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eNOS pathway
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Background: In our previous study, through integrative transcriptomic and ChiP-
seq analysis, we revealed that ETV1 is a potential transcription factor involved in
ventricular remodeling in the early stage of MI. This study aims to investigate the
regulatory roles of ETV1 and whether ETV1 regulates angiogenesis after MI.
Methods: In this study, Ml model was induced by ligating the left anterior
descending coronary artery. The expression of Etvl was modulated via
intramyocardial injection of adeno-associated virus serotype 9 (AAV9) with
endothelial-specific promoter Ilcam2. Fibrosis was determined by Masson
staining and apoptosis was assessed by TUNEL staining. Angiogenesis was
evaluated by CD31 immunofluorescence staining. For in vitro experiments,
HUVECs were transfected with ETVI overexpression lentivirus, and wound
healing and tube formation assays were performed to validate the angiogenic
role of ETV1. Western blot was conducted to determine the level of angiogenetic
factors and the underlying mechanismes.

Results: The expression of Etvl was decreased in the hearts of Ml mice, as well as
in isolated cardiac microvascular endothelial cells (CMECs). Moreover,
overexpression of Etvl alleviated the deterioration of heart function, mitigated
the fibrosis, reduced apoptosis, and promoted angiogenesis after Ml. Moreover,
ETV1 overexpression enhanced migration and tube formation abilities of
HUVECs. Mechanistically, ETV1 upregulated the expression of VEGFA, VEGFR2,
and eNOS.

Conclusions: In summary, Etvl promote angiogenesis via activating VEGFA/
VEGFR2/eNOS pathway after MI, which further ameliorate adverse ventricular
remodeling. These results suggest that ETV1 may serve as a potential target
for the treatment of myocardial infarction.
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1 Introduction

Acute myocardial infarction (AMI) is myocardial necrosis
resulting from ischemia and hypoxia of the myocardium due to
occlusion of coronary arteries (1). Numerous studies have shown
that genes associated with inflammation, autophagy, apoptosis,
and myocardial hypertrophy are activated after MI, ultimately
leading to pathological ventricular remodeling (2, 3). Ventricular
remodeling is the cardiac
dysfunction, and heart failure after AMI (4).

There is evidence that early cardiac remodeling is partially

leading cause of arrhythmias,

reversible (4, 5). Angiogenesis, the sprouting of new capillaries
from preexisting vessels, plays a vital role in promoting
myocardial repair and alleviating adverse ventricular remodeling
after MIL. Das et al. demonstrated that the neonatal mouse heart
can regenerate and repair itself through building collateral
arteries in response to ischemic myocardial injury, but this
capacity is lost in the adult mammalian heart due to impaired
collateral artery formation (6). Meanwhile, neovascularization
begins at the infarct border zone in the early stage of MI (7).
However, due to inflammation and oxidative stress, angiogenesis
is insufficient and unable to meet the metabolic demands of the
ischemic myocardium, resulting in progression of pathological
ventricular remodeling and aggravation of heart failure (8, 9).
Therefore, exploring the regulatory mechanisms and therapeutic
strategies for angiogenesis is of great significance.

By administering exogenous CXCLI12, Das et al. reported that
endothelial cells could be induced to migrate, proliferate, and
reassemble into collateral arteries in the hearts of adult mice post-
MI (6). In recent years, mesenchymal stromal cell (MSC)-based
therapies and hydrogels-based therapies have gained much
attention in promoting angiogenesis (10-12). Nevertheless, despite
the progress that has been made, the poor biocompatibility and the
potential cytotoxicity of these biomaterials remain to be solved.

ETV1 is a member of the ETS domain-containing transcription
factor family. Emerging evidence indicates that ETV1 is implicated
in the occurrence and metastasis of gastrointestinal cancer (13, 14).
Sangphil et al. demonstrated that ETV1 facilitates colorectal
tumorigenesis by binding to the FOXQI gene promoter (15). In
addition, ETV1 is also found to be associated with prostate
cancer progression (16, 17). Meanwhile, there are still relatively
few studies exploring the roles of ETVI in cardiovascular
diseases. The current researches are mainly focused on atrial
electrical and structural remodeling. Rommel et al. observed that
cardiomyocyte-specific overexpression of ETV1 induces atrial
arrhythmia, dilatation, and fibrosis in mice (18). Similarly, ETV1
is also reported to mediate the atrial remodeling induced by
pressure overload (19). Our previous study deciphered that ETV1
is a potential transcription factor involved in ventricular
remodeling in the early stage of MI (20). However, it is still
unknown whether ETV1 regulates angiogenesis after MI.

In this study, we investigate the effect of ETV1 on angiogenesis
and explore the potential mechanisms in vitro and in vivo. Our
results indicate that ETV1 gene delivery improved cardiac function,
reduced fibrosis, and increased angiogenesis. Consistently, in vitro
overexpression of ETVI1 promotes angiogenesis of HUVECs.
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Mechanistically, ETV1 exerts pro-angiogenic property through
modulating VEGFA/VEGFR2/eNOS pathway.

2 Methods and materials

2.1 Animals

Male wild-type (WT) C57BL/6 mice (8weeks old) were purchased
from Animal Center of Shanxi Medical University. All experiments
were performed in accordance with the Guidelines for the Care and
Use of Laboratory Animals published by the US National Institutes
of Health, and the experiments were approved by the Animal Care
and Use Committee of Shanxi Medical University.

2.2 Myocardial infarction

Mice were anaesthetized with chloral hydrate (300 mg/kg).
Acute Myocardial infarction model was induced by ligation of
left anterior descending coronary artery. The same procedure was
performed in the sham group without LAD occlusion. Mice were
sacrificed 1 week post-surgery for heart tissue collection.

