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Chapter 1
Introduction to Angiogenesis in Normal 
Physiology. Disease and Malignancy

Abstract Vasculogenesis is the de novo formation of blood vessels by mesodermal 
progenitors undergoing differentiation to endothelial cells. New vasculature forma-
tion from pre-existing vasculature occurs through the physiological remodelling 
process known as angiogenesis. Angiogenesis is implicated in the proliferation and 
growth of both physiologically normal and neoplastic tissues, through the establish-
ment of vascular supply, essential for delivering growth requirements such as oxy-
gen and nutrients. Many inhibitory and promoter genes regulate this process, 
however the role of specific genes in the shift from normal angiogenesis to tumour 
initiation is complex and thus poorly understood. This book investigates the process 
of angiogenesis in malignancies. The functional role of key regulatory factors will 
be examined in the context of normal healthy condition. Then the association of 
these factors to disease and malignancy, cancer proliferation and progression will be 
discussed. New insights into the role of angiogenesis and the therapeutic inhibition 
of its regulators will be investigated due to the great potential for exploitation in the 
development of a novel treatment for cancer.

Keywords  Angiogenesis • Normal physiology • Disease • Malignancy

1.1  Introduction to Angiogenesis

There are two mechanisms for the formation of blood vessels in the body; angiogen-
esis and vasculogenesis. Both are essential in formation of the vascular network in 
our bodies.

Vasculogenesis is the formation of blood vessels from angioblasts. It is a dynamic 
process that involves cell–cell and cell–extracellular matrix interactions directed by 
growth factors and morphogens (Carmeliet 2005). This process includes differentia-
tion of mesodermal stem cells into angioblasts, and then the differentiation of 
angioblasts into endothelial cells under the command of growth factors. It occurs 
inside the embryo and it initiates the first vascular system of our body.

Angiogenesis is the term used to describe the process of growth or formation of 
new blood vessels from pre-existing blood vessels (Folkman and Shing 1992). This 
process begins in utero and prolongs throughout life. Angiogenesis is an essential 
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process in normal physiology in the body for it has major roles in healing, reproduc-
tion, growth of tissues and also diseases (Felmeden et al. 2003). The role of angio-
genesis and its contribution to disease has been a topic of discussion for the last few 
decades (Folkman 1996). Metabolically active tissues in the body are always in 
close proximity to bloody capillaries for essential processes such as exchange of 
nutrients and metabolites must occur (Adair and Montani 2010). It is responsible for 
both remodelling and expansion of the existing network formed by vasculogenesis. 
Angiogenesis exists as a very important process in the body due to the fact that all 
tissues require oxygen. Oxygen is delivered through capillaries which are formed 
through angiogenesis. The control of angiogenesis in the body is dependent on a 
specific tissue’s metabolic needs. The reason angiogenesis has gained much public-
ity in the world of health is due to its influence on both many diseases and cancer. 
Malignant growth is dependent on the formation of these new blood vessels, that 
supply nutrition to the tumour site, and provide a way for certain cells and survival 
factors to enter and leave circulation (Folkman 2006; Seaman et al. 2007). Chemical 
factors such as angiogenic growth factors, angiogenesis inhibitors and other genetic 
factors can cause abnormalities in the process of angiogenesis (Seaman et al. 2007). 
This lack of control results in either too much or too less angiogenesis occurring 
(Albini et al. 2012). The stimulation of angiogenesis is now considered therapeutic 
approach in terms of treating peripheral arterial disease, ischemic heart disease, and 
in wound care, however, in cases of ophthalmic conditions, cancer, rheumatoid 
arthritis, and other diseases, limitation of angiogenesis seems a better option 
(Folkman and Shing 1992).

In general, angiogenesis occurs in a series of steps that are initiated by a certain 
cell not having enough oxygen. This cell will release proangiogenic growth factors 
which attract inflammatory and endothelial cells that then proliferate and grow. 
Endothelial cells in the target location then secrete metalloproteases which digest 
the blood vessel walls allowing these cells to go towards the angiogenic stimulus. 
The process is completed through anastomosis which joins the capillaries coming 
from the arterioles and venules, establishing proper blood flow in the body 
(Carmeliet 2005). For angiogenesis to occur in the body, its positive regulation 
through growth factors must overcome the factors that inhibit angiogenesis. 
Angiogenesis is a complex process composed of many steps and a combination of 
factors such as cells, soluble factors and extracellular matrix (ECM) components 
(Liekens et al. 2001). Embryonic mesenchymal cells differentiate into endothelial 
cells to develop into blood vessels (Felmeden et al. 2003). There are growth factors 
that have been described to be associated with the positive regulation of angiogen-
esis; these include vascular endothelial growth factor (VEGF), transforming growth 
factors (TGF-beta), fibroblast growth factors (FGF), epidermal growth factor (EGF). 
On the other hand, there are also growth factors that have been shown to have little 
effect on proliferation of endothelial cells in angiogenesis (Carmeliet 2005). There 
are two types of angiogenesis that occur in adults: these are sprouting angiogenesis 
and intussusceptive angiogenesis.

