
INTERNATIONAL JOURNAL OF 

MEDICAL BIOCHEMISTRY

Address for correspondence: Mohamed S. A. Mohamed, MD. MSAM Clinic and Medical School Brandenburg, Brandenburg, Germany
Phone: +4915201043716 E-mail: msamclinic@gmail.com ORCID: 0009-0003-4369-9763 
Submitted: December 07, 2024 Revised: May 08, 2025 Accepted: May 10, 2025 Available Online: October 21, 2025

OPEN ACCESS  This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

The impact of endothelin-1 on the efficacy of anti-VEGF 
therapy: A rationale for dual antagonism

Angiogenesis refers to the formation of new blood ves-
sels through the migration, growth, and differentiation 

of endothelial cells. This process is regulated by various 
chemical signals within the human body, with some, such as 
vascular endothelial growth factor (VEGF) signaling, acting 
as promoters, while others function as inhibitors [1]. Under 
normal physiological conditions, there is a balance between 
angiogenesis-stimulating and inhibiting signals, ensuring 
the formation of new blood vessels only when and where 

necessary, such as during growth or tissue repair. However, 
disruptions in this balance can lead to pathological condi-
tions or diseases, such as angiogenesis in cancer and metas-
tasis or in age-related wet macular degeneration [2].
Vascular endothelial growth factor A (VEGF-A) is one of the most 
important and extensively studied stimulators of angiogenesis 
[3]. It has become a target for numerous angiogenesis inhibitors, 
many of which have been approved or are in advanced clinical 
trials for adjuvant cancer treatment. Examples of these inhibitors 
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are presented in Table 1. The success rates of these agents vary 
due to several factors. Table 2 and Table 3 summarize some re-
ported clinical outcomes, revealing two key limitations of these 
agents: Limited success rates and hypertensive side effects.

Hypothesis (Aim of work)
The limitations reported in the experimental and clinical stud-
ies can be attributed to several potential factors, as illustrated 
in Figure 1:

Table 2. Reported clinical success rates of some anti-angiogenic agents

Drug	 Reported findings

Axitinib	 In patients with cytokine-refractory metastatic renal cell carcinoma, Axitinib has the potential to yield an estimated 
	 5-year survival rate of 20.6% [4].
Bevacizumab	 A total of 167 patients with recurrent glioblastoma were enrolled in a multicenter, phase II, randomized, noncomparative 
	 trial. Patients who experienced a first or second relapse with progression while on temozolomide were randomized to 
	 receive either bevacizumab (10 mg/kg) alone or in combination with irinotecan, administered in 2-week cycles. The 
	 objective response rates observed were 28% in the single-agent group and 38% in the combination group. Six-month 
	 progression-free survival rates were 43% for the bevacizumab monotherapy group and 50% for the combination group. 
	 The median overall survival was 9.2 months for the bevacizumab-only arm and 8.7 months for the combination arm. The 
	 most common side effects included hypertension, seizures, neutropenia, and fatigue [5].
Cabozantinib	 The phase 3 CheckMate 9ER trial randomly assigned patients with renal cell carcinoma to receive either cabozantinib in 
	 combination with nivolumab or sunitinib. The study reported an objective response rate (ORR) of 55.7% for the 
	 cabozantinib/nivolumab combination, with a complete response (CR) rate of 12.4%. In contrast, sunitinib demonstrated 
	 an ORR of 28.4% and a CR rate of 5.2%. The median duration of response (DOR) was 23.1 months for the cabozantinib 
	 nivolumab regimen, compared to 15.1 months for sunitinib [6].
Lenvatinib	 According to GlobalData, the success rate of the transition phase in the phase III trial evaluating lenvatinib mesylate in 
	 patients with colorectal cancer was 43% [7, 8].
Pazopanib	 In the SPIRE study, 211 patients with advanced soft tissue sarcomas were treated with pazopanib as a second-line or 
	 subsequent therapy. The median treatment duration was 3.1 months. The median progression-free survival was 3 
	 months, while the median overall survival was 11.1 months. The overall clinical benefit rate across most histological 
	 subtypes was 46% [9, 10].
Ramucirumab	 The administration of Ramucirumab in 355 patients with gastro-esophageal cancer demonstrated a response rate of 4%. 
	 However, it also showed a disease stability rate of 45%, compared to 21% in the placebo group, yielding an overall 
	 disease control rate of 45% versus 23% in the placebo group [11].

Table 1. Examples of anti-VEGF agents considered for clinical application

Drug	 Mechanism of action

Axitinib (Inlyta®)	 A tyrosine kinase inhibitor capable of inhibiting the angiogenic effects mediated by VEGF receptors 1–3, 
	 c-KIT, and PDGFR.
Bevacizumab (Avastin®)	 Monoclonal antibody against VEGF-A.
Cabozantinib (Cometriq®)	 Impedes MET (hepatocyte growth factor receptor protein), VEGFR, RET (receptor tyrosine kinase), GAS6 
	 receptor (AXL), KIT), and Fms-like tyrosine kinase-3 (FLT-3).
Lenvatinib mesylate (Lenvima®)	 A multi-kinase inhibitor targeting VEGFR1, VEGFR2, and VEGFR3 kinases.
Pazopanib (Votrient®)	 A multi-kinase inhibitor that targets and inhibits the vascular endothelial growth factor receptor (VEGFR), 
	 platelet-derived growth factor receptor (PDGFR), c-KIT, and fibroblast growth factor receptor (FGFR).
Ramucirumab (Cyramza®)	 A direct competitive inhibitor of VEGFR2, exhibiting a high affinity for binding to the extracellular domain 
	 of VEGFR2, thereby preventing its interaction with the natural ligands (VEGF-A, VEGF-C, and VEGF-D).
Regorafenib (Stivarga®)	 Exhibits binary-targeted inhibitory activity against the tyrosine kinases VEGFR2 and TIE2.
Sorafenib (Nexavar®)	 A protein kinase inhibitor that demonstrates activity against VEGFR, PDGFR, and RAF kinases. Among the 
	 RAF kinases, sorafenib exhibits greater selectivity for C-Raf compared to B-Raf.
Sunitinib (Sutent®)	 A multitargeted tyrosine kinase inhibitor capable of binding to PDGF receptors (PDGF-Rs), VEGF receptors 
	 (VEGFRs), CD117 (c-KIT), RET, CD114, and CD135.
Vandetanib (Caprelsa®)	 Inhibits the tyrosine kinase activity of two concurrent pathways by targeting VEGFR-2 and the epidermal 
	 growth factor receptor (EGFR).
Aflibercept (EYLEA™)	 A soluble fusion protein that binds all isoforms of VEGF-A, as well as VEGF-B and placental growth factor, 
	 thereby inhibiting their receptor activation.
Zivaflibercept (Zaltrap®)	 A soluble decoy protein for the VEGF receptors, VEGFR-1 and VEGFR-2.
Brolucizumab (Beovu®)	 A 26 kDa single-chain monoclonal antibody fragment capable of inhibiting the activation of VEGF 
	 receptors.
Ranibizumab (Lucentis®)	 A recombinant humanized monoclonal antibody fragment targeting VEGF-A.
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•	 Hypoxia and relative ischemia are commonly observed 
alongside the rapid growth of solid tumors [19]. 