2.3 AAV9 vectors construction and adult
mice intracardiac injection

Etvl overexpressing adeno-associated virus driven by endothelial
specific gene Icam2 promoter (AAV2/9-Icam2-mEtvl-Flag-P2A-
EGFP, AAV9-EtvI) or control viral vectors (AAV2/9-Icam2-EGFP,
AAV9-NC) were constructed by Taitool Bioscience Co., Ltd
(Shanghai, China) following standard methods (21). Briefly, the
cDNA fragments encoding mouse ETV1 was cloned into inverted
terminal repeat (ITR)-containing AAV9 plasmid harboring the
human endothelial specific Icam2 promoter. AAV9 vectors, rep2/
cap9 packaging plasmids, and helper plasmids were packaged in
HEK293T cells (Thermo Scientific). After transfection using
polyethylenimine for 72 h, cells were collected and lysed. AAV9
was purified and concentrated by gradient centrifugation. AAV9
titer was determined by qPCR. For the in vivo experiment, 3 days
before MI surgery, mice received an intracardiac injection of
AAV9-NC or AAV9-Etv] using an insulin syringe with a 30-gauge
needle at a dose of 4 x 10" viral genome particles per animal as
previously described (22). Hearts were collected 1 week after MI.

2.4 Echocardiography

One week after MI surgery, mice were anaesthetized using
1.5%-2% isoflurane and placed in supine position. Heart
function was assessed by echocardiography. Left ventricular
ejection fraction (LVEF), left ventricular short-axis shortening
rate (LVES), left ventricular end-systolic diameter (LVIDs) and
left ventricular end-diastolic diameter (LVIDd) were measured
using the corresponding formulas.
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2.5 Histology

Myocardial tissues from the infarct border zone were harvested
at 7 days after MI surgery. Heart tissues were fixed in 4%
paraformaldehyde and then dehydrated. After dehydration, the
samples were embedded in paraffin and sectioned longitudinally.
The sections were stored at —80°C until further use.

2.6 Masson staining

Masson’s trichrome staining was performed by using a kit
(Solarbio) according to the manufacturer’s protocol. The cardiac
tissue sections from the infarct border zone were dewaxed and
stained with Weigert’s hematoxylin. After washing thoroughly
with tap water and then rinsed with distilled water, the sections
were stained with acid fuchsin solution, differentiated in
phosphotungstic-phosphomolybdic acid, stained with aniline
blue, and washed with 1% acetic acid. After dehydration, the
slides were mounted and scanned. The fibrotic area was

measured with image J software.

2.7 TUNEL staining

Myocardial apoptosis in the infarct border zone was detected
using a terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay kit (Beyotime, China) according to the
manufacturer’s instructions. The slides were counterstained with
DAPI for nuclei labeling. The fraction of apoptotic cells was
estimated as ratio of TUNEL-positive cells to total cell nuclei.

2.8 Immunofluorescence

The sections from the infarct border zone were fixed with 4%
paraformaldehyde. After permeabilization with 0.1% Triton
X-100, the slides were blocked with 10% goat serum and then
incubated with the primary antibodies against cTnT (Abcam,
ab209813, 1:1,000) and CD31 (Abcam, ab222783, 1:1,000). The
next day, the sections were washed and stained with the
corresponding fluorescent secondary antibodies (Alexa Fluor-488
or Alexa Fluor-555, Abcam, 1:1,000). The nuclei were labeled
with DAPI. Images were taken using an inverted fluorescence
microscope (Olympus BX51, Japan). To assess the density of
capillaries in border zones, the numbers of vessels were counted
in 5 random fields on each section per animal and recorded as
CD31" vessels/mm?®.

2.9 CMEC:s isolation

Cardiac microvascular endothelial cells (CMECs) were isolated
as previously described (23). Briefly, the Mice hearts from each
group were harvested and minced into small pieces. After
digestion with collagenase type II and dispase, the cells were

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2025.1633438

collected and incubated with CD31 magnetic beads (Miltenyi
Biotec, Germany) for endothelial cell sorting. The isolated
endothelial cells were cultured and used between passages 2 and
4 for subsequent western blot experiments.

2.10 Western blot analysis

Myocardial tissues from the infarct border zone and HUVECs
were harvested and homogenized. The samples were lysed with
RIPA buffer containing protease inhibitors. The concentration of
protein was then quantified by BCA method. Equal amounts of
total protein was separated by SDS-PAGE gels and then
transferred to PVDF membranes. After blocking with 5% skim
milk, the membranes were incubated with primary antibodies
overnight against ETV1 (Abcam, ab314874, 1:1,000), VEGF
Receptor 2 (CST, #2,479, 1:1,000), VEGFA (Abcam, ab214424,
1:1,000), eNOS (CST, #32,027, 1:1,000), and GAPDH (Abcam,
ab9485, 1:1,000). The next day, the membranes were incubated
with secondary antibodies, and protein signals were visualized
using an Odyssey infrared imaging system. The gray value of
protein bands was quantitatively analyzed by Image J software.

2.11 Cell culture

Human umbilical vein endothelial cells (HUVECs) were
obtained from ATCC (American Type Culture Collection,
USA). The cells were cultured in Endothelial Cell Growth
Medium FBS,
streptomycin. HUVECs between passages 3 and 5 were used for

supplemented with 5% penicillin, and

subsequent experiments.

