket, and its temper-
ature was monitored and maintained at 37  °C. After an 
incision was made in the middle of the neck, the right 

internal carotid artery (ICA) was carefully separated and 
ligated with 7–0 silk sutures. Be careful to avoid damag-
ing the vagus nerve. Finally, the skin was sutured (Fig. 1A, 
B). Successful ICAO model establishment was confirmed 
by magnetic resonance imaging (MRI) as follows: (1) no 
large infarct foci on the T2WI sequence 1 day after the 
ICAO procedure and (2) an arterial spin labelling (ASL) 
sequence showing that the cerebral blood flow (CBF) 
value on the modelling side was 40% lower than that on 
the contralateral side (Fig. 1C, D, Figure S4C).

Cell transplantation
TEMs or TNMs were transplanted into the cerebrospi-
nal fluid through intraventricular injection. After the 
ICAO procedure, the mouse was immediately placed in 
a stereotaxic apparatus (RWD, China). In accordance 
with the map of mouse brain regions, a hole was drilled 
on the skull, and a microinjector (Hamilton, USA) was 
implanted into the right lateral ventricle (mouse coordi-
nates for the microinjector tip, from bregma: ML = 1 mm, 
AP = 0.5 mm, DV = 2.4 mm). The cells were resuspended 
in serum-free Roswell Park Memorial Institute (RPMI) 
1640 medium, the cell suspension was injected into the 

Table 4  Subgrouping of nude mice

ICAO: internal carotid artery occlusion; EMS: encephalomyosynangiosis; RPMI: Roswell Park Memorial Institute; TNMs: Tie2-negative monocytes/macrophages; TEMs: 
Tie2-expressing monocytes/macrophages

Groups (n = 6) Procedures

ICAO group ICAO

ICAO + EMS group ICAO + EMS

RPMI 1640 group ICAO + EMS with serum-free RPMI 1640 medium injected 
into the lateral ventricle as a vehicle control group

TNMs group ICAO + EMS with 1 × 105 TNMs injected into the lateral ventricle

TEMs group ICAO + EMS with 1 × 105 TEMs injected into the lateral ventricle

2 × TEMs group ICAO + EMS with 2 × 105 TEMs injected into the lateral ventricle

4 × TEMs group ICAO + EMS with 4 × 105 TEMs injected into the lateral ventricle

Table 5  Subgrouping of rats

2VO: 2-vessel occlusion; EMS: encephalomyosynangiosis; TM: temporal muscle; NC: negative control; LV: lentivirus

Groups (n = 9) Procedures

Control group 2VO + EMS

Agomir NC group 2VO + EMS with miRNA agomir NC transfected in TM tissue

Agomir group 2VO + EMS with rno-mir-126a-5p agomir transfected in TM tissue

Agomir + LV-sh NC group 2VO + EMS with rno-mir-126a-5p agomir transfected in TM tissue and LV-shRNA NC injected into the lateral ventricle

Agomir + LV-sh-ANGPT2 group 2VO + EMS with rno-mir-126a-5p agomir transfected in TM tissue and LV-shRNA-ANGPT2-2 (validated by qRT‒PCR, 
Fig S3) injected into the lateral ventricle

Antagomir NC group 2VO + EMS with miRNA antagomir NC transfected in TM tissue

Antagomir group 2VO + EMS with rno-mir-126a-5p antagomir transfected in TM tissue

Antagomir + LV NC group 2VO + EMS with rno-mir-126a-5p antagomir transfected in TM tissue and LV NC injected into the lateral ventricle

Antagomir + LV-ANGPT2 group 2VO + EMS with rno-mir-126a-5p antagomir transfected in TM tissue and LV-ANGPT2 injected into the lateral ventricle
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right lateral ventricle (1 μL, 0.1 μL/min), and the micro-
injector was slowly removed after being left for 10  min 
(Fig. 1E).

EMS surgery for nude mice
Each mouse was anaesthetized and maintained as 
described above. An incision of the skin and TM was 
then made, and a piece of skull (2  mm diameter) was 
ground away from the temporoparietal region via an 
electric drill. The dura mater (DM) and arachnoid mem-
brane were carefully opened via forceps and a 1  mL 
syringe needle. The TM and DM were sutured together, 
and finally, the skin was sutured (Fig. 1F–H).

Rat model of chronic cerebral ischaemia 
plus revascularization surgery
A 2VO + EMS model was established to simulate chronic 
cerebral ischaemia plus revascularization surgery in 
rats. The anaesthesia and incision procedures used for 
the 2VO modelling were performed in a similar way as 
those used for ICAO modelling. The left common carotid 
artery (CCA) was dissected and ligated with two 5–0 
silk sutures, and the right CCA was ligated 7  days later 
(Fig.  2A, B). Successful 2VO model establishment was 
confirmed by the following: (1) postoperative CBF value 
less than 40% of the baseline value detected by a laser 
Doppler blood flow metre and (2) no large infarct foci on 

Fig. 1  Procedures for establishing the ICAO + EMS model in nude mice. A, B Procedures for ligating the right ICA (the black arrow indicates the right 
ICA). C Representative MRI-T2WI film showing no infarction after the ICAO procedure. D Representative MRI-ASL film showing a decrease in the CBP 
on the modelling side after the ICAO procedure (the white dashed line indicates the range of CBP decrease). E The procedure for intraventricular 
injection. Representative images showing the procedures for EMS surgery, including F reflection of the skin and TM tissue from the skull and G 
opening of the DM (the black arrow indicates the opened DM and arachnoid membrane). H Schematic diagram of EMS surgery. I Experimental 
schedule. ASL: arterial spin labelling; CBP: cerebral blood perfusion; DM: dura mater; EMS: encephalomyosynangiosis; ICA: internal carotid artery; 
ICAO: internal carotid artery occlusion; IF: immunofluorescence; MRI: magnetic resonance imaging; TM: temporal muscle; T2WI: T2-weighted 
imaging; WB: western blotting
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the T2WI sequence of the MRI 1 day after the 2VO pro-
cedure (Fig. 2C, D). Finally, EMS surgery was performed 
in a similar way as the nude mice received (Fig. 2F, G).