•	 Hypoxic conditions result in a significant decrease in 
NOSTRIN (Nitric-Oxide Synthase Trafficking Inducer) levels 
[20].

•	 Under hypoxic conditions, hypoxia-inducible factor 1-al-
pha (HIF-1α) forms a dimeric complex with HIF-1β through 
nuclear translocation. This complex binds to the hypoxia 
response element (HRE), interacting with the coactivator 
p300, which subsequently enhances the expression of 
VEGF-A, matrix metalloproteinases (MMPs), angiopoietin, 
and platelet-derived growth factor (PDGF) [21].

•	 Low NOSTRIN levels are associated with increased activity 
of endothelial nitric oxide synthase III (eNOS) [22], which, 
in turn, elevates VEGF-A [23], thereby inducing the release 
of soluble VEGF receptor 1 (sVEGFR-1 or sflt-1) [24].

•	 The presence of soluble VEGF receptor 1 (sVEGFR-1) has 
been reported to enhance the vasoconstrictive activity of 
endothelin-1 (ET-1) [25].

Clinically, low NOSTRIN has been linked to tumor progression, 
prognosis, and metastasis [26, 27]. Elevated levels of eNOS 
and VEGFs have been similarly associated with tumor progres-
sion, prognosis, recurrence, and metastasis [28]. Furthermore, 
high endothelin-1 (ET-1) levels have been clinically correlated 
with tumor progression and metastasis [29].

Therefore, the inhibition of the proangiogenic and vasodila-
tory effects of the eNOS/VEGF axis by anti-VEGF agents may 
lead to inadequate control of angiogenesis, potentially result-
ing in hypertension. This could be attributed to the continued 
proangiogenic activity and the unopposed vasoconstrictive 
effects of the endothelin-1 axis. The objective of this work is to 
validate the aforementioned principles.

Role of eNOS/VEGF axis in angiogenesis
During the conversion of l-arginine to l-citrulline, endothelial 
nitric oxide synthase (eNOS) acts as a catalyst, leading to the 
production of nitric oxide (NO). NO plays a critical role in medi-
ating the angiogenic activity of various factors, including vas-
cular endothelial growth factor (VEGF). The activation of eNOS 
is partially regulated by the upstream Akt/protein kinase B sig-
naling pathway [29]. The VEGF family consists of seven known 
members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, placental growth 
factor (PlGF), non-human genome encoded VEGF-E, and snake 
venom VEGF (svVEGF) [15]. VEGF-A is vital for supporting the 
vascular endothelium and serves as a key regulator of angio-
genesis, contributing to tumor growth, proliferation, invasion, 
metastasis, angiogenesis, and drug resistance [30]. VEGF-B is 
involved in promoting neuronal survival and cardiovascular 
development through angiogenesis in specific organs. The 
roles of VEGF-C and VEGF-D are particularly significant in tu-
mor growth and metastasis, as they are implicated in VEGFR-3-
mediated lymphangiogenesis and lymphatic metastasis [30].

Role of endothelin -1 axis in angiogenesis
Endothelin-1 (ET-1) exerts a direct angiogenic effect on en-
dothelial and peri-vascular cells [31]. It plays a crucial role in cell 
growth and proliferation, and its effects are mediated through 
the activation of the MAPK pathway [32]. Consequently, ET-1 is 
actively involved in tumor angiogenesis. Furthermore, ET-1 can 
enhance VEGF expression and promote angiogenesis via its en-
dothelin A receptor (ETAR), integrin-linked kinase (ILK), Akt, and 
hypoxia-inducible factor-1α (HIF-1α) signaling pathways [33].

Materials and Methods
A systematic review of the literature was conducted in accor-
dance with the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) guidelines. The search 

Table 2. Cont.

Drug	 Reported findings

Regorafenib	 Patients with metastatic colorectal cancer treated with Regorafenib had a progression-free survival of 2.9 months 
	 (interquartile range: 2.2 to 4.4 months), an overall response rate of 4% (n=2), and a disease control rate of 40% (n=19) [12].
Sorafenib	 The use of Sorafenib in advanced-stage hepatocellular carcinoma demonstrated the following outcomes: a median 
	 overall survival of 26.1 months, 6- and 12-month survival rates of 92.1% and 85%, respectively, a median time to 
	 radiological progression of 8 months, and a progression-free survival rate of 64.3% [13].
Sunitinib	 Objective response rates of 47% for Sunitinib and 12% for IFN-α (p<0.001) were observed in patients with metastatic 
	 renal cell carcinoma. The primary Sunitinib-related adverse effects included hypertension (12%), fatigue (11%), diarrhea 
	 (9%), and hand-foot syndrome (9%) [14].
Vandetanib	 The use of Vandetanib in patients with locally advanced or metastatic medullary thyroid carcinoma yielded a pooled 
	 complete response rate of 0.7% and a disease stabilization rate of 47%, as determined by the RECIST criteria [15].
Zivaflibercept	 Patients with colorectal cancer treated with Zivaflibercept demonstrated a median overall survival of 13.5 months and a 
	 median progression-free survival of 6.9 months, in contrast to 12.06 months and 4.67 months, respectively, for those 
	 receiving a placebo. Similarly, the response rate for the Zivaflibercept plus FOLFIRI combination was 19.8%, compared to 
	 11.1% for the FOLFIRI-only group [16].
Dovitinib	 In a mutation-specific, single-arm, phase 2 study involving 80 cancer patients with colorectal, gastrointestinal stromal, or 
	 ovarian cancers, Dovitinib demonstrated a clinical benefit rate of 13.8% [17].
	 In an open-label, randomized phase 3 clinical trial evaluating dovitinib as a third-line targeted treatment for patients 
	 with metastatic renal cell carcinoma, the drug resulted in an increase of 3.7 months in progression-free survival and 11.1 
	 months in overall survival [18].
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strategy included queries in PubMed and Scopus using the 
following keywords and Boolean combinations: “Anti-VEGF 
therapy,” “angiogenesis inhibitors,” “VEGF antagonists,” “en-
dothelin-1,” “cancer angiogenesis,” and “clinical trials.” The re-
view was limited to English-language articles published be-
tween 2005 and 2024.

Inclusion criteria
•	 Peer-reviewed clinical trials or meta-analyses evaluating 

anti-angiogenic therapies.
•	 Studies reporting specific efficacy outcomes (e.g., ORR, 

PFS, OS) or adverse events, such as hypertension).
•	 Trials involving FDA- or EMA-approved anti-VEGF agents.