2.12 Lentiviral vector construction and
transfection

Lentivirus to overexpress ETV1 (Lenti-esEFla-hETV1-Flag-
IRES-MataGFP, Lenti-ETV1) and blank lentivirus (Lenti-esEF1A-
3xFlag-IRES-MataGFP, Lenti-NC) were designed and constructed
by Taitool Bioscience Co., Ltd (Shanghai, China). Briefly, human
ETV1 cDNA was cloned into lentiviral vector at the MCS locus.
The HEK293T cells were transfected with the lentiviral vector
plasmid and packaging plasmids. The transfected cells were

cultivated, and the supernatants were collected 72h after
Viral

ultracentrifugation. Lentivirus titers were measured using FACS

transfection. supernatants were concentrated using
analysis and determined by infection of 293 T cells (24).
Lentiviruses expressing GFP gene were used as the control. For
the in vitro experiment, HUVECs were infected with lentiviruses
at a multiplicity of infection of 3, and the transfection was
performed according to the manufacturer’s instructions. Briefly,
cells were seeded at 1x10°/ml per well in 12-well plates.
2x10* TU/ml ETVI overexpression lentivirus or 2 x 10® TU/ml
control lentivirus were added to HUVECs. The medium was

changed 24 h post-transfection.
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2.13 Scratch wound healing assay

Parallel lines were drawn on the back of 6-well plate. 5x 10°
HUVECs were inoculated in 6-well plate and incubated overnight
with 5% CO2 at 37°C. The next day, a scratch wound perpendicular
to the parallel lines was made in the middle of the well using a
200 pl pipette tip. The cells were washed with PBS to remove the
floating cells and then infected with lenti-ETV1 or lenti-NC for
24 h. The area of scratch wound was photographed at 0 and 24 h
following infection, and the distance was measured using Image].

2.14 Tube formation assay

Before the experiment, Matrigel was thawed at 4°C overnight.
Firstly, 50 pl Matrigel matrix was added to each well of a 96-well
plate and incubated at 37°C for 30 min. After polymerization,
1 x 10* HUVECs per well were seeded into the 96-well plate
coated by Matrigel. Next, the cells were infected with lenti-ETV1
or lenti-NC for 24h. Tubule
and photographed under an inverted microscope. The length of

formation was then observed

tubes and number of branch points were quantified using
Image] software.

2.15 Statistical analysis

No statistical methods were used to predetermine sample sizes;
however, our sample sizes were similar to those reported in a
previous publication (25, 26). The results were presented as
mean + standard deviation (SD). Comparisons between groups
were performed using Student’s ¢ test or one-way ANOVA
followed by LSD post hoc test. P<0.05 was considered to be
statistically significant.

3 Results

3.1 Overexpression of ETV1 ameliorates
cardiac dysfunction, alleviates apoptosis,
and curtails fibrosis area of myocardial
tissue after Ml

Our previous study demonstrated that ETV1 is a potential
transcription factor involved in ventricular remodeling after AMI
(20). To explore the role of ETV1 in the process of pathological
ventricular remodeling after AMI, the expression level of EtvI in
CMEC:s isolated from sham and MI mouse hearts were examined.
Our data indicated that the ETV1 protein level was significantly
downregulated in CMECs isolated from the infarct border zone
compared with that in the sham group (Figure 1A). To further
determine whether Etvl improves cardiac function after MI, EtvI
was overexpressed in endothelium through intramyocardial
injection of adeno-associated virus serotype 9 (AAV9) carrying the
endothelial-specific promoter Icam2 (AAV9- Etvl) 3 days before
LAD ligation. Western blot showed that AAV9-Etvl injection
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resulted in significantly increased level of ETV1 in endothelial cells
1A).
echocardiography 1 week after MI surgery.

(Figure Cardiac functions were then monitored by

Our results showed that MI challenge significantly decreased
left ventricular ejection fraction (LVEF) and left ventricular
fractional shortening (LVEFS), while left ventricular end-diastolic
diameter (LVEDD) and left ventricular end-systolic diameter
(LVESD) were significantly increased in AAV9-NC MI mice
compared with sham mice. However, after transfection with
AAV9-Etvl, the values for LVEF and LVFS were markedly
higher, and the values for LVEDD and LVESD were markedly
lower compared with AAV9-GFP mice (Figure 1B), indicating
that Etvl ameliorates cardiac dysfunction after ML

Myocardial fibrosis and apoptosis are important pathological
mechanisms responsible for the development of pathological
ventricular remodeling (PVR) and cardiac dysfunction after ML
We then investigated whether overexpression of Etvl could
attenuate pathological ventricular remodeling. Masson staining
showed that increased expression of ETV1 by AAV9-Etvl
transfection significantly alleviated cardiac interstitial fibrosis
compared with AAV9-NC MI mice in the border regions, as
evidenced by reduced collagen deposition (Figure 1C). Moreover,
Etvl overexpression significantly reduced cardiac apoptosis
compared with the AAV9-NC MI mice (Figure 1D). These results
suggest that ETV1 inhibited deterioration of cardiac function and
at least partially ameliorated adverse cardiac remodeling in MI
mice through its anti-fibrotic and anti-apoptotic effects.

3.2 Overexpression of ETV1 promotes
angiogenesis after M|

Angiogenesis is essential for cardiac repair after MI. The
insufficient neovascularization and subsequent shortage of oxygen
supply in ischemic myocardium are major reasons leading to
pathological ventricular remodeling and heart failure after MI. As
mentioned previously, overexpression of Etvl alleviated adverse
ventricular remodeling. To further explore the mechanisms of the
protective role of Etvl, angiogenesis was assessed by CD31
immunofluorescence staining in the myocardium at 1 week after
MI. Our results showed that overexpression of Etvl significantly
increased the density of capillaries in the peri-infarct areas in
comparison with AAV9-NC MI mice, as evidenced by increased
CD31-positive vessels (Figure 2A), indicating that ETV1 enhances
angiogenesis after ML

3.3 Overexpression of ETV1 promotes
migration and tube formation in human
umbilical vein endothelial cells (HUVECs)

As mentioned above, overexpression of ETV1 promotes
angiogenesis in mice after ML In order to further clarify the
effect of ETV1 on HUVECs cultured in vitro and validate the
role of ETV1 in regulating angiogenesis, we transfected HUVECs
with ETVI1 overexpression lentivirus (Lenti-ETVI) and negative
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FIGURE 1

