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Objective: Many factors regulate the process of angiogenesis under physiological and pathological conditions. However, no 
reliable marker is currently available that can predict the patient's pro-angiogenic status, which might reliably reflect or predict 
certain clinical outcomes. This paper targetly reviews the response of certain important vascular effectors to hypoxia and their 
roles in angiogenesis, trying to introduce a reliable surrogate marker that can reflect the pro-angiogenic status of a patient, 
based on experimental and clinical published studies. 

Methods: The adopted approach is a mix of preclinical testing and narration of published examples of individual correlations 
of the marker components. As tumor-associated angiogenesis is the most prominently and clinically studied, this model 
constitutes the significant base for the notions of this work.

Results: Under hypoxic conditions, a decrease of tissue nostrin, along with increased production of nitric oxide synthase 
(eNOS), vascular endothelial growth factor (VEGF)-A, sVEGFR1 and endothelin-1 (ET-1) are to be expected.

Conclusion:  Based on the experimentally proven changes in the selected angiogenesis-related effectors, as well as their 
experimentally and clinically proven roles and correlations in angiogenesis, the following conclusion can be stated; Low tissue 
nostrin, high circulating eNOS,  high circulating VEGF-A, high circulating  ET-1 can indicate a pro-angiogenic status, i.e. hypoxic 
injury. 
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Introduction

Angiogenesis is the formation of new blood vessels that 
involves organized migration, growth, and differentiation of 
endothelial cells. Various signals control this process, where 
some, such as vascular endothelial growth factor (VEGF) 
signaling, are promoters, while others are inhibitors (1). Under 
physiological conditions, the angiogenesis stimulating and 
inhibiting signals are balanced, so that new blood vessels form 
only when and where needed, for example during growth 
and healing. Sometimes, however, these signals may become 
unbalanced, which contributes to pathological conditions or 
diseases, such as angiogenesis in cancer and metastasis or 
angiogenesis in age-related wet macular degeneration (2).

The aim of this work is to provide an innovative hypothesis 
regarding a potential angiogenesis marker, along with an 
initial proof of it. The adopted approach is a mix of preclinical 
testing and narration of published examples of individual 
correlations of the marker components.

Methods
Study design: Experimental study
Experiment

The preclinical testing was achieved through experiments 
on cell lines, where hypoxia was chemically induced and the 
changes of the marker components (proteins of interest) were 
assessed using immunoblotting. 

Cells used in this work are HEK293T and HuH7 cells. Cells 
were obtained from neighbor research groups. Cells 
were harvested, washed with PBS and three independent 
experimental repeats were conducted, where 200K cells were 
seeded in culture wells and incubated in 2 ml supplemented 
medium overnight (DMEM medium supplemented with: 10% 
BSA (Gibco), 1X sodium pyruvate, 1X penicillin – streptomycin 
(Gibco), 1X Glutamax-Supplement (Gibco) and 25mM HEPES). 
Cells were treated with CoCl2 (Sigma Aldrich) according to the 
following design:

• Control non treated cells

• Cells treated with 200uM CoCl2

• Cells treated with 300uM CoCl2

• Cells treated with 400uM CoCl2

Cells were incubated at 37Cо for additional 72 hours before 
harvesting and further processing. Collected samples were 
divided into cell lysates and media. The cell lysate samples 
were used to investigate the intracellular changes to 
various treatments, while the same proteins in media were 
considered secreted, as media were collected before cell 
lysis in RIPA buffer supplemented with proteases inhibitors. 
To ensure equal protein loading, prior estimation of samples' 
protein concentrations was conducted using the Bradford 
method. To test and document equal loading, certain internal 
controls were tested, to which the target protein bands were 
normalized. The effects of the treatments on hypoxia inducible 

factor-1 alpha (HIF1-α) and target proteins were then assessed 
using immunoblotting. Used primary antibodies were 
purchased from Proteintech Germany. Bands were analyzed 
with ImageJ software for detection of band density. 