Lentivirus infection and miRNA transfection
The lentivirus expressing ANGPT2 (LV-ANGPT2) and its 
corresponding shRNA (LV-sh-ANGPT2) were designed 
and packaged by GenePharma (Shanghai, China). Lenti-
virus infection was performed via intraventricular injec-
tion (rat coordinates for the microinjector tip, from 
bregma: ML = 1.5  mm, AP = 1  mm, DV = 3.5  mm) just 
before EMS surgery. The lentivirus (1 × 108 TU/mL) was 
injected into the right lateral ventricle (10 μL, 1 μL/min), 
and the microinjector was slowly removed after being left 
for 10 min (Fig. 2E). The miR-126-5p agomir, antagomir 
and NC were purchased from GenePharma (Shanghai, 
China). The miRNA suspension [20 μg of miRNA in 10 
μL of normal saline (NS)] was equally divided into four 
parts and injected into four sites of the TM tissue via a 
microinjector during EMS surgery (Fig. 2H). All informa-
tion on the miRNAs and lentiviruses used for the animal 

experiments is provided in the supplementary materials 
(Figure S3, Table S1, and Table S2).

MRI
The ASL sequence of MRI was used to evaluate the CBP 
of the animals in each group. The animals were scanned 
via 7.0  T MRI (PharmaScan 70/16 US with ParaVision 
version 6.0.1 system; Bruker, USA). The animals were 
anaesthetized with isoflurane, and respiration was moni-
tored with a small animal monitoring system (Model 
1030; SA Instruments, Inc., USA) and controlled at 
50–60 breaths/min. The best slice for brain muscle fit-
ting was confirmed on the T2WI image, and then, ASL 
sequence scanning was performed on the selected slice. 
The cerebral cortex in close contact with the TM after 
EMS surgery (within a 1 mm range) and the cortex in the 
symmetrical position of the opposite hemisphere were 
selected as the regions of interest (ROIs). The mean CBF 
value (mL/100  g  min) of each ROI was calculated with 
ParaVision software, and the improvement in CBP after 
EMS surgery was evaluated by the perfusion ratio of the 

Fig. 2  Procedures for establishing the 2VO + EMS model in SD rats. A, B Procedures for ligating the CCA (the black arrow indicates the left CCA). 
C Representative laser doppler flow metre confirming the decrease in the CBF value during the 2VO procedure. D MRI-T2WI image showing 
no infarction after the 2VO procedure. E The procedure of intraventricular injection. Representative images showing the procedures of EMS surgery, 
including F reflection of the skin and TM from the skull, G opening of the DM (the black arrow indicates the opened DM and arachnoid membrane), 
and H displaying the four sites on TM tissue for miRNA transfection. I Experimental schedule. CBF: cerebral blood flow; CCA: common carotid artery; 
DM: dura mater; EMS: encephalomyosynangiosis; IF: immunofluorescence; MRI: magnetic resonance imaging; MWM: Morris water maze; NORT: 
novel object recognition test; TM: temporal muscle; T2WI: T2-weighted imaging; WB: western blotting; 2VO: 2-vessel occlusion
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mean CBF value on the EMS side to that on the non-
EMS side.

The T2WI parameters were set as follows: repetition 
time (TR) = 3500 ms; echo time (TE) = 48 ms; average = 2; 
image size = 256 × 256; field of view (FOV) = 35 × 35 mm2; 
slice thickness = 0.7 mm; and scan time = 2 min 27 s.

The ASL parameters were set as follows: 
TR = 10,000 ms; TE = 4.95 ms; inversion times (TI) = 30, 
100, 200, 300, 400, 500, 800, 1200, 3000, and 5000  ms; 
image size = 96 × 96; FOV = 40 × 40 mm2; slice thick-
ness = 1.2 mm; and scan time = 10 min.

Behavioural testing
The novel object recognition test (NORT) and Morris 
water maze (MWM) were used to evaluate the cognitive 
function of the rats. All tests were performed between 
10:00 and 15:00 by experimenters who were blinded to 
the groupings of the rats. The rats were kept in the behav-
ioural laboratory 24 h before and during the experiment 
to eliminate the influence of the test environment. Both 
the NORT and MWM test results were analysed via 
SMART version 3.0 software (Panlab, Spain).

NORT
The first day was the adaptation period, and the rats could 
freely explore the open field box (80 cm × 80 cm × 60 cm) 
without objects for 10 min. The second day was the famil-
iar period. Two identical objects were placed in the test 
box, and the rats were allowed to explore for 5 min. The 
third day was the test period, one of the familiar objects 
was replaced with a novel object, and the rats were 
allowed to explore for 5  min. The time the rats took to 
recognize each object was recorded. The recognition of 
an object was defined as pointing the nose at the object 
at a distance of less than 1 cm or touching it. Each time, 
the rat was placed with its back facing the objects. The 
odours on the test box and objects were removed with 
75% alcohol before each experiment.

MWM
A circular pool (diameter 180  cm, height 60  cm) was 
filled with water and maintained at 22 °C ± 2 °C. Four vis-
ual cues were placed in the four quadrants of the pool. 
An escape platform was submerged 1 cm below the water 
surface in the centre of the third quadrant, and edible 
melanin was added to the water to make the platform 
invisible. The first five days were the learning period, 
and the rats were released from the four quadrants fac-
ing the wall in random order. The rats needed to find the 
underwater platform within 60 s, and the escape latency 
and swimming route were recorded. If a rat did not find 
the platform, it was guided to the platform, and its escape 
latency was recorded as 60 s. Each rat was allowed to stay 

on the escape platform for 10 s regardless of whether the 
platform was found. The sixth day was the test day, the 
platform was removed, the rats were placed in the oppo-
site quadrant from the target quadrant, and the escape 
latency, time spent in the target quadrant, number of 
platform crossings, and swimming route were recorded.

Brain tissue collection
The animals were anaesthetized with Ulatan (20%, 
1000  mg/kg), and the abdominal and thoracic cavities 
were incised to expose the liver and heart. The right 
atrial appendage was cut open, and NS was continu-
ously injected into the left ventricle until the liver turned 
white. The skull was removed, and the brain tissue was 
collected. The samples used for immunofluorescence 
and electron microscopy were fixed with 4% PFA (Beyo-
time, China) and 2.5% glutaraldehyde (Beyotime, China), 
while the samples used for western blotting were stored 
at − 80 °C.

Transmission electron microscopy
Transmission electron microscopy was performed to 
observe the vacuoles and tight junctions (TJs) in ECs. 
The brain tissues were routinely cut into ultrathin resin 
sections. Images were subsequently obtained at 80 kV via 
a JEM-1400 transmission electron microscope (JEOL, 
Japan). The number of vacuoles to the circumference of 
the vascular endothelium and the proportion of abnor-
mal TJs were calculated to evaluate the improvement in 
hypoxia in brain tissues.

Scanning electron microscopy
Scanning electron microscopy was performed to observe 
the morphology of the pericytes. Increasing grades of 
alcohol were used for dehydration, and brain tissues were 
critical point-dried and coated with gold. Images were 
subsequently obtained via an SU8100 scanning electron 
microscope (Hitachi, Japan).