ETV1 overexpression attenuated cardiac dysfunction and pathological ventricular remodeling after MI. (A) The expression levels of Etvl in CMECs were
examined by Western blot. GAPDH was used as loading control (n = 3). (B) Representative M-mode echocardiographic images at 7 days post-MI.
Cardiac function was evaluated by echocardiography 7 days after surgery. Quantitative analysis was performed for left ventricular ejection fraction
(LVEF), left ventricular fractional shortening (LVFS), left ventricular end-systolic diameter (LVEDs), Left Ventricular end-diastolic diameter (LVEDd)
(n =5). (C) Myocardial fibrosis was detected by Masson's trichrome staining. Blue represents fibrosis (n = 3). (D) Apoptosis was examined by TUNEL
staining (n = 3). Scale bar =100 um. Data were presented as mean + SD. Comparisons among multiple groups were analyzed by one-way ANOVA
followed by LSD post hoc test. *P < 0.05, **P<0.01, ***P < 0.001, vs. indicated groups
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blue indicates nuclei stained with DAPI. Myocardial angiogenesis was examined by immunofluorescence staining for CD31 (green) (N = 3). Scale
bar =100 um. (B) HUVECs were transfected with Lenti-ETV1 or Lenti-NC for 24 h. The migration ability of transfected HUVECs was measured by
wound-healing assay (n = 3). Scale bar = 50 um. (C) The angiogenic activity of transfected HUVECs was assessed by tube formation assay (n = 3).
Scale bar =100 um. Data were presented as mean + SD. Comparisons among multiple groups were analyzed by one-way ANOVA followed by LSD
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control lentivirus (Lenti-NC) for 24 h under normoxia. The wound
healing test and tube formation assay were then performed.
The scratch experiment showed that overexpression of ETVI
promoted the migration of HUVECs (Figure 2B). At the same
time, transfection of HUVECs with Lenti-ETVI significantly
increased the length and amount of tubes compared to Lenti-NC
HUVECs (Figure 2C). Together, these results demonstrate that
ETV1 played an important role in regulating cardiac angiogenesis.

3.4 Overexpression of ETV1 increases the
expression of VEGFA, VEGFR2 and eNOS in
the cardiac tissues after MI

VEGF is a key angiogenetic factor and VEGF-VEGFR2 is
considered as one of the most important pathways regulating
angiogenesis. To gain insights into mechanisms underlying the
proangiogenic role of ETV1, the levels of VEGFA and VEGFR2
were measured by western blot. Our data showed that the ETV1
protein level was significantly downregulated, and the levels of
VEGF and VEGFR2 was significantly upregulated under MI
conditions. More importantly, transfection with AAV9-Etv]
further elevated the levels of VEGFA and VEGFR2 in comparison
with AAV9-NC MI mice. eNOS is a critical modulator implicated
in angiogenesis. Consistent with the expression of VEGFA and
VEGFR2, overexpression of Etvl significantly increased the
expression of eNOS (Figure 3). Collectively, our results suggest that
ETV1 played an important role in upregulating the expression of
pro-angiogenic factors, which further promoted endothelial cell
proliferation, migration, and angiogenesis.

3.5 Overexpression of ETV1 increases the
expression of VEGFA, VEGFR2 and eNOS in
human umbilical vein endothelial cells
(HUVEC:S)

Our in vitro experiment demonstrated that overexpression of
ETV1 promoted endothelial migration and tube formation in
HUVECs. As described above, overexpression of ETV1 increased
the levels of angiogenetic factors (eNOS, VEGFR2, VEGFA) after
MI. To investigate the molecular mechanisms of proangiogenic
effects of ETV1 on HUVECs, we then also examined the effect
of ETV1 on expression of eNOS, VEGFR2, and VEGFA in
HUVECs after transfection with Lenti-ETVI. Consistent with the
expression pattern in vivo, transfection of HUVECs with Lenti-
ETVI significantly elevated the levels of VEGF, VEGFR2, and
eNOS compared with Lenti-NC HUVECs (Figure 4). Taken
these data that ETV1
angiogenesis via VEGF/VEGFR2/eNOS signaling pathway.

together, demonstrate promoted

4 Discussion

Our previous study demonstrated that ETV1 is a potential
transcription factor involved in regulating gene expression and
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ventricular remodeling after AMI; In this study, we found that
the expression of ETV1 was downregulated after MI, and
endothelial-specific overexpression of ETV1 mitigated the
deterioration of cardiac function, inhibited myocardial apoptosis
and fibrosis, and promoted angiogenesis after MI; in vitro
experiments showed that overexpression of ETV1 promotes the
migration and tube formation of HUVECs. These alterations
were associated with the activation of VEGF/VEGFR2/eNOS.

Percutaneous coronary intervention is an effective method to re-
establish blood flow and protect ischemic cardiomyocytes after AMI
(27). However, in-stent restenosis still remains a serious clinical
problem. Moreover, the long-term application of antiplatelet drugs
also increases the risk of postoperative bleeding, especially
gastrointestinal bleeding in elderly patients (28). On the other
hand, current drugs including calcium channel inhibitors and
nitrate ester improve blood supply mainly by dilating the coronary
artery. At present, there are no drugs targeting angiogenesis
approved for the treatment of ischemic cardiomyopathy.

Angiogenesis is defined as the sprouting of capillaries from pre-
existing vessels (29, 30). Early neovascularization is of great
significance in reducing the necrotic area, attenuating cardiac
dysfunction, and inhibiting pathological ventricular remodeling
(31); However, unlike excessive abnormal tumor angiogenesis,
angiogenesis in the infarct border zone is limited and restricted as
a result of multiple factors such as persistent local inflammation
and oxidative stress (8, 9, 32-34). Meanwhile, due to the relatively
insufficient angiogenesis, the ischemic myocardium is unable to
obtain adequate supply of oxygen and nutrients, resulting in
further ischemic damage and necrosis (35). Recently, therapeutic
angiogenesis has gained much attention in the treatment of
ischemic heart disease (36). Some natural active molecules,
mesenchymal stromal cell (MSC)-based therapies, and hydrogels-
based therapies have been proven to promote angiogenesis in
animal experiments (37, 38).