Statistical analysis

Unpaired T-test was used to compare the values of various 
experimental arms to the control. P values less than 0.05 were 
considered significant.

Evidence collection

The selected studies for the narration were reached through 
searching the Pubmed and Scopus Databases using the 
corresponding key words, namely; hypoxia, angiogenesis and 
the protein of interest.

The basic observations

One of the most important and well-studied angiogenesis 
stimulators is VEGF (3), which has been a target for many 
angiogenesis inhibitors that have been approved for clinical 
application. Many proangiogenic factors (PFs) have been 
studied, which could be divided in two subgroups (4):

• Classical, for example: VEGF, fibroblast growth factor-2 
(FGF-2), platelet derived growth factor (PDGF), platelet 
derived endothelial cell growth factor/thymidine 
phosphorylase (PD-ECGF/TP), angiopoietins (Ang), 
hepatocyte growth factor (HGF), insulin like growth factors 
(IGFs), tumor necrosis factor (TNF) and interleukin-6 (IL-6).

• Non-classical, such as stem cell factor (SCF), tryptase and 
chymase. 

Hypoxia leads to induction of  HIF1-α and significant reduction 
in tissue nostrin levels (5). Under hypoxic conditions, HIF-
1α forms a dimer complex with HIF-1β through nuclear 
translocation. This complex binds the hypoxia response 
element, through interacting with coactivator p300, 
increasing the expression of VEGF, MMPs, angiopoietin, and 
PDGF (6). Low nostrin leads to enhanced activity of endothelial 
nitric-oxide synthase (eNOS) (7). Hypoxia leads to increased 
VEGF-A (8), which induces sVEGFR-1(sflt-1) (9) along with an 
accompanying enhanced endothelin-1 (ET-1) activity (10). 
Thus, under hypoxic conditions, a decrease of tissue nostrin, 
along with increased production of eNOS, VEGF-A, sVEGFR1 & 
ET-1 are to be expected.

Role of eNOS/VEGF axis in angiogenesis

During the conversion of l-arginine to l-citrulline eNOS works 
as a catalyst and nitric oxide (NO) is produced. NO is important 
for mediating the angiogenic activity of several factors, 
including VEGF, where eNOS activation is regulated in part by 
the upstream Akt/protein kinase B signaling. Meanwhile, the 
VEGF family includes seven known members, namely; VEGF-A, 
VEGF-B, VEGF-C, VEGF-D, placental growth factor (PlGF), non-
human genome encoded VEGF-E and svVEGF (snake venom 
VEGF). VEGF-A supports the vascular endothelium and is an 
essential regulator of angiogenesis. It participates in tumor 
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Based on the experimentally proven changes in the 
angiogenesis-related effectors displayed in  Figure 1, as well as 
the experimentally and clinically proven roles and correlations 
in angiogenesis, the following conclusion can be stated; 

(a)Low tissue nostrin,  high circulating eNOS,  high circulating 
VEGF-A, high circulating  ET-1 can indicate a pro-angiogenic 
status, i.e. hypoxic injury

(b)Vice versa, high tissue nostrin, low circulating eNOS, low 
circulating VEGF-A,  low circulating ET-1 may indicate a poor 
pro-angiogenic status.

Evidence through relevant published studies

As relative ischemia and hypoxia usually accompany the 
rapid growth rates of neoplasms, thus always present in the 
tumor microenvironment, tumor-associated angiogenesis has 
gained great interest in the last decades, where the individual 
components of the proposed marker have been extensively 
studied and anti-angiogeneic agents are often integrated as 
adjuvant therapeutic regimes (14).

growth, proliferation, invasion, metastasis, angiogenesis, 
and drug resistance. VEGF-B promotes neuronal survival 
and cardiovascular growth through angiogenesis in specific 
organs, while the importance of VEGF-C and VEGF-D is seen 
in tumor growth and metastasis, being involved in VEGFR-3- 
mediated lymphangiogenesis and lymphatic metastasis (11).