Immunofluorescence
Immunofluorescence was performed to determine the 
effects of TEMs and the miR-126-5p/TRPS1/ANGPT2 
pathway. The brain tissue samples were routinely made 
into paraffin sections. After deparaffinization and rehy-
dration, the brain tissue paraffin sections were repaired 
with EDTA repair solution (Beyotime, China) in a boil-
ing water bath for 30  min, permeabilized and blocked 
with 0.3% Triton X-100 (Beyotime, China) and 5% BSA 
(Beyotime, China). Then, the slices were incubated with 
primary antibodies against CD31 (1:250, sc-20071, Santa 
Cruz, USA), ANGPT2 (1:250, Sc-74403, Santa Cruz, 
USA), Tie2 (1:250, DF7500, Affinity, USA), VEGFA 
(1:100, orb153328, Biorbyt, UK) and IGF1 (1:100, 
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ab106836, Abcam, UK) in PBS containing 0.2% Tween-20 
(PBST) diluted overnight at 4 °C. After being washed with 
PBST, the slices were incubated with 488-conjugated goat 
anti-rabbit (1:2000, ab150077, Abcam, UK), 594-conju-
gated goat anti-mouse (1:2000, ab150116, Abcam, UK), 
and 647-conjugated donkey anti-goat (1:2000, ab150135, 
Abcam, UK) secondary antibodies at room tempera-
ture in a dark room for 2 h. The 647-conjugated CD11b 
antibody (0.5 μg, CL647-65229, proteintech, China) was 
used to directly label CD11b. After washes, the slices 
were sealed with mounting medium with DAPI (Abcam, 
UK), and fluorescence images were acquired via confo-
cal microscopy (Olympus, Japan).

Western blotting
Western blotting was performed to determine the rela-
tive expression of proteins. Total proteins were extracted 
from HUVECs and brain tissues (approximately 1  mm 
around the EMS surgical site) via a radioimmunopre-
cipitation assay (RIPA; Beyotime, China) with phenyl-
methanesulfonyl  fluoride (PMSF; Beyotime, China) and 
a phosphatase inhibitor cocktail (Beyotime, China). 
After ultrasonic crushing and high-speed centrifuga-
tion at 4 °C, protein concentrations were measured with 
a bicinchoninic acid (BCA) protein assay kit (Beyotime, 
China). Subsequently, 20  μg of protein was separated 
via 10% SDS‒PAGE and transferred onto polyvinylidene 
fluoride (PVDF) transfer membranes (Millipore, USA) 
with a 0.45  μm pore size. After being blocked for 2  h 
with Tris-buffered saline (TBS) containing 5% nonfat 
skim milk (Beyotime, China) or BSA (Beyotime, China), 
the membranes were incubated with primary antibodies 
against TRPS1 (1:1000, 21938-1-AP, Proteintech, China), 
ANGPT2 (1:1000, 24613-1-AP, Proteintech, China), Tie2 
(1:1000, DF7500, Affinity, USA), phospho-Tie2 (1:1000, 
bs-12262R, Bioss, China), CD11b (1:1000, sc-1186, Santa 
Cruz, USA), VEGFA (1:1000, 19003-1-AP, Proteintech, 
China), IGF1 (1:1000, ab106836, Abcam, UK), CD31 
(1:1000, sc-20071, Santa Cruz, USA), or β-actin (1:20000, 
66009-1-Ig, Proteintech, China) in TBS containing 0.2% 
Tween-20 (TBST) diluted overnight at 4  °C. After being 
washed with TBST, the membranes were incubated 
with HRP-conjugated goat anti-rabbit (1:10000, ab6721, 
Abcam, UK), HRP-conjugated goat anti-mouse (1:10000, 
ab6728, Abcam, UK) or HRP-conjugated rabbit anti-goat 
(1:10000, ab6741, Abcam, UK) secondary antibodies at 
room temperature for 2 h. After washes, the signals were 
detected via enhanced chemiluminescence (ECL) Ultra 
reagent (NCM Biotech, China) and a chemiluminescence 
system (Tanon, China). Images were analysed via ImageJ 
software. Each experiment was repeated at least three 
times.

Statistical analysis
The statistical analyses were performed via the Statisti-
cal Program for Social Science (SPSS) version 23.0 (IBM 
Corporation, USA) and GraphPad Prism version 9.5 
(GraphPad Software, USA). Statistical analysis was per-
formed via unpaired t test, chi-square test, Fisher’s exact 
test, one-way analysis of variance (ANOVA) test, or two-
way ANOVA test. Data from replicate experiments are 
represented as means ± SDs. Statistically significant dif-
ferences were indicated when P < 0.05.

Results
The proportion of TEMs is increased in the blood of CICD 
patients
We obtained IJV blood from CICD patients with Matsu-
shima Grade-A revascularization (n = 10), Matsushima 
Grade-C revascularization (n = 10), and patients with 
intracranial aneurysms (n = 10, as the control group) 
and isolated PBMCs from the blood. Flow cytometry 
revealed that the proportion of TEMs (CD14+/Tie2+) in 
the PBMCs of either the Matsushima Grade-A patients 
or the Matsushima Grade-C patients was significantly 
greater than that in the PBMCs of the aneurysm patients 
(P < 0.0001, P = 0.0423). In addition, the proportion of 
TEMs in the Matsushima Grade-A patients was sig-
nificantly greater than that in the Matsushima Grade-C 
patients (P = 0.0471) (Fig. 3).

TEMs show angiogenic activity in vitro and in the CIBTs 
of nude mice
We isolated TEMs (Tie2+/CD14+) and TNMs (Tie2−/
CD14+) from the PBMCs of Matsushima Grade-A 
patients via MACS and confirmed the expression of 
CD14 and Tie2 via flow cytometry and immunofluo-
rescence (Fig.  4A, B). Then, we cocultured them with 
HUVECs via direct and indirect cocultures (Fig.  4C). 
EdU assays and flow cytometric apoptosis analysis 
revealed that the percentages of EdU-positive HUVECs 
in the TEMs groups was significantly greater than those 
in the hypoxia groups (P = 0.0403 in direct coculture and 
P = 0.0415 in indirect coculture) and the apoptosis rates 
in the TEMs groups was significantly lower than those 
in the hypoxia groups (P < 0.0001 in direct coculture and 
P < 0.0001 in indirect coculture) in both coculture meth-
ods, whereas TNMs groups did not show significant dif-
ference (P = 0.9972, P > 0.9999, P > 0.9999, P = 0.9982). 
There was no significant difference in the proliferation 
or apoptosis of HUVECs between the direct and indi-
rect cocultures with TEMs (Fig.  4D–G). Tube forma-
tion assays revealed that the total length, number of 
branches, and number of nodes in the TEMs group were 
significantly greater than those in the hypoxia group 
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(P = 0.0011, P = 0.0008, P = 0.0300), whereas the total 
length, number of branches, and number of nodes in 
the TNMs group did not significantly differ from those 
in the hypoxia group (P = 0.3517, P = 0.7953, P = 0.7570) 
(Fig.  4H, I). In addition, these effects significantly 
increased with increasing concentrations of cocultured 
TEMs.