ETV1 is a member of the ETS family of transcription factors.
Accumulating evidence has highlighted the crucial role of ETVI in
gastrointestinal stromal tumors. The effect of ETV1 on atrial
remodeling has also been revealed. However, whether ETV1 can
modulate angiogenesis after MI remains to be uncovered. In this
study, endothelial-specific overexpression of ETV1 improved cardiac
dysfunction, inhibited apoptosis and fibrosis post-MI, indicating
attenuation of pathological cardiac remodeling. Meanwhile,
angiogenesis is often measured by determining CD31-positive vessel
density (39). Our in vivo study showed that ETV1 overexpression
significantly increased the density of CD31-positive capillaries. The
proliferation and migration of endothelial cells are prerequisites for
angiogenesis (31). To investigate the impact of ETV1 on endothelial
HUVECs were transfected with ETVI1
lentivirus,

cells, overexpression
and subsequent experiment indicated that ETV1
enhanced the migration and tube formation of HUVECs. These
results suggested that ETV1 inhibited pathological myocardial
remodeling by promoting angiogenesis.

Mechanically, we further observed that the expression of
VEGF, VEGFR2, and eNOS was significantly upregulated after
overexpression of ETVI. Meanwhile, unlike the expression
pattern in CMECs, our results showed that the expression of
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ETV1 overexpression increased the levels of VEGFA, VEGFR2 and eNOS in the cardiac tissues after MI. The protein levels of VEGFA, VEGFR2 and eNOS
in the myocardium were examined by Western blot. GAPDH was used as loading control (n = 3). Data were presented as mean + SD. Comparisons
among multiple groups were analyzed by one-way ANOVA followed by LSD post hoc test. *P < 0.05, **P < 0.01, vs. indicated groups.
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ETV1 in the hearts of AAV9-ETV1 MI mice was lower than that in
the sham mice. This difference can be explained by the fact that,
apart from endothelial cells, cardiomyocytes and fibroblasts
constitute the predominant cell types in the heart (40, 41).
VEGF/VEGFR2 is considered as one of the most important
pathways responsible for angiogenesis (42). Previous studies have
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demonstrated that VEGF promotes
migration of endothelial cells by binding to its receptor, VEGFR,

the proliferation and

thus facilitating angiogenesis (43). As a member of the VEGF
family, VEGFA plays a major role in angiogenesis (44). However,
the generation of endogenous VEGFA is relatively inadequate
after MI and unable to induce sufficient angiogenesis for the
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ETV1 overexpression increased the levels of VEGFA, VEGFR2 and eNOS in HUVECs. The protein levels of VEGFA, VEGFR2 and eNOS in transfected
HUVECs were examined by Western blot. GAPDH was used as loading control (n = 3). Data were presented as mean + SD. Comparisons among
multiple groups were analyzed by one-way ANOVA followed by LSD post hoc test. *P<0.05 **P<0.01, ns. indicates not significant, vs.
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repair of injured myocardium (45). Our study found that VEGFA
expression increased after MI. Moreover, overexpression of ETV1
further elevated the expression of VEGFA, which contributed to
the enhanced angiogenesis. As a receptor for VEGF, VEGFR2 is
(46).
Consistent with the expression pattern of VEGFA, the expression

the main mediator of VEGFA-induced angiogenesis

of VEGFR2 was also up-regulated after ETV1 overexpression.
The above results suggested that ETV1 promotes angiogenesis by
regulating the VEGF/VEGFR?2 signaling pathway.

eNOS is a downstream effector of the VEGF/VEGFR2 signaling
pathway and mediates VEGF-induced angiogenesis by catalysing the
production of NO (47). Studies have proved that NO promotes the
migration and proliferation of endothelial cells, thereby modulating
angiogenesis after MI (48, 49). Our study exposed that eNOS was
upregulated after overexpression of ETVI1, which resulted in
enhanced angiogenic capabilities of endothelial cells.

In summary, our study revealed that ETV1 promotes angiogenesis
after MI via the VEGFA/VEGFR2/eNOS pathway. However, this study
also has limitations. Firstly, this study did not decipher the
mechanisms of ETV1 in regulating angiogenesis at transcriptional
level, whether ETV1 could directly regulate the expression of
VEGFA expression need further exploration. Secondly, we did not
perform ETV1 knockdown experiments to further validate the
regulation of ETV1 on angiogenesis. Thirdly, our in vivo experiment
demonstrated that ETV1 inhibited myocardial apoptosis. However,
whether ETV1 suppresses endothelial cell apoptosis requires further
investigation. Furthermore, our study mainly focused on the effects
of endothelial ETV1 overexpression on angiogenesis and ventricular
remodeling. However, given the well-documented high affinity of
AAV9 for cardiomyocytes, we cannot exclude the possibility that
ETV1 could also be overexpressed in cardiomyocytes and the
cardioprotective effects of ETV1 may be partially attributed to its
regulatory these
shortcomings, our study suggested a potential role of ETVI1 in

direct role in cardiomyocytes. Despite

therapeutic angiogenesis for ischemic heart disease.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by Ethics Committee of Shanxi
Medical University. The study was conducted in accordance with
the local legislation and institutional requirements.

References

1. Anderson JL, Morrow DA. Acute myocardial infarction. N Engl ] Med. (2017)
376(21):2053-64. doi: 10.1056/NEJMral606915

2. Gatica D, Chiong M, Lavandero S, Klionsky DJ. The role of autophagy in
cardiovascular pathology. Cardiovasc Res. (2022) 118(4):934-50. doi: 10.1093/cvr/cvab158

Frontiers in Cardiovascular Medicine

10

10.3389/fcvm.2025.1633438

Author contributions

JW: Data
Visualization, Writing - original draft, Investigation, Validation.