Role of endothelin -1 axis in angiogenesis

The endothelin system includes 3 endothelin isoforms; ET-1, 
ET-2 and ET-3, which interact with 2 types of specific receptors; 
endothelin receptor-A (ETRA) and endothelin receptor-B 
(ETRB). ET-1 and ET-2 interact more potently with ETRA than 
ET-3 does, while the 3 isoforms can interact equipotently with 
ETRB. Mature ET-1 is the isoform expressed mainly in vascular 
endothelial cells and smooth muscles (12). ET-1 has a direct 

angiogenic effect on the endothelial and peri-vascular cells. 
It is important for cell growth and proliferation and exerts its 
actions through the mitogen-activated protein kinase (MAPK) 
pathway activation. ET-1 can increase VEGF expression and 
stimulate angiogenesis, through its endothelin A receptor 
(ETAR), integrin-linked kinase (ILK), Akt and HIF-1α signaling 
cascades (13). 

The innovative marker (hypothesis):

Based on the published studies (5-10), concomitant changes 
in the levels of the above- mentioned angiogenesis – related 
effectors, in response to hypoxia, can be noticed, which 
enclose enhanced activities of both eNOS/VEGF and ET-1 axes 
(Fig. 1). 

Figure 1. Hypoxia is associated with decreased nostrin, increased secretion of eNOS & VEGF-A, increased sVEGFR-1, which augments 
the actions of the concomitantly increased ET-1. All favor the angiogenesis

eNOS  - endothelial nitric-oxide synthase,  ET – endothelin, VEGF -vascular endothelial growth factor
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Table 1. Examples of the published evidence of the individual correlations of the marker components with tumor-associated 
angiogenesis

Study
Marker/Findings

Year Origin
Nostrin

Wang et al. (15)

A study included 50 samples from pancreatic cancer patients,  concluded that nostrin is a 
negative regulator of disease aggressiveness in pancreatic cancer. 
Additional cell line experimental work revealed that the over-expression of nostrin 
suppressed migration and invasion of pancreatic cancer cells and increased sensitivity to 
the chemotherapy drug Gemcitabine.

2017 USA

Paul et al. (16)

Nostrin is a novel negative regulator of colon cancer progression in cell line experiments, 
which were confirmed clinically.
Patient samples (n=144), where nostrin expression was assessed by PCR.
The onset of colorectal cancer (CRC) is associated with significantly (p<0.05) reduced 
nostrin transcripts compared to control samples.
Nostrin transcripts decreased as disease stages progressed, reaching their minimum level 
in stage IIB (p<0.001), after which they plateaued in stages IIIB, IIIC and IV.

2022 India

Endothelin-1 (ET-1)

Asham  et al. (17)

Increased ET -1  production in CRC: ET-1 plasma levels in patients with CRC were 
measured by radioimmunoassay: Group 1 = controls (n = 22), Group 2 = primary CRC 
only (n = 39), Group 3 = liver metastases only (n = 26).
ET-1 plasma levels were significantly higher in groups 2 and 3, compared to group 1 
(p<0.01, 3.9 (1.4), 4.5 (1.5), vs. 2.75 (1.37) pg/ml, respectively). Increased ET-1 expression in 
primary CRC samples (n = 10).
 In a rat model, after treatment with the ET(A) antagonist (BQ123), there was a significant 
reduction in liver tumor weight compared to controls, 30 minutes after intraportal 
inoculation of tumor cells (p<0.05).

2001 UK

Hoosein et al. (18)

Altered ET receptor subtypes in CRC: Frozen sections from colon cancer (n=9) and normal 
colon (n=9) samples.
ETRA is upregulated in all cell types except nerves in cancer compared to normal colon 
(1:1.59 normal vs cancer). ETRB are the predominant receptors in the normal colon (1:0.59 
normal vs CRC) and were significantly downregulated in cancer-associated blood vessels, 
fibroblasts and, to a lesser extent, epithelial cells.