Exclusion criteria
•	 Non-clinical studies unless providing essential mechanis-

tic insights.
•	 Conference abstracts without full datasets.
•	 Duplicate publications or interim analyses of the same trial.
After screening by title/abstract and applying inclusion/exclu-
sion criteria, the selected studies were considered as sources 
for the informations included in this article.
In addition, HuH7 and HEK293T cells were sourced from affil-
iated research groups. The cells were harvested and washed 
with phosphate-buffered saline (PBS). Three independent bi-
ological replicates were performed, with 200,000 cells seeded 
into culture wells (6-well plates) and incubated overnight in 2 
mL of supplemented medium at 37 °C in a humidified atmos-
phere with 5% CO₂ and ≥95% relative humidity. The medium 
used was DMEM, supplemented with 10% FBS (Gibco), 1X 
sodium pyruvate, 1X penicillin-streptomycin (Gibco), 1X Glu-
tamax (Gibco), and 25 mM HEPES. The cells were subsequently 
treated with CoCl₂ (Sigma-Aldrich) according to the experi-
mental protocol outlined below:
•	 Control non treated cells
•	 Cells treated with 200µM CoCl₂
•	 Cells treated with 300µM CoCl₂
•	 Cells treated with 400µM CoCl₂
Cells were incubated under the same conditions for an addi-
tional 72 hours before harvesting and subsequent process-
ing. The impact of the treatments on HIF-1α and its target 
proteins was evaluated through immunoblotting, which was 
performed according to standard laboratory protocols. Equal 
amounts of total protein (50 μg per lane) were resolved on a 
10% SDS-PAGE gel (Bio-Rad) and transferred to a nitrocellu-
lose membrane via wet transfer. Membranes were blocked 
with 5% non-fat dry milk in TBST (Tris-buffered saline with 
0.1% Tween-20) prior to antibody incubation. Primary an-
tibodies specific to the target proteins were obtained from 
Proteintech, Germany. Band densities were analyzed using 
ImageJ software. An unpaired t-test was applied to compare 
the values of the experimental conditions to the control, with 
P-values less than 0.05 considered statistically significant.Ta

bl
e 

3.
 S

um
m

ar
y 

of
 c

lin
ic

al
 o

ut
co

m
es

 fo
r a

nt
i-V

EG
F 

ag
en

ts
 in

 s
ol

id
 tu

m
or

s

D
ru

g	
Ph

as
e	

St
ud

y	
Sa

m
pl

e	
O

RR
 (%

)	
PF

S	
O

S	
A

dv
er

se
 

	
(t

ri
al

)	
po

pu
la

ti
on

	
si

ze
 (N

)		


(m
on

th
s)

	
 (m

on
th

s)
	

ev
en

ts

A
xi

tin
ib

	
Ph

as
e 

III
	

M
et

as
ta

tic
 R

CC
	

N
ot

 s
pe

ci
fie

d	
20

.6
 (5

-y
r s

ur
vi

va
l)	

N
ot

 s
pe

ci
fie

d	
20

.6
 (5

-y
r)

	
H

yp
er

te
ns

io
n

Be
va

ci
zu

m
ab

	
Ph

as
e 

II	
Re

cu
rr

en
t g

lio
bl

as
to

m
a	

16
7	

28
–3

8	
6-

m
on

th
 P

FS
: 4

3–
50

%
	

9.
2	

H
yp

er
te

ns
io

n,
 s

ei
zu

re
s, 

fa
tig

ue
Ca

bo
za

nt
in

ib
	

Ph
as

e 
III

	
M

et
as

ta
tic

 R
CC

	
65

1	
55

.7
	

23
.1

	
N

ot
 s

pe
ci

fie
d	

N
ot

 s
pe

ci
fie

d
Le

nv
at

in
ib

	
Ph

as
e 

III
	

Co
lo

re
ct

al
 c

an
ce

r	
N

ot
 s

pe
ci

fie
d	

43
	

N
ot

 s
pe

ci
fie

d	
N

ot
 s

pe
ci

fie
d	

N
ot

 s
pe

ci
fie

d
Pa

zo
pa

ni
b	

Ph
as

e 
II	

So
ft

 ti
ss

ue
 s

ar
co

m
a	

21
1	

N
ot

 s
pe

ci
fie

d	
3.

0	
11

.1
	

N
ot

 s
pe

ci
fie

d
Ra

m
uc

iru
m

ab
	

Ph
as

e 
III

	
G

as
tr

o-
es

op
ha

ge
al

 c
an

ce
r	

35
5	

4	
N

ot
 s

pe
ci

fie
d	

N
ot

 s
pe

ci
fie

d	
H

yp
er

te
ns

io
n

Re
go

ra
fe

ni
b	

Ph
as

e 
III

	
M

et
as

ta
tic

 c
ol

or
ec

ta
l c

an
ce

r	
U

nc
le

ar
	

4	
2.

9	
N

ot
 s

pe
ci

fie
d	

H
yp

er
te

ns
io

n
So

ra
fe

ni
b	

Ph
as

e 
III

	
Ad

va
nc

ed
 H

CC
	

N
ot

 s
pe

ci
fie

d	
N

ot
 s

pe
ci

fie
d	

8.
0	

26
.1

	
H

yp
er

te
ns

io
n

Su
ni

tin
ib

	
Ph

as
e 

III
	

M
et

as
ta

tic
 R

CC
	

U
nc

le
ar

	
47

	
N

ot
 s

pe
ci

fie
d	

N
ot

 s
pe

ci
fie

d	
H

yp
er

te
ns

io
n

Va
nd

et
an

ib
	

Ph
as

e 
III

	
M

ed
ul

la
ry

 th
yr

oi
d 

ca
rc

in
om

a	
U

nc
le

ar
	

0.
7	

N
ot

 s
pe

ci
fie

d	
N

ot
 s

pe
ci

fie
d	

N
ot

 s
pe

ci
fie

d
Zi

v-
afl

ib
er

ce
pt

	
Ph

as
e 

III
	

Co
lo

re
ct

al
 c

an
ce

r	
N

ot
 s

pe
ci

fie
d	

19
.8

	
6.

9	
13

.5
	

H
yp

er
te

ns
io

n
D

ov
iti

ni
b	

Ph
as

e 
II	

Va
rio

us
 s

ol
id

 tu
m

or
s	

80
	

13
.8

	
3.

7	
11

.1
	

N
ot

 s
pe

ci
fie

d

VE
G

FR
: V

as
cu

la
r e

nd
ot

he
lia

l g
ro

w
th

 fa
ct

or
 re

ce
pt

or
; O

RR
: O

bj
ec

tiv
e 

re
sp

on
se

 ra
te

; P
FS

: P
ro

gr
es

si
on

-fr
ee

 s
ur

vi
va

l; 
O

S:
 O

ve
ra

ll 
su

rv
iv

al
; R

CC
: R

en
al

 c
el

l c
ar

ci
no

m
a;

 H
CC

: H
ep

at
oc

el
lu

la
r c

ar
ci

no
m

a.



Mohamed, Impact of endothelin-1 on anti-VEGF therapy / 10.14744/ijmb.2025.35682 255

Results
The chemical induction of hypoxia was successfully achieved, 
as evidenced by the upregulation of HIF-1α (Fig. 2). In response 
to HIF-1α activation, the secretion of eNOS, VEGF-A, sVEGFR1, 
and Endothelin-1 (ET-1) was elevated in a dose-dependent 
manner (Fig. 3). Similar experiments conducted on human 
umbilical vein endothelial cells (HUVECs) also demonstrated 
an increase in ET-1 secretion (Fig. 4).