Conceptualization, curation,  Supervision,
CL: Data curation, Formal analysis, Writing — review & editing.
FL: Investigation, Validation, Writing - review & editing. SF:
Methodology, Validation, Writing - review & editing. YC:
Conceptualization, Funding acquisition, Supervision, Writing -
review & editing, Project administration.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
funded by the Basic Research Project of Shanxi Province (No.
20210302124040), and Shanxi Bethune Talent Foundation Project
(No. 2022RC12).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

3. Wang X, Guo Z, Ding Z, Mehta JL. Inflammation, autophagy, and apoptosis after
myocardial infarction. J Am Heart Assoc. (2018) 7(9):e008024. doi: 10.1161/JAHA.117.008024

4. Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling—concepts and clinical
implications: a consensus paper from an international forum on cardiac

frontiersin.org


https://doi.org/10.1056/NEJMra1606915
https://doi.org/10.1093/cvr/cvab158
https://doi.org/10.1161/JAHA.117.008024
https://doi.org/10.3389/fcvm.2025.1633438
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Wang et al.

remodeling. Behalf of an international forum on cardiac remodeling. ] Am Coll
Cardiol. (2000) 35(3):569-82. doi: 10.1016/50735-1097(99)00630-0

5. Opie LH, Commerford PJ, Gersh BJ, Pfeffer MA. Controversies in ventricular
remodelling. Lancet. (2006) 367(9507):356-67. doi: 10.1016/S0140-6736(06)68074-4

6. Das S, Goldstone AB, Wang H, Farry J, D’Amato G, Paulsen MJ, et al. A unique
collateral artery development program promotes neonatal heart regeneration. Cell.
(2019) 176(5):1128-42 el8. doi: 10.1016/j.cell.2018.12.023

7. Dube KN, Thomas TM, Munshaw S, Rohling M, Riley PR, Smart N.
Recapitulation of developmental mechanisms to revascularize the ischemic heart.
JCI Insight. (2017) 2(22):¢96800. doi: 10.1172/jci.insight.96800

8. Camici PG, Tschope C, Di Carli MF, Rimoldi O, Van Linthout S. Coronary
microvascular dysfunction in hypertrophy and heart failure. Cardiovasc Res. (2020)
116(4):806-16. doi: 10.1093/cvr/cvaa023

9. Zheng D, Liu J, Piao H, Zhu Z, Wei R, Liu K. Ros-Triggered endothelial cell death
mechanisms: focus on pyroptosis, parthanatos, and ferroptosis. Front Immunol. (2022)
13:1039241. doi: 10.3389/fimmu.2022.1039241

10. Xiong YY, Gong ZT, Tang RJ, Yang Y]J. The pivotal roles of exosomes derived
from endogenous immune cells and exogenous stem cells in myocardial repair after
acute myocardial infarction. Theranostics. (2021) 11(3):1046-58. doi: 10.7150/thno.
53326

11. Perez-Estenaga I, Chevalier MT, Pena E, Abizanda G, Alsharabasy AM, Larequi
E, et al. A multimodal scaffold for Sdfl delivery improves cardiac function in a rat
subacute myocardial infarct model. ACS Appl Mater Interfaces. (2023)
15(44):50638-51. doi: 10.1021/acsami.3c04245

12. Wang J, Song Y, Xie W, Zhao J, Wang Y, Yu W. Therapeutic angiogenesis based
on injectable hydrogel for protein delivery in ischemic heart disease. iScience. (2023)
26(5):106577. doi: 10.1016/j.is¢i.2023.106577

13. Shen X, Zhou C, Feng H, Li J, Xia T, Cheng X, et al. Etvl positively correlated
with immune infiltration and poor clinical prognosis in colorectal cancer. Front
Immunol. (2022) 13:939806. doi: 10.3389/fimmu.2022.939806

14. Zhang T, Wang Y, Xie M, Ji X, Luo X, Chen X, et al. Hgf-Mediated elevation of
Etvl facilitates hepatocellular carcinoma metastasis through upregulating Ptk2 and
C-Met. ] Exp Clin Cancer Res. (2022) 41(1):275. doi: 10.1186/s13046-022-02475-2

15. Oh S, Song H, Freeman WM, Shin S, Janknecht R. Cooperation between Ets
transcription factor Etvl and histone demethylase Jmjdla in colorectal cancer. Int
J Oncol. (2020) 57(6):1319-32. doi: 10.3892/ij0.2020.5133

16. Qian C, Li D, Chen Y. Ets factors in prostate cancer. Cancer Lett. (2022)
530:181-9. doi: 10.1016/j.canlet.2022.01.009

17. Gupta N, Song H, Wu W, Ponce RK, Lin YK, Kim JW, et al. The Cic-Erf co-
deletion underlies fusion-independent activation of Ets family member, Etvl, to
drive prostate cancer progression. Elife. (2022) 11:¢77072. doi: 10.7554/eLife.77072

18. Rommel C, Rosner S, Lother A, Barg M, Schwaderer M, Gilsbach R, et al. The
transcription factor Etvl induces atrial remodeling and arrhythmia. Circ Res. (2018)
123(5):550-63. doi: 10.1161/CIRCRESAHA.118.313036

19. Yamaguchi N, Xiao J, Narke D, Shaheen D, Lin X, Offerman E, et al. Cardiac
pressure overload decreases Etvl expression in the left atrium, contributing to atrial
electrical and structural remodeling. Circulation. (2021) 143(8):805-20. doi: 10.
1161/CIRCULATIONAHA.120.048121

20. Wang J, Lin B, Zhang Y, Ni L, Hu L, Yang J, et al. The regulatory role of histone
modification on gene expression in the early stage of myocardial infarction. Front
Cardiovasc Med. (2020) 7:594325. doi: 10.3389/fcvm.2020.594325

21. Grieger JC, Choi VW, Samulski RJ. Production and characterization of adeno-
associated viral vectors. Nat Protoc. (2006) 1(3):1412-28. doi: 10.1038/nprot.2006.207

22. Wu Y, Zhou L, Liu H, Duan R, Zhou H, Zhang F, et al. Lrp6 downregulation
promotes cardiomyocyte proliferation and heart regeneration. Cell Res. (2021)
31(4):450-62. doi: 10.1038/s41422-020-00411-7

23. Luo S, Truong AH, Makino A. Isolation of mouse coronary endothelial cells.
J Vis Exp. (2016) 113:53985. doi: 10.3791/53985