2007 UK

Cianfrocca et al. (19) Blocking ET-1 receptors by macitentan (a dual ETAR and ETBR antagonist) sensitizes to 
chemotherapy in CRC (Preclinical mouse study). 2017 Italy

Kappes et al. (20)

Ambrisentan, an ET receptor type A-selective antagonist, inhibits both spontaneous and 
induced cancer cell migration, invasion, and metastasis capacity of different tumor cells 
(COLO-357 metastatic pancreatic adenocarcinoma, OvCar3 ovarian carcinoma, MDA-
MB-231 breast adenocarcinoma, and HL-60 promyelocytic leukemia)

2020 Germany

VEGF and eNOS

Miyazaki et al. (21)

Plasma levels of VEGF-C in patients with CRC (n = 127) and normal healthy volunteers (n 
= 23) were determined by ELISA.
Plasma VEGF-C levels were higher in patients who experienced recurrence (n = 35) than 
in patients who did not experience recurrence (n = 74) (p=0.04).
Disease-free (p=0.02) and overall survival times (p =0.02) were shorter in patients with 
high plasma VEGF-C levels (>1840 pg/ml) than in patients with low plasma VEGF-C levels. 
Multivariate analysis using Cox proportional hazard model showed that plasma VEGF-C 
level, along with Dukes stage, was an independent factor affecting overall survival 
(p=0.03).

2008 Japan
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Continued from page 45

Study
Marker/Findings

Year Origin
Nostrin

Alabi et al. (22)

Serum VEGF-A levels were determined by ELISA in 93 CRC patients preoperatively:
Nodal negative (n = 41) and nodal positive (n = 52).
Patients with local recurrence had significantly higher serum VEGF-A levels (p=0.01).
Patients with preoperative serum VEGF-A levels > 575 pg/mL are more likely to have 
recurrence.

2009 UK

Chin et al. (23)

Preoperative serum VEGF level can select patients for adjuvant treatment after curative 
resection for CRC.
Serum VEGF was examined by quantitative ELISA in 81 patients before curative resection 
for nodal negative (n = 53) and nodal positive (n = 28) disease.
Preoperative serum VEGF was significantly higher in patients, who later developed 
metastases than in patients, who did not develop metastases.
Using multivariate Cox regression analysis, preoperative serum VEGF was the most 
important prognostic factor, independent of nodal status and adjuvant chemotherapy, 
and was superior to nodal status in predicting the clinical outcome (p<0.0001).
At 575 pg ml-1 preoperative serum VEGF was 64% sensitive and 89% specific in 
predicting the development of metastases after curative resections, with a positive 
predictive value of 73% and a negative predictive value of 85%.

2000 UK

Marisi  et al. (24)

Circulating VEGF and eNOS variations as predictors of the clinical outcome in metastatic 
CRC patients receiving bevacizumab.
Total participants: 129 patients
Arm 1: Receiving FOLFOX4/FOLFIRI (chemotherapy) with bevacizumab (64 patients).
Arm 2: Receiving FOLFOX4/FOLFIRI (chemotherapy) without bevacizumab (65 patients).
Bevacizumab-treated patients with greater than 30% reduction in eNOS and VEGF levels 
from baseline to first clinical assessment demonstrated better overall survival.

2017 Italy

George et al. (25)

Clinical study involving 70 CRC samples and 20 adenomatous polyp samples.
VEGF-D mRNA expression was significantly lower in both polyps and CRC samples 
compared to normal mucosa (p=0.0002 and 0.002, respectively).
VEGF-A and VEGF-C are significantly increased in CRC samples (p=0.006 and 0.004, 
respectively), but not in polyp samples (p=0.22 and p=0.5, respectively).
Receptor expression was similar in tumor tissue and normal mucous membranes.
Tumors with lymph node metastasis had significantly higher VEGF-A levels compared to 
non-metastatic tumors (p=0.043).
No connection was observed between VEGF-C or VEGF-D and lymphatic spread.