Discussion
The selected target proteins are well-established effectors 
that play crucial roles in endothelial physiology and vascular 
pathology. These proteins serve as indicators of tissue hy-
poxia and are involved in the process of angiogenesis [31]. 
To mitigate potential variations that may arise in studies uti-

lizing physical hypoxia, such as differences in the type (e.g., 
sustained or intermittent), duration (e.g., short-term or long-
term), or extent of hypoxia, this study employed the previ-
ously validated chemical induction of hypoxia through the 
use of CoCl₂, which promotes the accumulation of HIF-1α and 
HIF-2α under normoxic conditions [34].
This study demonstrates that the secretion of ET-1 and VEGF-A 
increases concurrently in response to hypoxia, prior to the statis-
tical significance peak of HIF-1α. This observation suggests that 
both effectors may exhibit heightened sensitivity to hypoxia 
and/or play simultaneous leading roles in the tissue's response 
to hypoxia, particularly at the paracrine and/or remote levels.
The roles of eNOS, NO, and VEGF-A in angiogenesis have 
been extensively investigated and thoroughly documented. 
The majority of clinically approved anti-angiogenic ther-
apies target this specific pathway (Table 1). VEGF-A stim-

Figure 1. Diagrammatic representation of the article's hypothesis. Hypoxia is associated with decreased NOSTRIN and leads to increased 
eNOS, VEGF-A, sVEGFR-1 and ET-1.
eNOS: Nitric oxide synthase III; VEGF: Vascular endothelial growth factor; sVEGFR-1: Soluble VEGF receptor 1; ET-1: Endothelin-1; NOSTRIN: Nitric-Oxide Synthase Trafficking Inducer.

Figure 2. HIF-1α induction in HuH7 and HEK293T cells following treatment with various concentrations of CoCl₂. HIF-1α band intensities 
were normalized to their respective loading controls. Protein concentrations were estimated using the Bradford assay prior to gel loading. 
Equal amounts of total protein were loaded for each sample, and vinculin and β-actin were used as loading controls. Vinculin was favored 
over β-actin as a reference, given reports of β-actin's reactivity to hypoxia—an effect observed at the 400 µM treatment in HuH7 cells. CoCl₂ 
treatment induced dose-dependent changes in HIF-1α expression in HuH7 cells (p=0.73, 0.02, and 0.0001 for 200 µM, 300 µM, and 400 µM, 
respectively) and in HEK293T cells (p=0.03, 0.004, and 0.007 for 200 µM, 300 µM, and 400 µM, respectively).
HIF-1α: Hypoxia-inducible factor 1-alpha.
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ulates eNOS expression and enhances NO production by 
vascular endothelial cells. A reduction in NO production im-
pairs angiogenesis and decreases the vascular permeability 
typically induced by VEGF-A [35].
Similarly, the elevated secretion of ET-1 by cultured cells in 
response to hypoxia has been previously reported, [36] along 
with other contradictory findings. In-vivo preclinical and clinical 

studies have also reported similar outcomes, with intermittent 
hypoxia linked to ET-1 overexpression in animal models [37–39], 
and chronic intermittent hypoxia, as observed in patients with 
obstructive sleep apnea, associated with the accumulation of 
HIF-1α and elevated circulating ET-1 levels [40–42]. Increased 
circulating ET-1 levels have been associated with vascular com-
plications and endothelial dysfunction in humans [43].

Figure 3. Secretion patterns of eNOS, VEGF-A, sVEGFR1, and ET-1 in response to chemically induced hypoxia. Band densities were quantified 
using ImageJ software. Each treatment group was compared independently to the control using an unpaired t-test. A P-value of less than 0.05 
was considered statistically significant. No corrections for multiple comparisons were applied, as the values were analyzed independently.
eNOS: Nitric oxide synthase III; VEGF: Vascular endothelial growth factor; sVEGFR-1: Soluble VEGF receptor 1; ET-1: Endothelin-1; NOSTRIN: Nitric-Oxide Synthase Trafficking Inducer.

Figure 4. Effect of various doses of CoCl₂ treatment on HIF-1α in HUVECs and the corresponding changes in ET-1 secretion. The induction of 
HIF-1α was associated with corresponding increase in ET-1 secretion (p<0.05).
HIF-1α: Hypoxia-inducible factor 1-alpha.; ET-1: Endothelin-1; HUVECs: Human umbilical vein endothelial cells.
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A recent study examined the impact of sustained and intermit-
tent hypoxia (SH and IH, respectively) on HIF-1α, VEGF, and ET-1 
in HepG2 cells (hepatocellular carcinoma cell line). The study 
found an overexpression of HIF-1α and VEGF in response to IH, 
but not to SH, whereas no such effect was observed for ET-1 
[44]. While these findings may seem contradictory to those of 
the present study, several key considerations should be taken 
into account when interpreting these results; the hypoxia in-
duction in the study was achieved physically through expo-
sure to a low oxygen gas mixture. The cells employed were 
of cancerous origin, which may be associated with specific 
proangiogenic alterations that could make it challenging to 
detect additional induction of ET-1. In other words, cancerous 
cells may undergo a degree of hypoxia in culture, as indicated 
by their accelerated growth rates. As demonstrated in my ex-
periments, ET-1 secretion increased with a 200 µM CoCl₂ treat-
ment but tended to decrease at the 400 µM treatment, where 
HIF-1α exhibited its peak expression (Fig. 3). In addition, the 
primary findings of this study focus on ET-1 secretion, which 
may not directly correspond to changes in mRNA or protein 
expression levels. In the context of cancer-related angiogene-
sis, where localized relative hypoxia is a constant feature of the 
tumor microenvironment, multiple studies have documented 
elevated circulating levels of ET-1 [45]. Therefore, the results of 
the present study appear to reflect a more realistic scenario.
Hypoxia-induced VEGF also stimulates the production of its trun-
cated soluble form, VEGFR1, via the VEGFR-2-MEK-PKC signaling 
pathway, [46] which functions as a regulatory mechanism to 
prevent excessive activity. The ultimate consequence of hypoxia 
is the activation of angiogenesis, [47] a process characterized 
by a balance between proangiogenic and anti-angiogenic fac-
tors. Soluble VEGFR1 is part of the endogenous anti-angiogenic 
factors that help protect against uncontrolled angiogenesis, al-
though it may also be actively involved in angiogenesis [48, 49]. 
These findings align with the results of the current study, which 
demonstrated an increase in sVEGFR1 following chemical induc-
tion of hypoxia (Fig. 3). However, a study reporting contradictory 
findings indicated that hypoxia led to a reduction in sVEGFR1 

expression. This discrepancy may be attributed to the fact that 
their experiments were conducted on human microvascular en-
dothelial cells isolated from neonatal dermis [50].