24. Dull T, Zufferey R, Kelly M, Mandel R], Nguyen M, Trono D, et al. A third-
generation lentivirus vector with a conditional packaging system. J Virol. (1998)
72(11):8463-71. doi: 10.1128/JV1.72.11.8463-8471.1998

25. Zheng Y, Lin ], Liu D, Wan G, Gu X, Ma J. Nogo-B promotes angiogenesis and
improves cardiac repair after myocardial infarction via activating Notchl signaling.
Cell Death Dis. (2022) 13(4):306. doi: 10.1038/s41419-022-04754-4

26. Liang X, Zhang Y, Lin F, Li M, Li X, Chen Y, et al. Direct administration of
mesenchymal stem cell-derived mitochondria improves cardiac function after
infarction via ameliorating endothelial senescence. Bioeng Transl Med. (2023) 8(1):
€10365. doi: 10.1002/btm2.10365

27. Hausenloy DJ, Yellon DM. Myocardial ischemia-reperfusion injury: a neglected
therapeutic target. J Clin Invest. (2013) 123(1):92-100. doi: 10.1172/JCI62874

Frontiers in Cardiovascular Medicine

1

10.3389/fcvm.2025.1633438

28. Kahlon A, Vaidya G, Bolli R. Cell therapy for heart disease: current status and
future directions. Minerva Cardioangiol. (2018) 66(3):273-91. doi: 10.23736/S0026-
4725.18.04596-6

29. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of
angiogenesis. Nature. (2011) 473(7347):298-307. doi: 10.1038/nature10144

30. Nowak-Sliwinska P, Alitalo K, Allen E, Anisimov A, Aplin AC, Auerbach R,
et al. Consensus guidelines for the use and interpretation of angiogenesis assays.
Angiogenesis. (2018) 21(3):425-532. doi: 10.1007/s10456-018-9613-x

31. Wu X, Reboll MR, Korf-Klingebiel M, Wollert KC. Angiogenesis after acute
myocardial infarction. Cardiovasc Res. (2021) 117(5):1257-73. doi: 10.1093/cvr/
cvaa287

32. Angoulvant D, Fazel S, Li RK. Neovascularization derived from cell
transplantation in  ischemic myocardium. Mol Cell Biochem. (2004)
264(1-2):133-42. doi: 10.1023/b:mcbi.0000044382.02403.9¢c

33. Oostendorp M, Douma K, Wagenaar A, Slenter JM, Hackeng TM, van
Zandvoort MA, et al. Molecular magnetic resonance imaging of myocardial
angiogenesis after acute myocardial infarction. Circulation. (2010) 121(6):775-83.
doi: 10.1161/CIRCULATIONAHA.109.889451

34. Mathew SA, Naik C, Cahill PA, Bhonde RR. Placental mesenchymal stromal
cells as an alternative tool for therapeutic angiogenesis. Cell Mol Life Sci. (2020)
77(2):253-65. doi: 10.1007/s00018-019-03268-1

35. Luxan G, Dimmeler S. The vasculature: a therapeutic target in heart failure?
Cardiovasc Res. (2022) 118(1):53-64. doi: 10.1093/cvr/cvab047

36. Selvaprithviraj V, Sankar D, Sivashanmugam A, Srinivasan S, Jayakumar R. Pro-
Angiogenic molecules for therapeutic angiogenesis. Curr Med Chem. (2017)
24(31):3413-32. doi: 10.2174/0929867324666170724142641

37. Zhang ], Sun D, Guo Y, Tong J, Liu Q, Gao R, et al. Targeted delivery of black
phosphorus nanosheets by Ros responsive complex hydrogel based on angiogenesis
and antioxidant promotes myocardial infarction repair. ] Nanobiotechnology. (2024)
22(1):433. doi: 10.1186/s12951-024-02685-0

38. Li Q, Hou H, Li M, Yu X, Zuo H, Gao J, et al. Cd73(+) mesenchymal stem cells
ameliorate myocardial infarction by promoting angiogenesis. Front Cell Dev Biol.
(2021) 9:637239. doi: 10.3389/fcell.2021.637239

39. Kim H, Cho HJ, Kim SW, Liu B, Choi Y], Lee J, et al. Cd31+ cells represent
highly angiogenic and vasculogenic cells in bone marrow: novel role of
nonendothelial Cd31+ cells in neovascularization and their therapeutic effects on
ischemic vascular disease. Circ Res. (2010) 107(5):602-14. doi: 10.1161/
CIRCRESAHA.110.218396

40. Pinto AR, Ilinykh A, Ivey MJ, Kuwabara JT, D’Antoni ML, Debuque R, et al.
Revisiting cardiac cellular composition. Circ Res. (2016) 118(3):400-9. doi: 10.1161/
CIRCRESAHA.115.307778

41. Tucker NR, Chaffin M, Fleming SJ, Hall AW, Parsons VA, Bedi KC Jr, et al.
Transcriptional and cellular diversity of the human heart. Circulation. (2020)
142(5):466-82. doi: 10.1161/CIRCULATIONAHA.119.045401

42. Fernandez-Cruz E, Cerezo AB, Cantos-Villar E, Richard T, Troncoso AM, Garcia-
Parrilla MC. Inhibition of Vegfr-2 phosphorylation and effects on downstream signaling
pathways in cultivated human endothelial cells by stilbenes from Vitis Spp. J Agric Food
Chem. (2019) 67(14):3909-18. doi: 10.1021/acs.jafc.9b00282

43. Shoeibi S, Mozdziak P, Mohammadi S. Important signals regulating coronary
artery angiogenesis. Microvasc Res. (2018) 117:1-9. doi: 10.1016/j.mvr.2017.12.002

44. Apte RS, Chen DS, Ferrara N. Vegf in signaling and disease: beyond discovery
and development. Cell. (2019) 176(6):1248-64. doi: 10.1016/j.cell.2019.01.021