We next established an ICAO + EMS model in 
BALB/c nude mice and injected TEMs/TNMs into 
their lateral ventricles. The MRI-ASL films revealed 
that the perfusion ratios of the mean CBF value on 
the EMS side to the non-EMS side were significantly 

greater in the TEMs group than in the ICAO + EMS 
group (P = 0.0222), whereas the TNMs group did not 
show a significant difference (P = 0.9319) (Fig.  5A, B). 
Western blotting and immunofluorescence revealed 
that the expression level of CD31 in the brain tissue 
around the EMS site in the mice treated with TEMs 
was significantly greater than that in the ICAO + EMS 
group (P < 0.0001, P = 0.0228), whereas the TNM 
group did not show a significant difference (P = 0.9989, 
P = 0.9981) (Fig.  5C–F). In addition, a greater dose of 
TEMs for intraventricular injection was associated with 
higher perfusion ratios and CD31 expression.

Fig. 3  Changes in TEMs from the IJV blood of CICD patients. A Representative DSA and CTP images showing angiogenesis and CBP improvement 
in CICD patients with Matsushima Grade-A revascularization and Matsushima Grade-C revascularization. B Representative flow cytometric dot 
plots of TEMs from the IJV blood of patients with intracranial aneurysms (control group), CICD patients with Matsushima Grade-A revascularization 
and CICD patients with Matsushima Grade-C revascularization. C Scatter plot showing the differences among the three groups (n = 10, 
one-way ANOVA and Tukey’s multiple comparisons test). The error bars represent the ± SDs. CBP: cerebral blood perfusion; CICD: chronically 
ischaemic cerebrovascular disease; CTP: computed tomography perfusion; DSA: digital subtraction angiography; IJV: internal jugular vein; TEMs: 
Tie2-expressing monocytes/macrophages
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Fig. 4  The results of cell coculture showing the pro-angiogenesis effect of TEMs. A Representative flow cytometric dot plot identifying CD14+ 
PBMCs, TEMs and TNMs. B Representative immunofluorescence images identifying TEMs (Tie2+/CD14+) and TNMs (Tie2−/CD14+). Bar = 20 μm. 
C Schematic diagram of the two methods for coculture. D Representative confocal images showing the results of the EdU assay for each group. 
Bar = 50 μm. E The results were quantified by the percentage of EdU-positive HUVECs per field (n = 3, two-way ANOVA and Šídák’s multiple 
comparisons test). F Representative flow cytometric dot plot showing the results of the apoptosis assay for each group. G Column chart showing 
the degree of apoptosis in each group (n = 3, two-way ANOVA and Šídák’s multiple comparisons test). H Representative fields showing the results 
of the tube formation assays for each group. Bar = 200 μm. The results were quantified by I the total length, number of branches, and number 
of nodes (n = 3, one-way ANOVA and Tukey’s multiple comparisons test). The error bars represent the ± SDs. EdU: ethynyl deoxyuridine; HUVECs: 
human umbilical vein endothelial cells; PBMCs: peripheral blood mononuclear cells; TEMs: Tie2-expressing monocytes/macrophages; TNMs: 
Tie2-negative monocytes/macrophages
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MiR‑126‑5p promotes HUVECs proliferation under hypoxia 
via the TRPS1/ANGPT2 pathway
Given that bioinformatics analysis suggested multi-
ple predicted binding sites for miR-126-5p on TRPS1 
mRNA, as well as a potential regulatory relationship of 
TRPS1 with the Angpt2 promoter, we conducted further 
molecular biology experiments to explore the direct reg-
ulatory effects of miR-126-5p on TRPS1 and of TRPS1 on 
ANGPT2. The results of the DLR assay revealed that the 
addition of miR-126-5p mimics to 293 T cells transfected 
with TRPS1 wt1, wt2 or wt3 significantly decreased the 
relative luciferase activity compared with the addition of 
mimics NC, whereas the addition of miR-126-5p mimics 
did not affect the relative luciferase activity of 293 T cells 

transfected with TRPS1 mut1, mut2, mut3 or mut4; how-
ever, the results in 293  T cells transfected with TRPS1 
wt4 were not significantly different (Fig.  6B). The RIP 
results revealed that, compared with the IgG antibody, 
the AGO2 antibody significantly enriched miR-126-5p 
and TRPS1 mRNAs in the immunoprecipitates (Fig. 6D). 
In the ChIP assay, more Angpt2 promoter regions 
were detected in immunoprecipitates immunoprecipi-
tated with TRPS1 antibodies than with IgG antibodies 
(Fig. 6F).

We next transfected HUVECs with miR-126-5p mim-
ics/inhibitors and pcDNA 3.1-TRPS1/sh-TRPS1. West-
ern blotting revealed that the expression level of TRPS1 
and the ratio of pTie2/Tie2 were significantly lower in 

Fig. 5  Results of MIR-ASL scanning and CD31 expression detection in the brains of nude mice. A Representative MRI-T2WI film showing the EMS 
surgical site (white arrow indicates the EMS) and MIR-ASL films showing differences in CBP between the various groups (white dashed lines 
indicate ROIs under the EMS surgical sites). B Column chart showing the perfusion ratios (EMS sides over non-EMS sides) of each group (n = 6, 
one-way ANOVA and Šídák’s multiple comparisons test). C Representative western blot showing the relative expression of CD31 in the CIBT 
adjacent to the TM tissue in each group (normalized to β-actin expression). D Densitometric analyses of the relative expression of CD31 (n = 3, 
one-way ANOVA and Šídák’s multiple comparisons test). E Representative confocal images showing the expression of CD31 in the CIBT in each 
group. Bar = 20 μm. F Column chart showing the counts of CD31+ cells in each group (n = 3, one-way ANOVA and Šídák’s multiple comparisons 
test). The error bars represent the ± SDs. ASL: arterial spin labelling; CBP: cerebral blood perfusion; CIBT: chronically ischaemic brain tissue; EMS: 
encephalomyosynangiosis; MRI: magnetic resonance imaging; ROIs: regions of interest; TM: temporal muscle; T2WI: T2-weighted imaging
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the mimic group than in the hypoxia group, whereas 
the expression level of ANGPT2 was significantly 
greater in the mimic group than in the hypoxia group. 
The expression level of TRPS1 and the pTie2/Tie2 ratio 
were significantly greater in the inhibitor group than 
in the hypoxia group, whereas the expression level of 
ANGPT2 was significantly lower in the inhibitor group 
than in the hypoxia group. In addition, TRPS1 over-
expression significantly reduced the expression level 
of ANGPT2 and increased the pTie2/Tie2 ratio, and 
the knockdown of TRPS1 significantly increased the 
expression level of ANGPT2 and reduced the pTie2/
Tie2 ratio (Fig. 6G, H).