Soluble VEGFR-1 plays a significant role in angiogenesis, where 
perivascular cells interact with its isoforms via GM3 ganglio-
side. This interaction impacts actin cytoskeleton dynamics by 
destabilizing pericyte-endothelial cell interactions and alter-
ing adhesion contacts with the basement membrane, thereby 
contributing to vessel sprouting [51]. Moreover, the presence 
of sVEGFR-1 has been shown to shift α5β1 integrin signaling 
from a traditional adhesion pathway to a more dynamic one 
[52], while also enhancing its expression [53]. Consequently, 
the presence of sVEGFR-1 in the endothelial cell microenvi-
ronment during vessel sprouting is crucial [54]. These findings 
support the critical role of sVEGFR-1 in vessel sprouting and 
angiogenesis through mechanisms beyond VEGF binding 
[55], which aligns with the conclusions of the present study.

The intervention in the present study involved CoCl₂ treat-
ment (chemical induction of HIF-1α), and thus, the observed 
changes can be attributed to the activities of HIF-1α. While the 
dependence of certain effectors on the upregulation or down-
regulation of others may be somewhat less considered based 
on the variations in response to different treatments, though 
it cannot be completely excluded yet.

The aim of this article was to confirm the dual activation of the 
eNOS/VEGF and ET-1 axes in response to hypoxia, which has 
been experimentally demonstrated, as well as to investigate the 
persistence of ET-1 activation despite anti-VEGF therapy (Fig. 5). 
As previously mentioned, the concurrent or parallel pattern of 
changes in VEGF-A and ET-1 secretion in response to hypoxia 
may suggest independent responses of both effectors. How-
ever, the appropriate approach to fully address this issue would 
have involved the introduction of various anti-VEGF agents fol-
lowed by a reassessment of the levels of both effectors. Due 
to significant resource limitations, this investigation has not yet 
been conducted; thus, this issue will be further discussed based 
on existing published literature and experimental findings.

Figure 5. Diagrammatic representation of the main conclusion of the work: Anti-VEGF therapy may antagonize the effects of VEGF during 
hypoxia-induced angiogenesis; however, sVEGFR1 (sFlt-1) and ET-1 would remain elevated, which may explain the reported low success rates 
and hypertensive side effects.
VEGF: Vascular endothelial growth factor; sVEGFR-1: Soluble VEGF receptor 1; ET-1: Endothelin-1.
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The secretion of VEGF-A in response to hypoxia persists for as 
long as the hypoxic stimulus is present [56]. Hypoxia induces 
angiogenesis, which is the process of new vessel formation [57]. 
Although the precise sequence of events remains unclear, this 
process involves both vascular endothelial and smooth muscle 
cells. VEGF-A acts as a specific mitogen for vascular endothelial 
cells, promoting their proliferation, while ET-1 stimulates the 
proliferation of vascular smooth muscle cells [58]. Therefore, 
both effectors are expected to increase concurrently, as ob-
served in my experiments. Furthermore, it is anticipated that 
each effector can influence the expression of the other [58, 59].
From a biological perspective, the reduction in ET-1 observed 
following anti-VEGF therapy, despite the persistence of hy-
poxia and/or the initial stimulus, should be limited to the 
inhibition of the additional induction caused by VEGF over-
expression, as its actions are suppressed by the therapy [60]. 
However, the response to the initial stimulus may remain un-
affected. Consequently, reports of decreased ET-1 levels after 
anti-VEGF therapy may reflect scenarios where the stimulus 
for abnormal angiogenesis is simultaneously eliminated dur-
ing the therapy [61]. In contrast, when the pathology persists, 
increased ET-1 levels have been observed post-therapy [61]. 
Therefore, in response to hypoxia and tumor-associated an-
giogenesis, driven by relative hypoxia within the tumor mi-
croenvironment, a reduction in ET-1 due to anti-VEGF therapy 
cannot be anticipated. For instance, VEGF-A, which normally 
reduces ET-1 production by 29%, loses this capability when its 
VEGFR2 receptor is blocked by SU5416, resulting in a 16% in-
crease in ET-1 production under therapy [62].
Nevertheless, the current study demonstrated a notable in-
crease in the levels of sVEGFR1 in the culture medium following 
hypoxia induction (Fig. 3). Soluble VEGFR1 is an endogenous 
antagonist of VEGF, and pharmacological anti-VEGF mono-
clonal antibodies exhibit structural and functional similarities to 
it [63]. Despite the elevation of sVEGFR1 in the culture medium, 
a significant increase in ET-1 levels was also observed (Fig. 3).

Conclusion
In summary, the limited success rates of anti-VEGF agents as 
adjuvant therapies in cancer treatment may be attributed to 
the principles discussed above. Additionally, any hyperten-
sive side effects associated with these agents may be linked 
to the unopposed increase in ET-1 (Fig. 5). To achieve effective 
angiogenesis control without inducing hypertension, a dual 
antagonism of VEGF and ET-1 may be considered. Preclinical 
and clinical studies are necessary to evaluate the efficacy of 
such a dual therapy. Furthermore, since the secretion of the 
four effectors (eNOS, VEGF-A, sVEGFR1, and ET-1) significantly 
increases in response to hypoxia, which is a hallmark of angio-
genesis, their levels may serve as biomarkers for monitoring 
the efficacy of therapy in angiogenesis-related pathologies, 
both before and after treatment. Thus, the SHEHATA MARKER 
OF ANGIOGENESIS has been introduced as a biomarker panel 
and is planned for further clinical validation [64].

Informed Consent: Not applicable. This study did not involve 
human participants, and no new patient data were collected or 
used. All data are derived from previously published sources or 
the author's own experiments on commercial cell lines.

Conflict of Interest Statement: The author has no conflicts of 
interest to declare.

Funding: The author declared that this study received no finan-
cial support.

Use of AI for Writing Assistance: No AI technologies utilized.

Peer-review: Externally peer-reviewed.

References
1.	 Larionova I, Kazakova E, Gerashchenko T, Kzhyshkowska J. New 

angiogenic regulators produced by TAMs: Perspective for tar-
geting tumor angiogenesis. Cancers (Basel) 2021;13(13):3253. 
[CrossRef ]

2.	 Lugano R, Ramachandran M, Dimberg A. Tumor angiogene-
sis: Causes, consequences, challenges and opportunities. Cell 
Mol Life Sci 2020;77(9):1745–70. [CrossRef ]

3.	 Yu E, Kim H, Park H, Hong JH, Jin J, Song Y, et al. Targeting the 
VEGFR2 signaling pathway for angiogenesis and fibrosis reg-
ulation in neovascular age-related macular degeneration. Sci 
Rep 2024;14(1):25682. [CrossRef ]

4.	 Rini BI, de La Motte Rouge T, Harzstark AL, Michaelson MD, 
Liu G, Grünwald V, et al. Five-year survival in patients with cy-
tokine-refractory metastatic renal cell carcinoma treated with 
axitinib. Clin Genitourin Cancer 2013;11(2):107–14. [CrossRef ]