2001 UK

Hanrahan  et al. (26)

Samples: normal colorectal tissue (n = 20), adenomas (n = 10) and CRC (n = 71), 
representing different Duke stages.
VEGF-A is the most abundant in colorectal tissue, followed by VEGF-B, VEGF-C and 
VEGF-D.
VEGF-A and VEGF-B are significantly more common in adenomas 
(p=0.0003 and  p=0.04, respectively) than in normal tissue.
VEGF-A and VEGF-C were significantly increased in carcinomas compared to normal 
tissue (p=0.0006 and p=0.0009, respectively).

2003 New 
Zealand 

CRC – colorectal cancer, eNOS  - endothelial nitric-oxide synthase, ET – endothelin, ETRA - endothelin receptor-A,  ETRB -  endothelin 
receptor-B,  VEGF -vascular endothelial growth factor
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Evidence through own experiments

Nevertheless, when the chemical induction of HIF-1α under 
cobalt chloride (CoCl2) treatment was used to evaluate the 
corresponding effects on nostrin, eNOS, VEGF-A and ET-1 

in HEK293T (kidney) and HuH7 (liver) cells (author's original 
work), the results confirmed the innovative potential, where 
the chemical induction of hypoxia resulted in statistically 
significant reduction of nostrin, along with statistically 
significant increase in secreted eNOS, VEGF-A and ET-1 (Fig. 2).  

Figure 2 (A and B);  Effect of hypoxia on the target proteins in HEK293T and HuH7 cells. With almost equal loading, 
β-actin or vinculin as  loading controls showed no significant difference among bands. 
-HIF-1α was induced in response to CoCl2 treatments compared to control non-treated cells. 
-Nostrin decreased in response to hypoxia induction in both cell lines
-The production of VEGF-A, eNOS and ET-1 increased compared to the corresponding control non-treated cells  
The results are the outcome of 3 independent biological repeats. 

A)

B)
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Although other techniques, such as ELISA, may have been 
more sensitive to detect the corresponding significant 
changes, being usually delicate and measured in picograms, 
immunoblotting was still able to detect significant changes, 
denoting strong reliability of the results. In addition, other in-
vivo preclinical and clinical studies reported similar findings, 
where intermittent hypoxia led to enhanced ET-1 expression 
in animals (27) and chronic intermittent hypoxia led to 
increased circulating ET-1 levels in patients of sleep apnea (28, 
29). Moreover, elevated circulating ET-1 has been associated 
with vascular dysfunction in transplant patients (30).

Discussion

Angiogenesis is not just a vital task for existence and survival 
of any tissue, but also a procedure that participates in many 
vital processes within the human body, starting from wound 
healing up to the determination of the clinical outcomes of 
the ischemic and neoplastic conditions. Hence, it would be 
very important to introduce a reliable marker that can reflect 
the pro-angiogenic status of a tissue or even an individual. 
The clinical interpretation of such a marker can be very 
useful. For example; it may contribute to early detection 
of neoplasm, which is a major cause of post-transplant 
morbidity and mortality with 3 times higher incidence risk 
due to immunosuppression (31), and or graft dysfunction. 
Thus, clinical studies are essential to determine the cut-off 
levels and the degree of changes accompanying various 
clinical conditions. 

In addition, this marker can be very efficient in monitoring 
the therapeutic response in angiogenesis-related diseases, 
especially with adjuvant therapy and organ transplantation. 
The persistence of the high pro-angiogenic marker pattern 
after surgery would mean persistent hypoxic injury and or 
pro-angiogenic status, which may indicate remnant primary 
tumor and or metastasis in oncological conditions, or an in-
vivo perfusion dysfunction in solid organ transplantation. 
On the other side, the subside of a pre-interventional high 
marker pattern to normal would indicate a good response to 
the therapeutic interventions. 