Next, functional experiments on the transfected 
HUVECs were performed. The results of the tube for-
mation assay revealed that the total length, number of 
branches, and number of nodes in the mimics group 
were significantly greater than those in the hypoxia 
group (P = 0.0238, P = 0.0200, P = 0.0360) and mim-
ics + pcDNA 3.1-TRPS1 group (P = 0.0001, P = 0.0058, 
P = 0.0021), whereas those in the inhibitors group were 
significantly lower than those in the hypoxia group 
(P < 0.0001, P = 0.0413, P = 0.0201) and inhibitors + sh-
TRPS1 group (P = 0.0149, P = 0.0013, P = 0.0407) 
(Fig.  7A, B). The results of the scratch wound assay 
revealed that the wound closure percentage in the 

Fig. 6  Results of molecular biology experiments confirming the miR-126-5p/TRPS1/ANGPT2 pathway in vitro. A The predicted miR-126-5p 
binding sites in the 3’UTR of TRPS1 mRNA, the designed sequences of TRPS1 wt and mut, and the sequences of miR-126-5p from multiple species. 
B The results of DLR assays were determined by the relative luciferase activities (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). C 
Western blot showing the enrichment of AGO2 in the RIP assay. D Column chart showing the expression levels of miR-126-5p and TRPS1 mRNA 
in the precipitate determined by qRT‒PCR (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). E Agarose gel electrophoresis image 
showing the molecular size of DNA after sonication (approximately 200–400 bp). F Column chart showing the expression levels of the Angpt2 
promoter in the precipitate determined by qRT‒PCR (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). G Representative western blot 
showing the relative expression of TRPS1, ANGPT2, pTie2, and Tie2 in the HUVECs in each group (normalized to β-actin expression). H Densitometric 
analyses of the relative expression of TRPS1, ANGPT2, and pTie2/Tie2 (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). The error bars 
represent the ± SDs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ChIP: chromatin immunoprecipitation; DLR: dual luciferase reporter; RIP: RNA 
immunoprecipitation
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mimics group was significantly greater than that in the 
hypoxia group (P = 0.0015) and mimics + pcDNA 3.1-
TRPS1 group (P = 0.0412), whereas that in the inhibitors 
group was significantly lower than that in the hypoxia 
group (P = 0.0432) and the inhibitors + sh-TRPS1 group 
(P = 0.0487) (Fig.  7C, D). The results of the Transwell 
migration assay revealed that the number of migrated 
cells in the mimics group was significantly greater than 
that in the hypoxia group (P = 0.0026) and the mim-
ics + pcDNA 3.1-TRPS1 group (P = 0.0285), whereas 
that in the inhibitors group was significantly lower than 
that in the hypoxia group (P < 0.0001) and the inhibi-
tors + sh-TRPS1 group (P = 0.0367) (Fig.  7E, F). MTT 
assays revealed that the cell viability at 72  h of the 

mimics group was significantly greater than that of the 
hypoxia group (P < 0.0001) and the mimics + pcDNA 3.1-
TRPS1 group (P < 0.0001), whereas that of the inhibitors 
group was significantly lower than that of the hypoxia 
group (P < 0.0001) and the inhibitors + sh-TRPS1 group 
(P < 0.0001) (Fig. 7G).

TEMs promote angiogenesis in CIBT of rats 
via the miR‑126‑5p/TRPS1/ANGPT2 pathway
We established a 2VO + EMS model in SD rats, injected 
a miR-126-5p agomir/antagomir into their TM tissue 
and LV-ANGPT2/LV-sh-ANGPT2 into their lateral ven-
tricles. The results of the MRI-ASL sequence revealed 
that the rats in the agomir group presented significantly 

Fig. 7  Results of functional experiments reflecting the proliferative ability and viability of HUVECs. A Representative fields showing the results 
of the tube formation assays for each group. Bar = 200 μm. The results were determined by B the total length, number of branches, and number 
of nodes (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). C Representative fields showing the results of the scratch wound assays 
at 24 h for each group. Bar = 200 μm. D The results were determined as the percentage of wound closure at 0 to 24 h (n = 3, one-way ANOVA 
and Šídák’s multiple comparisons test). E Representative fields showing the results of the Transwell migration assays for each group. Bar = 100 μm. F 
The results were determined by the number of migrated cells per field (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). G Line graph 
showing the results of the cell viability evaluated by the MTT proliferation assay (n = 3, two-way ANOVA and Šídák’s multiple comparisons test). The 
error bars represent the ± SDs. HUVECs: human umbilical vein endothelial cells; MTT: methylthiazolyldiphenyl-tetrazolium bromide
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greater perfusion ratios than did the rats in the control 
group (P = 0.0033) and the agomir + LV-sh-ANGPT2 
group (P < 0.0001). The rats in the antagomir group 
presented significantly lower perfusion ratios than the 
rats in the control group (P = 0.0491) and the antago-
mir + LV-ANGPT2 group (P = 0.0389) did (Fig.  8A, B). 
The NORT results revealed that the rats in the agomir 
group recognized the novel object significantly more 
often than did the rats in the control group (P = 0.0113) 

and the agomir + LV-sh-ANGPT2 group (P = 0.0005). 
Moreover, the proportion of rats in the antagomir group 
that recognized the novel object was significantly lower 
than that in the control group (P = 0.0012) and antago-
mir + LV-ANGPT2 group (P = 0.0187) (Fig.  8C, D). In 
the MWM tests, compared with those in the control 
and agomir + LV-sh-ANGPT2 groups, the rats in the 
agomir groups had significantly shorter escape laten-
cies on day 5 (P < 0.0001, P = 0.0255), longer durations in 