5.	 Friedman HS, Prados MD, Wen PY, Mikkelsen T, Schiff D, Abrey 
LE, et al. Bevacizumab alone and in combination with irinote-
can in recurrent glioblastoma. J Clin Oncol 2009;27(28):4733–
40. [CrossRef ]

6.	 Yakes FM, Chen J, Tan J, Yamaguchi K, Shi Y, Yu P, et al. Cabozan-
tinib (XL184), a novel MET and VEGFR2 inhibitor, simulta-
neously suppresses metastasis, angiogenesis, and tumor 
growth. Mol Cancer Ther 2011;10(12):2298–308. [CrossRef ]

7.	 Matsui J, Funahashi Y, Uenaka T, Watanabe T, Tsuruoka A, 
Asada M. Multi-kinase inhibitor E7080 suppresses lymph 
node and lung metastases of human mammary breast tumor 
MDA-MB-231 via inhibition of vascular endothelial growth 
factor-receptor (VEGF-R) 2 and VEGF-R3 kinase. Clin Cancer 
Res 2008;14(17):5459–65. [CrossRef ]

8.	 Hao Z, Wang P. Lenvatinib in management of solid tumors. 
Oncologist 2020;25(2):e302–310. [CrossRef ]

9.	 Zivi A, Cerbone L, Recine F, Sternberg CN. Safety and tolera-
bility of pazopanib in the treatment of renal cell carcinoma. 
Expert Opin Drug Saf 2012;11(5):851–9. [CrossRef ]

10.	Verweij J, Sleijfer S. Pazopanib, a new therapy for metastatic soft 
tissue sarcoma. Expert Opin Pharmacother 2013;14(7):929–
35. [CrossRef ]

11.	Fuchs CS, Tomasek J, Yong CJ, Dumitru F, Passalacqua R, 
Goswami C, et al.; REGARD Trial Investigators. Ramucirumab 
monotherapy for previously treated advanced gastric or gas-
tro-oesophageal junction adenocarcinoma (REGARD): An 
international, randomised, multicentre, placebo-controlled, 
phase 3 trial. Lancet 2014;383(9911):31–9. [CrossRef ]

https://doi.org/10.3390/cancers13133253
https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.1038/s41598-024-76258-4
https://doi.org/10.1016/j.clgc.2012.12.004
https://doi.org/10.1200/JCO.2008.19.8721
https://doi.org/10.1158/1535-7163.MCT-11-0264
https://doi.org/10.1158/1078-0432.CCR-07-5270
https://doi.org/10.1634/theoncologist.2019-0407
https://doi.org/10.1517/14740338.2012.712108
https://doi.org/10.1517/14656566.2013.780030
https://doi.org/10.1016/S0140-6736(13)61719-5


Mohamed, Impact of endothelin-1 on anti-VEGF therapy / 10.14744/ijmb.2025.35682 259

12.	Unseld M, Filip M, Seirl S, Gleiss A, Bianconi D, Kieler M, et al. 
Regorafenib therapy in metastatic colorectal cancer patients: 
Markers and outcome in an actual clinical setting. Neoplasma 
2018;65(4):599–603. [CrossRef ]

13.	Sacco R, Bargellini I, Ginanni B, Bertini M, Faggioni L, Federici G, 
et al. Long-term results of sorafenib in advanced-stage hepato-
cellular carcinoma: What can we learn from routine clinical prac-
tice? Expert Rev Anticancer Ther 2012;12(7):869–75. [CrossRef]

14.	Choueiri TK, Powles T, Burotto M, Escudier B, Bourlon MT, Zu-
rawski B, et al.; CheckMate 9ER Investigators. Nivolumab plus 
cabozantinib versus sunitinib for advanced renal-cell carci-
noma. N Engl J Med 2021;384(9):829–41. [CrossRef ]

15.	Trimboli P, Castellana M, Virili C, Giorgino F, Giovanella L. Effi-
cacy of vandetanib in treating locally advanced or metastatic 
medullary thyroid carcinoma according to RECIST criteria: A 
systematic review and meta-analysis. Front Endocrinol (Lau-
sanne) 2018;9:224. [CrossRef ]

16.	Van Cutsem E, Tabernero J, Lakomy R, Prenen H, Prausová J, 
Macarulla T, et al. Addition of aflibercept to fluorouracil, leu-
covorin, and irinotecan improves survival in a phase III ran-
domized trial in patients with metastatic colorectal cancer 
previously treated with an oxaliplatin-based regimen. J Clin 
Oncol 2012;30(28):3499–506. [CrossRef ]

17.	Taylor MH, Alva AS, Larson T, Szpakowski S, Purkaystha D, 
Amin A, et al. A mutation-specific, single-arm, phase 2 study 
of dovitinib in patients with advanced malignancies. Oncotar-
get 2020;11(14):1235–43. [CrossRef ]

18.	Motzer RJ, Porta C, Vogelzang NJ, Sternberg CN, Szczylik C, 
Zolnierek J, et al. Dovitinib versus sorafenib for third-line tar-
geted treatment of patients with metastatic renal cell carci-
noma: An open-label, randomised phase 3 trial. Lancet Oncol 
2014;15(3):286–96. [CrossRef ]

19.	Shaharudin NS, Surindar Singh GK, Kek TL, Sultan S. Targeting 
signaling pathways with andrographolide in cancer therapy 
(review). Mol Clin Oncol 2024;21(5):81. [CrossRef ]

20.	Wade BE, Zhao J, Ma J, Hart CM, Sutliff RL. Hypoxia-induced 
alterations in the lung ubiquitin proteasome system dur-
ing pulmonary hypertension pathogenesis. Pulm Circ 
2018;8(3):2045894018788267. [CrossRef ]

21.	Ikeda H, Kakeya H. Targeting hypoxia-inducible factor 1 (HIF-
1) signaling with natural products toward cancer chemother-
apy. J Antibiot (Tokyo) 2021;74(10):687–95. [CrossRef ]

22.	Chakraborty S, Ain R. Nitric-oxide synthase trafficking inducer 
is a pleiotropic regulator of endothelial cell function and sig-
naling. J Biol Chem 2017;292(16):6600–20. [CrossRef ]

23.	Yamamoto N, Oyaizu T, Enomoto M, Horie M, Yuasa M, Okawa 
A, et al. VEGF and bFGF induction by nitric oxide is associated 
with hyperbaric oxygen-induced angiogenesis and muscle re-
generation. Sci Rep 2020;10(1):2744. [CrossRef ]

24.	Saito T, Takeda N, Amiya E, Nakao T, Abe H, Semba H, et al. 
VEGF-A induces its negative regulator, soluble form of 
VEGFR-1, by modulating its alternative splicing. FEBS Lett 
2013;587(14):2179–85. [CrossRef ]

25.	Askarinejad A, Alizadehasl A, Jolfayi AG, Adimi S. Hypertension 
in cardio-oncology clinic: An update on etiology, assessment, 
and management. Cardiooncology 2023;9(1):46. [CrossRef ]