Recently, hypoxia and angiogenesis have been accused for 
playing important roles in the initiation of inflammation (32), 
hence graft rejection reactions (33). Indeed, the selected 
marker components are heavily involved in many steps of 
inflammation. For example, eNOS and VEGF-A are involved 
in increased vascular permeability, facilitating leukocytic 
migration and infiltration, though VEGF itself has immune 
modulatory activities (32, 33). Likewise, nostrin can suppress 
NFκB signaling, thus its reduction affects the production of 
many inflammatory cytokines, including interleukin-6 (IL-6) 
(34). In addition, ET-1 is also known to have proinflammatory 
activities (35). Hence, the proposed marker can be 
extraordinary important for the clinical practice of organ 
transplantation. 

Relation to transplantation

In the field of solid organ transplantation, neovascularization 
is desired for graft survival. As a part of pretransplant ischemia, 
some degree of graft hypoxia would result in the above 
presented pro-angiogenic pattern of changes. Increased 
VEGF affects the innate and adaptive immune mechanisms 
through its interaction with the immune and endothelial cells, 
modulating the vascular permeability and endothelial protein 
expression (36). Among the immune modulatory activities of 
VEGF are: 

- The polarization of macrophages into an M2 phenotype, 
which is involved in immunosuppressive activities, 
in contrast to the M1 phenotype, which is mainly 
proinflammatory (36, 37);

- Decrease the maturation of the dentritic cells (DC) (36);

- Upregulation of checkpoint inhibitors on DC and CD8+ T 
cells (36);

- Attenuation of the cytotoxicity of the natural killer (NK) 
cells through VEGF-C/VEGFR-3 signaling (36);

- Inhibition of the proliferation, cytotoxicity, and 
recruitment of CD3+ T cells (36).

Contradicting the above immunomodulatory effects 
is not wanted in solid organ transplantation, where 
immunosuppression is a clinical target to minimize rejection 
reactions. Thus, a pretransplant limited degree of hypoxia may 
be beneficial. On the other side, there is the ET-1 axis, which 
expresses proinflammatory activities, including functioning 
as a chemokine that promotes chemotaxis and concomitantly 
increases vascular permeability. In addition, ET-1 increases 
the monocytes' release of TNF-α, IL-1 and IL-6, whose roles 
in inflammation and transplant clinical outcomes are well 
studied (36, 38, 39). Thus, the clinical application of Shehata 
marker of angiogenesis may aid in the prediction of, not only 
the pro-angiogenic potential essential for graft survival, but 
also the possible direction of the immune response. In other 
words, the personalized and individual reaction to hypoxia 
may differ from person to person, i. e. from graft to graft. The 
use of the proposed marker may allow the prior detection of 
any imbalance between the involved axes; VEGF axis and ET-1 
axis. Thus, the proper interventions can be applied.

Study limitations

This article represents the initial introduction of a potential 
innovative marker that can reflect the hypoxic injury and 
the proangiogenic status. As a perspective article, the 
introduced notion was supported with published evidence 
and experimental results. The reported evidence is based on 
individual correlations and or involvements of each marker 
component. There are no published studies that involve 
the combined marker components in relation to hypoxia 
or angiogenesis, hence the presented notion is innovative. 
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However, systemic reviews to discuss each component by 
itself may provide stronger evidence, but cannot be enclosed 
in one article. Likewise, the presented experimental results 
were limited to commercial cell lines. In-vivo results on the 
preclinical and clinical levels are essential for more reliable 
confirmations.

Conclusion

To the limit of this perspective article, the notion of combining 
the above-mentioned effectors into a single marker that can 
reflect the hypoxic response and the pro-angiogenic profile 
of a patient or a tissue (organ) has been introduced for the 
first time. The individual roles played by each component of 
the marker can be reviewed and discussed separately, both on 
the vascular functional, hypoxic and angiogenic levels, as well 
as on the inflammatory and immunological levels. Gaining 
more of this knowledge confirms the enormous relativity of 
those proteins to the clinical practice in the field of organ 
transplantation. Future studies are intended to confirm the 
above-discussed principles, reporting the preclinical reliability 
and clinical utilities of the proposed marker.
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