Fig. 8  Results of the MIR-ASL scanning and the behavioural test for 2VO + EMS rats. A Representative MRI-T2WI film showing the EMS surgical site 
(white arrow) and MIR-ASL films showing differences in CBP between the various groups (white dashed lines indicate ROIs under the EMS surgical 
site). B Column chart showing the perfusion ratios (EMS sides over non-EMS sides) of each group (n = 6, one-way ANOVA and Šídák’s multiple 
comparisons test). C Procedures of the NORT (the white arrow indicates the novel object). D The NORT results were quantified by the percentage 
of time the rats took to recognize the novel object (n = 6, one-way ANOVA and Tukey’s multiple comparisons test). E Representative image 
showing the procedure of the MWM test and swimming paths obtained from each group in the MWM test. F Line chart showing the average 
escape latencies in each group (n = 6, two-way ANOVA and Tukey’s multiple comparisons test; ****P < 0.0001, agomir group versus control group; 
*P = 0.0255, agomir group versus agomir + LV-sh-ANGPT2 group; #P = 0.0253, antagomir group versus control group; ##P = 0.0035, antagomir group 
versus antagomir + LV-ANGPT2 group). Column charts showing G the time spent in the target quadrant, H the number of platform crossings and I 
swimming speed among the groups (n = 6, one-way ANOVA and Tukey’s multiple comparisons test). The error bars represent the ± SDs. ASL: arterial 
spin labelling; CBP: cerebral blood perfusion; EMS: encephalomyosynangiosis; MRI: magnetic resonance imaging; MWM: Morris water maze; NORT: 
novel object recognition test; ROIs: regions of interest; T2WI: T2-weighted imaging; 2VO: 2-vessel occlusion
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the target quadrant (P = 0.0041, P = 0.0181) and greater 
numbers of platform crossings (P = 0.0260, P = 0.0033) 
on the test day. In contrast, the rats in the antagomir 
group had a significantly longer escape latency on day 
5, shorter time spent in the target quadrant and fewer 
platform crossings on the test day than did those in the 
control group (P = 0.0253, P = 0.0239, P = 0.0477) and the 
antagomir + LV-ANGPT2 group (P = 0.0035, P = 0.0058, 
P = 0.0260). However, there was no significant difference 
in swimming speed among the groups (Fig. 8E–I).

We next harvested brain tissues from the rats for 
pathological experiments and the detection of down-
stream molecules. The results of transmission electron 
microscopy revealed that the average number of vacu-
oles per 10 μm and the proportion of abnormal TJs were 
significantly lower in the brain tissue around the EMS 
site in the rats in the agomir group than in those in the 
control group and the agomir + LV-sh-ANGPT2 group 
(P = 0.0445, P = 0.0012, agomir group versus control 
group; P = 0.0027, P = 0.0018, agomir group versus ago-
mir + LV-sh-ANGPT2 group). The average number of 
vacuoles per 10 μm and the proportion of abnormal TJs 
were significantly greater in the brain tissue around the 
EMS site of the rats in the antagomir group than in those 
in the control group and antagomir + LV-ANGPT2 group 
(P = 0.0033, P = 0.0169, antagomir group versus control 
group; P = 0.0060, P = 0.0019, antagomir group versus 
antagomir + LV- ANGPT2 group) (Fig. 9A, B). Scanning 
electron microscopy revealed that the morphology of 
pericytes in the brain tissue around the EMS site in the 
rats in the agomir group was fuller compared with that in 
the control group and agomir + LV-sh-ANGPT2 group, 
and the surrounding finger-like extensions were longer 
and more abundant. The morphology of pericytes in the 
brain tissue around the EMS site in the antagomir group 
was atrophied compared with that in the control group 
and agomir + LV-ANGPT2 group, and the peripheral fin-
ger-like extensions were lacking (Fig. 9C).

The immunofluorescence results revealed that the 
counts of ANGPT2+, VEGFA+, and IGF1+ cells, TEMs 
(Tie2+/CD11b+), and ECs (CD31+) in the agomir group 
were significantly greater than those in the control 
group and agomir + LV-sh-ANGPT2 group. The counts 
of ANGPT2+, VEGFA+, and IGF1+ cells, TEMs (Tie2+/
CD11b+), and ECs (CD31+) in the antagomir group were 
significantly lower than those in the control group and 
antagomir + LV-ANGPT2 group (Figs.  10A–C, 11, Fig-
ure S5). The results of western blotting revealed that the 
expression level of TRPS1 in the brain tissues around the 
EMS site in the rats in the agomir group was significantly 
lower but the expression levels of ANGPT2, Tie2, CD11b, 
VEGFA, IGF1, and CD31 were significantly greater than 
those in the control group. The changes in the expression 

levels of ANGPT2, Tie2, CD11b, VEGFA, IGF1, and 
CD31 were reversed by the knockdown of ANGPT2, 
whereas the expression level of TRPS1 was not affected. 
The expression level of TRPS1 in the brain tissues of the 
rats in the antagomir group was significantly greater but 
the expression levels of ANGPT2, Tie2, CD11b, VEGFA, 
IGF1, and CD31 were significantly lower than those in 
the control group. The changes in the expression levels of 
ANGPT2, Tie2, CD11b, VEGFA, IGF1, and CD31 were 
reversed by the overexpression of ANGPT2, whereas the 
expression level of TRPS1 was not affected (Fig. 10D, E).

Discussion
Tie is a type of ANGPT receptor that includes Tie1 and 
Tie2. Tie1 is expressed in ECs and a few haematopoietic 
stem cells. It does not bind directly to ANGPT but regu-
lates Tie2 activity through heterodimerization. Tie2 is a 
specific receptor of ANGPT. It is expressed mainly in ECs 
and regulates vascular stability and remodelling through 
the ANGPT-Tie2 axis [30, 31]. ANGPT1 and ANGPT2, 
members of the ANGPT family, have an antagonistic 
competitive relationship: they competitively bind to Tie2 
on the surface of ECs [32]. ANGPT1 binding to Tie2 
promotes the phosphorylation of Tie2, thereby promot-
ing vascular maturation and stability, whereas ANGPT2 
binding to Tie2 inhibits its phosphorylation, which 
induces vascular destabilization and promotes angiogen-
esis [31, 33, 34].

The recent discovery of TEMs has expanded research 
on Tie2. This type of tumour-associated monocyte/
macrophage was first discovered by De Palma’s team in 
breast cancer research [6] and has recently been shown 
to facilitate tumour growth by promoting tumour angio-
genesis [4, 5, 7–9]. In addition, the proangiogenic effect 
of TEMs was confirmed in nontumor ischaemic tissues 
(such as ischaemic tissues, such as ischaemic limbs [10, 
11] and brain tissue surrounding acute cerebral infarc-
tion [12]). Given that the degree of cerebral angiogenesis 
after revascularization surgery in CICD patients is cru-
cial for the prevention of stroke, whether TEMs can play 
the same role in CIBT has become a research direction. 
In this study, we revealed that the proportion of TEMs 
in the IJV blood from CICD patients was significantly 
increased like some patients with malignant tumours 
[35–37]. Moreover, the proportion of TEMs in the IJV 
blood from Matsushima Grade-A patients (better angio-
genesis) was significantly greater than that from Matsu-
shima Grade-C patients (poorer angiogenesis), indicating 
that more TEMs infiltrating the brain of CICD patients 
may lead to better angiogenesis and revascularization 
effects. Given the above results and based on Sheng’s [12] 
recent findings that TEMs can promote angiogenesis in 
the brain tissue surrounding acute cerebral infarction, we 
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focused on whether TEMs exhibit proangiogenic effects 
in CIBT.