26.	Wang J, Yang S, He P, Schetter AJ, Gaedcke J, Ghadimi BM, et 
al. Endothelial nitric oxide synthase traffic inducer (NOSTRIN) 
is a negative regulator of disease aggressiveness in pancreatic 
cancer. Clin Cancer Res 2016;22(24):5992–6001. [CrossRef ]

27.	Paul M, Gope TK, Das P, Ain R. Nitric-oxide synthase trafficking 
inducer (NOSTRIN) is an emerging negative regulator of colon 
cancer progression. BMC Cancer 2022;22(1):594. [CrossRef ]

28.	Marisi G, Scarpi E, Passardi A, Nanni O, Ragazzini A, Valgiusti 
M, et al. Circulating VEGF and eNOS variations as predictors 
of outcome in metastatic colorectal cancer patients receiving 
bevacizumab. Sci Rep 2017;7(1):1293. [CrossRef ]

29.	Cianfrocca R, Rosanò L, Tocci P, Sestito R, Caprara V, Di Castro 
V, et al. Blocking endothelin-1-receptor/β-catenin circuit sen-
sitizes to chemotherapy in colorectal cancer. Cell Death Differ 
2017;24(10):1811–20. [CrossRef ]

30.	Di Francesco D, Bertani F, Fusaro L, Clemente N, Carton F, 
Talmon M, et al. Regenerative potential of a bovine ECM-
derived hydrogel for biomedical applications. Biomolecules 
2022;12(9):1222. [CrossRef ]

31.	Liu ZL, Chen HH, Zheng LL, Sun LP, Shi L. Angiogenic signal-
ing pathways and anti-angiogenic therapy for cancer. Signal 
Transduct Target Ther 2023;8(1):198. [CrossRef ]

32.	Miyashita-Ishiwata M, El Sabeh M, Reschke LD, Afrin S, Bora-
hay MA. Differential response to hypoxia in leiomyoma and 
myometrial cells. Life Sci 2022;290:120238. [CrossRef ]

33.	Wu MH, Huang CY, Lin JA, Wang SW, Peng CY, Cheng HC, et 
al. Endothelin-1 promotes vascular endothelial growth factor-
dependent angiogenesis in human chondrosarcoma cells. 
Oncogene 2014;33(13):1725–35. [CrossRef ]

34.	Muñoz-Sánchez J, Chánez-Cárdenas ME. The use of cobalt 
chloride as a chemical hypoxia model. J Appl Toxicol 
2019;39(4):556–70. [CrossRef ]

35.	Bosma EK, Darwesh S, Habani YI, Cammeraat M, Serrano 
Martinez P, van Breest Smallenburg ME, et al. Differential roles 
of eNOS in late effects of VEGF-A on hyperpermeability in 
different types of endothelial cells. Sci Rep 2023;13(1):21436. 
[CrossRef ]

36.	Kourembanas S, Marsden PA, McQuillan LP, Faller DV. Hypoxia 
induces endothelin gene expression and secretion in cul-
tured human endothelium. J Clin Invest 1991;88(3):1054–7. 
[CrossRef ]

37.	Belaidi E, Morand J, Gras E, Pépin JL, Godin-Ribuot D. Target-
ing the ROS-HIF-1-endothelin axis as a therapeutic approach 
for the treatment of obstructive sleep apnea-related car-
diovascular complications. Pharmacol Ther 2016;168:1–11. 
[CrossRef ]

38.	Beaudin AE, Waltz X, Hanly PJ, Poulin MJ. Impact of obstructive 
sleep apnoea and intermittent hypoxia on cardiovascular and 
cerebrovascular regulation. Exp Physiol 2017;102(7):743–63. 
[CrossRef ]

39.	Morales-Loredo H, Jones D, Barrera A, Mendiola PJ, Garcia J, 
Pace C, et al. A dual blocker of endothelin A/B receptors mit-
igates hypertension but not renal dysfunction in a rat model 
of chronic kidney disease and sleep apnea. Am J Physiol Renal 
Physiol 2019;316(5):F1041–52. [CrossRef ]

https://doi.org/10.4149/neo_2018_170727N506
https://doi.org/10.1586/era.12.58
https://doi.org/10.1056/NEJMoa2026982
https://doi.org/10.3389/fendo.2018.00224
https://doi.org/10.1200/JCO.2012.42.8201
https://doi.org/10.18632/oncotarget.27530
https://doi.org/10.1016/S1470-2045(14)70030-0
https://doi.org/10.3892/mco.2024.2779
https://doi.org/10.1177/2045894018788267
https://doi.org/10.1038/s41429-021-00451-0
https://doi.org/10.1074/jbc.M116.742627
https://doi.org/10.1038/s41598-020-59615-x
https://doi.org/10.1016/j.febslet.2013.05.038
https://doi.org/10.1186/s40959-023-00197-8
https://doi.org/10.1158/1078-0432.CCR-16-0511
https://doi.org/10.1186/s12885-022-09670-6
https://doi.org/10.1038/s41598-017-01420-0
https://doi.org/10.1038/cdd.2017.121
https://doi.org/10.3390/biom12091222
https://doi.org/10.1038/s41392-023-01460-1
https://doi.org/10.1016/j.lfs.2021.120238
https://doi.org/10.1038/onc.2013.109
https://doi.org/10.1002/jat.3749
https://doi.org/10.1038/s41598-023-46893-4
https://doi.org/10.1172/JCI115367
https://doi.org/10.1016/j.pharmthera.2016.07.010
https://doi.org/10.1113/EP086051
https://doi.org/10.1152/ajprenal.00018.2019


Int J Med Biochem260

40.	Gjørup PH, Wessels J, Pedersen EB. Abnormally increased ni-
tric oxide synthesis and increased endothelin-1 in plasma in 
patients with obstructive sleep apnoea. Scand J Clin Lab In-
vest 2008;68(5):375–85. [CrossRef ]

41.	Kosacka M, Brzecka A. Endothelin-1 and LOX-1 as markers of 
endothelial dysfunction in obstructive sleep apnea patients. 
Int J Environ Res Public Health 2021;18(3):1319. [CrossRef ]

42.	Schoen T, Aeschbacher S, Leuppi JD, Miedinger D, Werthmüller 
U, Estis J, et al. Subclinical sleep apnoea and plasma levels of 
endothelin-1 among young and healthy adults. Open Heart 
2017;4(1):e000523. [CrossRef ]

43.	Radeau T, Lebel M, Houde I, Larivière R, Mauriège P, Kingma 
I, et al. Endothelin-1 levels and cardiovascular risk factors in 
renal transplant patients. Clin Biochem 2004;37(12):1072–8. 
[CrossRef ]

44.	Minoves M, Hazane-Puch F, Moriondo G, Boutin-Paradis A, Le-
marié E, Pépin JL, et al. differential impact of intermittent vs. 
sustained hypoxia on HIF-1, VEGF and proliferation of HepG2 
cells. Int J Mol Sci 2023;24(8):6875. [CrossRef ]

45.	Elbadry MM, Tharwat M, Mohammad EF, Abdo EF. Diagnostic 
accuracy of serum endothelin-1 in patients with HCC on top 
of liver cirrhosis. Egyptian Liver J 2020;10:1–7. [CrossRef ]