45. Korpela H, Lampela J, Airaksinen J, Jarvelainen N, Siimes S, Valli K, et al.
Aav2-Vegf-B gene therapy failed to induce angiogenesis in ischemic porcine
myocardium due to inflammatory responses. Gene Ther. (2022) 29(10-11):643-52.
doi: 10.1038/s41434-022-00322-9

46. Simons M, Gordon E, Claesson-Welsh L. Mechanisms and regulation of
endothelial Vegf receptor signalling. Nat Rev Mol Cell Biol. (2016) 17(10):611-25.
doi: 10.1038/nrm.2016.87

47. Lee MY, Luciano AK, Ackah E, Rodriguez-Vita J, Bancroft TA, Eichmann A,
et al. Endothelial Aktl mediates angiogenesis by phosphorylating multiple
angiogenic substrates. Proc Natl Acad Sci U S A. (2014) 111(35):12865-70. doi: 10.
1073/pnas.1408472111

48. Yu J, deMuinck ED, Zhuang Z, Drinane M, Kauser K, Rubanyi GM, et al.
Endothelial nitric oxide synthase is critical for ischemic remodeling, mural cell
recruitment, and blood flow reserve. Proc Natl Acad Sci U S A. (2005)
102(31):10999-1004. doi: 10.1073/pnas.0501444102

49. Zhan B, Xu Z, Zhang Y, Wan K, Deng H, Wang D, et al. Nicorandil reversed
homocysteine-induced coronary microvascular dysfunction via regulating Pi3k/Akt/
Enos pathway. Biomed Pharmacother. (2020) 127:110121. doi: 10.1016/j.biopha.
2020.110121

frontiersin.org


https://doi.org/10.1016/s0735-1097(99)00630-0
https://doi.org/10.1016/S0140-6736(06)68074-4
https://doi.org/10.1016/j.cell.2018.12.023
https://doi.org/10.1172/jci.insight.96800
https://doi.org/10.1093/cvr/cvaa023
https://doi.org/10.3389/fimmu.2022.1039241
https://doi.org/10.7150/thno.53326
https://doi.org/10.7150/thno.53326
https://doi.org/10.1021/acsami.3c04245
https://doi.org/10.1016/j.isci.2023.106577
https://doi.org/10.3389/fimmu.2022.939806
https://doi.org/10.1186/s13046-022-02475-2
https://doi.org/10.3892/ijo.2020.5133
https://doi.org/10.1016/j.canlet.2022.01.009
https://doi.org/10.7554/eLife.77072
https://doi.org/10.1161/CIRCRESAHA.118.313036
https://doi.org/10.1161/CIRCULATIONAHA.120.048121
https://doi.org/10.1161/CIRCULATIONAHA.120.048121
https://doi.org/10.3389/fcvm.2020.594325
https://doi.org/10.1038/nprot.2006.207
https://doi.org/10.1038/s41422-020-00411-7
https://doi.org/10.3791/53985
https://doi.org/10.1128/JVI.72.11.8463-8471.1998
https://doi.org/10.1038/s41419-022-04754-4
https://doi.org/10.1002/btm2.10365
https://doi.org/10.1172/JCI62874
https://doi.org/10.23736/S0026-4725.18.04596-6
https://doi.org/10.23736/S0026-4725.18.04596-6
https://doi.org/10.1038/nature10144
https://doi.org/10.1007/s10456-018-9613-x
https://doi.org/10.1093/cvr/cvaa287
https://doi.org/10.1093/cvr/cvaa287
https://doi.org/10.1023/b:mcbi.0000044382.02403.9c
https://doi.org/10.1161/CIRCULATIONAHA.109.889451
https://doi.org/10.1007/s00018-019-03268-1
https://doi.org/10.1093/cvr/cvab047
https://doi.org/10.2174/0929867324666170724142641
https://doi.org/10.1186/s12951-024-02685-0
https://doi.org/10.3389/fcell.2021.637239
https://doi.org/10.1161/CIRCRESAHA.110.218396
https://doi.org/10.1161/CIRCRESAHA.110.218396
https://doi.org/10.1161/CIRCRESAHA.115.307778
https://doi.org/10.1161/CIRCRESAHA.115.307778
https://doi.org/10.1161/CIRCULATIONAHA.119.045401
https://doi.org/10.1021/acs.jafc.9b00282
https://doi.org/10.1016/j.mvr.2017.12.002
https://doi.org/10.1016/j.cell.2019.01.021
https://doi.org/10.1038/s41434-022-00322-9
https://doi.org/10.1038/nrm.2016.87
https://doi.org/10.1073/pnas.1408472111
https://doi.org/10.1073/pnas.1408472111
https://doi.org/10.1073/pnas.0501444102
https://doi.org/10.1016/j.biopha.2020.110121
https://doi.org/10.1016/j.biopha.2020.110121
https://doi.org/10.3389/fcvm.2025.1633438
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Transcription factor ETV1 promotes angiogenesis after myocardial infarction via activation of the VEGFA/VEGFR2/eNOS pathway
	Introduction
	Methods and materials
	Animals
	Myocardial infarction
	AAV9 vectors construction and adult mice intracardiac injection
	Echocardiography
	Histology
	Masson staining
	TUNEL staining
	Immunofluorescence
	CMECs isolation
	Western blot analysis
	Cell culture
	Lentiviral vector construction and transfection
	Scratch wound healing assay
	Tube formation assay
	Statistical analysis

	Results
	Overexpression of ETV1 ameliorates cardiac dysfunction, alleviates apoptosis, and curtails fibrosis area of myocardial tissue after MI
	Overexpression of ETV1 promotes angiogenesis after MI
	Overexpression of ETV1 promotes migration and tube formation in human umbilical vein endothelial cells (HUVECs)
	Overexpression of ETV1 increases the expression of VEGFA, VEGFR2 and eNOS in the cardiac tissues after MI
	Overexpression of ETV1 increases the expression of VEGFA, VEGFR2 and eNOS in human umbilical vein endothelial cells (HUVECs)

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