To confirm the proliferative effect of TEMs on ECs 
in vitro, we directly and indirectly cocultured TEMs with 
HUVECs under hypoxic conditions. The results indicated 
that TEMs promoted HUVEC proliferation and inhibited 
HUVEC apoptosis via the two coculture methods. Addi-
tionally, the lack of a significant difference in the prolif-
eration and apoptosis levels of HUVECs between the 
two coculture methods suggested that the proangiogenic 

effect of TEMs may be achieved through a paracrine 
mechanism, which was reported in previous studies 
[13, 14]. Moreover, we found that the promoting effect 
of TEMs on HUVECs is concentration-dependent. This 
promoting effect was also verified in vivo via nude mouse 
experiments.

Considering that TEMs are immune cells and originate 
from different species (humans), the use of nude mice 
with innate immune deficiency for in  vivo experiments 
can effectively prevent immune rejection. Moreover, 

Fig. 9  Electron microscopic results of CIBT for 2VO + EMS rats. A Representative transmission electron microscopic images showing 
the morphology of ECs in each group (the red arrows indicate vacuoles; the yellow arrows indicate normal TJs; the blue arrows indicate abnormal 
TJs). Bar = 2 µm. B Average number of vacuoles per 10 μm and C the proportion of abnormal TJs indicating the EC function of each group (n = 3, 
one-way ANOVA and Šídák’s multiple comparisons test). D Representative scanning electron microscopic images showing the morphology 
of pericytes in each group. Bar = 5 µm. The error bars represent the ± SDs. CIBT: chronically ischaemic brain tissue; ECs: endothelial cells; EMS: 
encephalomyosynangiosis; TJs: tight junctions; 2VO: 2-vessel occlusion
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Patel’s team explored the angiogenic effect of TEMs 
in vivo by injecting them into the ischaemic lower limb 
muscles of nude mice [10], which indicated the feasibil-
ity of directly injecting TEMs into ischaemic lesions of 
nude mice to verify their ability to promote angiogenesis. 
Therefore, we constructed a microenvironment for cer-
ebral angiogenesis in CIBT by performing EMS surgery 
on BALB/c nude mice after ICAO procedure and directly 
injected TEMs into the lateral ventricles of nude mice 
to facilitate their recruitment into ischaemic brain tis-
sue. Consistent with our in vitro experiments and Patel’s 
research [10], the results showed that TEMs effectively 
promoted EC proliferation and angiogenesis in CIBT, 
and significantly improved CBP in nude mice with ICAO. 

In addition, TEMs promoted angiogenesis in CIBT in a 
concentration-dependent manner consistent with cocul-
ture experiments. These findings suggest that regulating 
the recruitment of TEMs to increase their infiltration in 
CIBT may become a new therapeutic strategy for pro-
moting angiogenesis and revascularization in CIBT.

The role of the ANGPT2/Tie2 axis in regulating EC 
proliferation and angiogenesis has been validated in vari-
ous models [33, 38–40]. Owing to the presence of Tie2 
receptors on the surface of TEMs, the ANGPT2/Tie2 
axis also plays a crucial role in regulating the biologi-
cal function of TEMs. Moreover, Murdoch’s team dem-
onstrated in vitro that ANGPT2 is a chemotactic factor 
of TEMs [8]. On the basis of the above information, we 

Fig. 10  Immunofluorescence and western blotting results showing the expression of relevant cytokines in the CIBT of 2VO + EMS rats. A 
Representative triple immunofluorescence staining images showing ANGPT2+, Tie2+, and CD11b+ cells in the CIBT in each group (white arrows 
indicate TEMs). Bar = 50 µm. B Counts of ANGPT2+ cells in each group (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). C Counts 
of TEMs (Tie2+ and CD11b+) in each group (n = 9, one-way ANOVA and Šídák’s multiple comparisons test). D Representative western blot showing 
the relative expression of TRPS1, ANGPT2, Tie2, CD11b, VEGFA, IGF1, and CD31 in the CIBT adjacent to the TM tissue in each group (normalized 
to β-actin expression). E Densitometric analyses of the relative expression of TRPS1, ANGPT2, Tie2, CD11b, VEGFA, IGF1, and CD31 (n = 3, one-way 
ANOVA and Šídák’s multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). The error bars represent the ± SDs. CIBT: chronically 
ischaemic brain tissue; EMS: encephalomyosynangiosis; TEMs: Tie2-expressing monocytes/macrophages; 2VO: 2-vessel occlusion
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Fig. 11  Immunofluorescence results showing the expression of pro-angiogenesis factors in the CIBT of 2VO + EMS rats. A Representative triple 
immunofluorescence staining images showing Tie2+, CD11b+, and VEGFA+ cells and in the CIBT in each group (white arrows indicate TEMs). 
Bar = 50 µm. B Counts of VEGF+ cells in each group (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). C Representative triple 
immunofluorescence staining images showing Tie2+, CD11b+, and IGF1+ cells in the CIBT in each group (white arrows indicate TEMs). Bar = 50 µm. 
D Counts of IGF1+ cells in each group (n = 3, one-way ANOVA and Šídák’s multiple comparisons test). CIBT: chronically ischaemic brain tissue; EMS: 
encephalomyosynangiosis; TEMs: Tie2-expressing monocytes/macrophages; 2VO: 2-vessel occlusion
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focused on the mechanisms that regulate the expression 
of ANGPT2.

MiR-126-5p is a miRNA specific to ECs, and its abil-
ity to promote EC proliferation has been widely reported 
[16–19]. Although miR-126-5p is expressed mainly 
in ECs, a few studies have shown that it can also be 
expressed in monocytes and macrophages [41, 42]. 
Therefore, the following question arises: can TEMs 
promote EC proliferation through the release of miR-
126-5p? The DIANA-miTED database revealed that 
the expression of miR-126-5p in CD14+ monocytes was 
only 1/23 that in capillary ECs (Figure S6A) [43]. Moreo-
ver, our study revealed that coculture of HUVECs with 
TEMs did not increase the expression of miR-126-5p in 
HUVECs and that intraventricular injection of TEMs did 
not increase the expression of miR-126-5p in the CIBT 
of nude mice (Figure S6B-C). These results indicated that 
(1) TEM is unlikely to promote angiogenesis by express-
ing and releasing miR-126-5p itself, and (2) even if TEMs 
can release miR-126-5p, the amount is likely negligible 
compared with the level of miR-126-5p in ECs. There-
fore, studies on the role of miR-126-5p in promoting 
angiogenesis should focus on its expression in ECs rather 
than in TEMs. However, the downstream regulatory 
mechanism of miR-126-5p is still unclear.