46.	Takahashi H, Shibuya M. The vascular endothelial growth 
factor (VEGF)/VEGF receptor system and its role under 
physiological and pathological conditions. Clin Sci (Lond) 
2005;109(3):227–41. [CrossRef ]

47.	Fonódi M, Nagy L, Boratkó A. Role of protein phosphatases in 
tumor angiogenesis: Assessing PP1, PP2A, PP2B and PTPs ac-
tivity. Int J Mol Sci 2024;25(13):6868. [CrossRef ]

48.	Kargozar S, Baino F, Hamzehlou S, Hamblin MR, Mozafari M. 
Nanotechnology for angiogenesis: Opportunities and chal-
lenges. Chem Soc Rev 2020;49:5008–57. [CrossRef ]

49.	Chappell JC, Mouillesseaux KP, Bautch VL. Flt-1 (vascular en-
dothelial growth factor receptor-1) is essential for the vascu-
lar endothelial growth factor-notch feedback loop during an-
giogenesis. Arterioscler Thromb Vasc Biol 2013;33(8):1952–9. 
[CrossRef ]

50.	Ikeda T, Sun L, Tsuruoka N, Ishigaki Y, Yoshitomi Y, Yoshitake 
Y, et al. Hypoxia down-regulates sFlt-1 (sVEGFR-1) expres-
sion in human microvascular endothelial cells by a mech-
anism involving mRNA alternative processing. Biochem J 
2011;436(2):399–407. [CrossRef ]

51.	Jin J, Sison K, Li C, Tian R, Wnuk M, Sung HK, et al. Solu-
ble FLT1 binds lipid microdomains in podocytes to con-
trol cell morphology and glomerular barrier function. Cell 
2012;151(2):384–99. [CrossRef ]

52.	Orecchia A, Mettouchi A, Uva P, Simon GC, Arcelli D, Avitabile 
S, et al. Endothelial cell adhesion to soluble vascular endothe-
lial growth factor receptor-1 triggers a cell dynamic and an-
giogenic phenotype. FASEB J 2014;28(2):692–704. [CrossRef ]

53.	Etienne-Selloum N, Prades J, Bello-Roufai D, Boone M, Sevestre 
H, Trudel S, et al. Expression analysis of α5 integrin subunit 
reveals its upregulation as a negative prognostic biomarker 
for glioblastoma. Pharmaceuticals (Basel) 2021;14(9):882. 
[CrossRef ]

54.	Chappell JC, Cluceru JG, Nesmith JE, Mouillesseaux KP, 
Bradley VB, Hartland CM, et al. Flt-1 (VEGFR-1) coordinates 
discrete stages of blood vessel formation. Cardiovasc Res 
2016;111:84–93. [CrossRef ]

55.	Failla CM, Carbo M, Morea V. Positive and negative regulation 
of angiogenesis by soluble vascular endothelial growth factor 
receptor-1. Int J Mol Sci 2018;19(5):1306. [CrossRef ]

56.	Yu R, Kim NS, Li Y, Jeong JY, Park SJ, Zhou B, et al. Vascular se-
ma3E-plexin-D1 signaling reactivation promotes post-stroke 
recovery through VEGF downregulation in mice. Transl Stroke 
Res 2022;13(1):142–59. [CrossRef ]

57.	Hahne M, Schumann P, Mursell M, Strehl C, Hoff P, Buttgereit F, 
et al. Unraveling the role of hypoxia-inducible factor (HIF)-1α 
and HIF-2α in the adaption process of human microvascular 
endothelial cells (HMEC-1) to hypoxia: Redundant HIF-depen-
dent regulation of macrophage migration inhibitory factor. 
Microvasc Res 2018;116:34–44. [CrossRef ]

58.	Matsuura A, Yamochi W, Hirata K, Kawashima S, Yokoyama M. 
Stimulatory interaction between vascular endothelial growth 
factor and endothelin-1 on each gene expression. Hyperten-
sion 1998;32(1):89–95. [CrossRef ]

59.	Lee KJ, Kim MK, Park YH, Seol HJ, Lim JE, Lee JN, et al. Vascular 
endothelial growth factor induces endothelin-1 production 
via matrix metalloproteinase-2 rather than endothelin-con-
verting enzyme-1. Hypertens Pregnancy 2007;26(2):189–99. 
[CrossRef ]

60.	Lee JE, Kim JY, Jung JH, Shin DH, Park SW. Induction of vascu-
lar endothelial growth factor receptor expression in human 
umbilical vein endothelial cells after repeated bevacizumab 
treatment in vitro. Int J Ophthalmol 2017;10(7):1064–8.

61.	Kida T, Flammer J, Oku H, Morishita S, Fukumoto M, Suzuki 
H, et al. Suppressed endothelin-1 by anti-VEGF therapy is 
important for patients with BRVO-related macular edema to 
improve their vision. EPMA J 2016;7(1):18. [CrossRef ]

62.	Star GP, Giovinazzo M, Lamoureux E, Langleben D. Effects of 
vascular endothelial growth factor on endothelin-1 produc-
tion by human lung microvascular endothelial cells in vitro. 
Life Sci 2014;118:191–4. [CrossRef ]

63.	Fuh G, Wu P, Liang WC, Ultsch M, Lee CV, Moffat B, et al. Struc-
ture-function studies of two synthetic anti-vascular endothe-
lial growth factor fabs and comparison with the avastin fab. J 
Biol Chem 2006;281(10):6625–31. [CrossRef ]

64.	Mohamed MSA. Shehata marker: A promising tool for assess-
ing graft endothelial dysfunction and hypoxic injury. Int J Or-
gan Transplant Med 2024;15(3):133–45. [CrossRef ]

https://doi.org/10.1080/00365510701782382
https://doi.org/10.3390/ijerph18031319
https://doi.org/10.1136/openhrt-2016-000523
https://doi.org/10.1016/j.clinbiochem.2004.08.001
https://doi.org/10.3390/ijms24086875
https://doi.org/10.1186/s43066-020-00030-2
https://doi.org/10.1042/CS20040370
https://doi.org/10.3390/ijms25136868
https://doi.org/10.1039/C8CS01021H
https://doi.org/10.1161/ATVBAHA.113.301805
https://doi.org/10.1042/BJ20101490
https://doi.org/10.1016/j.cell.2012.08.037
https://doi.org/10.1096/fj.12-225771
https://doi.org/10.3390/ph14090882
https://doi.org/10.1093/cvr/cvw091
https://doi.org/10.3390/ijms19051306
https://doi.org/10.1007/s12975-021-00914-4
https://doi.org/10.1016/j.mvr.2017.09.004
https://doi.org/10.1161/01.HYP.32.1.89
https://doi.org/10.1080/10641950701204604
https://doi.org/10.1186/s13167-016-0066-2
https://doi.org/10.1016/j.lfs.2014.02.032
https://doi.org/10.1074/jbc.M507783200
https://www.ijotm.com/ojs/index.php/IJOTM/article/view/1182