TRPS1, an oncogene, is widely expressed in various 
malignant tumours and has been confirmed to par-
ticipate in the regulation of EC proliferation in tumour 
tissues [22–24]. MiRNAs play important roles in the 

regulation of TRPS1. For example, miR-222-3p targets 
TRPS1, promoting the invasion and metastasis of renal 
cell cancer [44], and miR-373 downregulates the expres-
sion of TRPS1, promoting the epithelial‒mesenchymal 
transition of breast cancer [45]. Additionally, both the 
miRDB and TargetScan databases predicted that many 
miRNAs may be upstream regulators of TRPS1, among 
which miR-126-5p was highly correlated with angiogen-
esis [25, 26]. Bioinformatics analysis suggested that (1) 
TRPS1 is likely a downstream gene of miR-126-5p, and 
(2) TRPS1 is a special member of the GATA transcription 
factor family and may act on the GRE in the Angpt2 pro-
moter sequence to regulate the expression of ANGPT2 
(Figure S1).

On the basis of the above information, we first per-
formed molecular experiments such as DLR, RIP and 
ChIP assays to determine the direct regulatory relation-
ship between miR-126-5p/TRPS1 and TRPS1/ANGPT2 
at the molecular level. The results revealed that (1) miR-
126-5p can directly bind to TRPS1 mRNA and that (2) 
TRPS1 can directly bind to the GRE in the promoter of 
Angpt2. To clarify the regulatory relationship of the miR-
126-5p/TRPS1/ANGPT2 pathway and its impact on EC 
proliferation in  vitro, we cotransfected HUVECs with 
miR-126-5p mimics/inhibitors and TRPS1 overexpres-
sion/knockdown plasmids and found that miR-126-5p 
can downregulate TRPS1, upregulate ANGPT2, reduce 
the degree of phosphorylation of Tie2 receptors and 
promote HUVECs proliferation. However, these effects 

Fig. 12  Schematic diagram showing that Tie2-expressing monocytes/macrophages are recruited to chronically ischaemic brain tissue 
via the miR-126-5p/TRPS1/ANGPT2 pathway to promote the proliferation of endothelial cell and angiogenesis
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were reversed by overexpression of TRPS1. These results 
indicated that the transcription of ANGPT2 was inhib-
ited by TRPS1, the translation of TRPS1 was inhibited 
by miR-126-5p, and the miR-126-5p/TRPS1/ANGPT2 
pathway further acted on Tie2 receptors on the surface of 
HUVECs and ultimately altered their activity. These find-
ings preliminarily confirm that the biological functions 
and phenomena related to the Tie2 receptor are regu-
lated by the miR-126-5p/TRPS1/ANGPT2 pathway.

In animal experiments, we used 2VO + EMS in SD rats 
to construct a microenvironment for angiogenesis in 
CIBT of rats and injected the miR-126-5p agomir/antago-
mir into the TM tissue and the ANGPT2 overexpression/
knockdown lentivirus into the lateral ventricle to explore 
the regulatory effect of the miR-126-5p/TRPS1/ANGPT2 
pathway on TEMs recruitment in CIBT and the ability of 
infiltrating TEMs to promote angiogenesis. Consistent 
with previous studies [12, 46, 47], our study revealed that 
high expression of ANGPT2 in CIBT leads to increased 
infiltration of TEMs as well as increased angiogenesis 
and revascularization and that ANGPT2 is regulated by 
miR-126-5p/TRPS1. The validation that the miR-126-5p/
TRPS1/ANGPT2 pathway regulates the recruitment of 
TEMs provides a novel interpretation of the mechanism 
by which miR-126-5p promotes EC proliferation. More-
over, we found that the expression of VEGFA and IGF1 
increased with the infiltration of TEMs, further demon-
strating that TEMs promote EC proliferation and angio-
genesis through a paracrine mechanism.

In addition, as inflammatory cells, TEMs are involved 
in the regulation of inflammation in the tumour micro-
environment via the PI3K/Akt/mTOR and JAK/STAT 
pathways and infiltrate acute lung injury and rheuma-
toid arthritis [48, 49]. After being recruited by ANGPT2, 
infiltrating TEMs secrete inflammatory-related factors 
such as IL-10 and polarize into M2 macrophages, which 
can suppress T-cell activation, promote regulatory T-cell 
expansion, and release proangiogenic factors [50–52]. 
These effects create a suitable microenvironment for EC 
proliferation. Inflammation also occurs in ischaemic tis-
sues and plays a dual role in regulating angiogenesis [53, 
54]. Some inflammatory factors, such as TNF-α, IL-1 and 
IL-6, can promote EC proliferation [54–56]; however, the 
large amount of reactive oxygen species (ROS) produced 
by excessive inflammation activation can also damage 
ECs and is not conducive to angiogenesis [57]. TEMs 
may also promote EC proliferation and angiogenesis 
indirectly by regulating inflammation.

This study has several limitations. First, the specific 
mechanism by which TEMs promote EC proliferation 
after recruitment to CIBT is still unclear. Second, 2VO is 
the most commonly used animal model for chronic cer-
ebral ischaemia modelling. However, the application of 

2VO in BALB/c nude mice resulted in an increased mor-
tality rate, so we used ICAO to establish a chronic cer-
ebral ischaemia model in nude mice. The results showed 
that implementing ICAO + EMS in nude mice can also 
generate a microenvironment conducive to angiogenesis 
in CIBT. Third, the extensive exercise in the MWM test 
may have interfered with the results of the subsequent 
experiments. Fourth, the 2VO + EMS rat modelling pro-
cedures are relatively complicated and time-consuming, 
which prevents the use of a larger sample size in in vivo 
experiments to support our conclusions.

Conclusion
TEMs can promote EC proliferation and angiogenesis 
through a paracrine mechanism in CIBT. The recruit-
ment process of TEMs to CIBT is regulated by the 
miR-126-5p/TRPS1/ANGPT2 pathway. Improving the 
infiltration of TEMs in CIBT may be a new therapeutic 
strategy for CICD treatment (Fig. 12).
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