Sprouting angiogenesis essentially refers to branching of existing blood vessels 
via enzymatic degradation of capillary basement membrane, proliferation and 
migration of endothelial cells towards angiogenic stimulus through the extracellular 
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matrix, formation of a tube with lumen, fusion of vessels to form network and 
finally stabilization of vessels by recruitment of pericytes (Adair and Montani 
2010). Angiogenic stimuli induce the endothelial cells of existing vessels to prolif-
erate and increase in permeability. Next, the extracellular matrix of the proximal 
tissue gets degraded to give space for the new blood vessel. The endothelial cells 
continue sprouting and proliferating into the provisional extracellular space, and 
form the lumen of the developing capillary. In the final stages of angiogenesis sta-
bilization occurs, where a mature vascular basement membrane covers and peri-
cytes surround the new vessel to protect and support it (Hong et al. 2014; Senger 
and Davis 2011).

In terms of sprouting angiogenesis, the first growth factor was discovered in the 
1980s which was fibroblast growth factor. FGF triggers all the main steps in the 
angiogenesis process and is produced by many cells, among which are macrophages 
and tumour cells. Despite the fact that FGF is not released on a regular basis, after 
its secretion into the extracellular matrix the angiogenesis cascade is initiated. 
Various research points to the fact that vascular endothelial growth factor (VEGF) 
is a very important part of the initiation of angiogenesis as well. Essentially, it acti-
vates the proliferation of endothelial cells and is also a powerful initiator of vasodi-
lation in blood vessels. Furthermore, it is a stimulator of metalloproteinases and 
plasminogens (Hillen and Griffioen 2007).

To go into more depth on the process, we can use the role of VEGF as an exam-
ple. VEGF provides an angiogenic stimulus that helps the endothelial tip cell sprout 
through the extra-cellular matrix thus forming the foundation for a new capillary to 
develop. The tip cells are aided by processes on them called filodopia which release 
proteolytic enzymes that establish a path through the ECM. The sprouting of the tip 
cells with their filodopia is also heavily dependent on the VEGF gradient as the 
filodopia are covered in many VEGF receptors. Following the tip cells, are endothe-
lial stalk cells which cause the elongation of the sprout. These stalk cells are what 
forms the capillary lumen. The uniting of two tip cells at a centre of VEGF release 
forms one continuous lumen through which blood can perfuse. The VEGF stimulus 
dies down after the tissues in that area are sufficiently oxygenated (Carmeliet 2005).

Intussusceptive angiogenesis, in comparison, is a much newer discovery which 
was first observed  in  the  lungs (Burri and Djonov 2002). It is a much faster and 
efficient form of angiogenesis as there is no endothelial cell proliferation and it is 
merely the splitting of a blood vessel into two by reorganization of the existing 
endothelial cells so that the cells extend into the lumen (Adair and Montani 2010; 
Carmeliet 2005). This ultimately causes an increase in the overall complexity of the 
network and occurs throughout life like sprouting angiogenesis.

1.2  Angiogenesis in Normal Physiology

During embryonic development the primary capillary plexus is developed by vascu-
logenesis. Vasculogenesis differs from angiogenesis in that the formation of new 
vasculature does not happen from pre-existing vessels but rather from endothelial 
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cell precursors, called angioblasts. The primary capillary plexus is then remodelled 
by the process of angiogenesis (Papetti and Herman 2002). The growth of newly 
developed cells is angiogenesis-dependent; all cells require nutrition, oxygen and 
removal of wastes to be able to function (Folkman 1996). The growth of the vascu-
lar network that is the cardiovascular system is one of the earliest events of angio-
genesis occurring during  embryonic development  (DeWitt 2005). After birth the 
blood vessels remain quiescent however it may also arise during adulthood such as 
seen in reproduction. During the menstrual cycle the development of the endome-
trium occurs resulting in highly-developed vascularity. The endometrium eventu-
ally sheds causing breakages in the surrounding blood vessels, which then undergo 
angiogenesis in order to repair the endometrial tissue (Smith 2001; Folkman 2006). 
Another instance where angiogenesis may occur later in life, and is of quite signifi-
cance is in the regeneration of damaged tissues during the wound repair and healing 
process. During the process of wound healing, sprouting angiogenesis takes place 
resulting in endothelial projections that enter the blood clot over the wound 
(Tonnesen et al. 2000). The organised vascularity assists in the deposition of a col-
lagen matrix within the granulation tissue and as it matures into a scar, the dense 
network of blood vessels eventually decreases (Tonnesen et al. 2000). Angiogenesis 
should be also enhanced in numerous nonrelated diseases such as in ischemic tis-
sues or cardiac failure where reperfusion is required to improve the disease condi-
tions; such event is also referred to as compensatory angiogenesis (Carmeliet 2003).

It is evident from the aforementioned roles in normal physiology that angiogen-
esis requires regulation in order to switch the process on and off when required. 
Certain naturally occurring inhibitors of this process prevent the formation of neo-
vasculature under pathologic conditions (Folkman and Shing 1992). It can therefore 
be concluded that a dynamic relationship must exist between growth factors and 
inhibitors, and if disrupted could lead to disease.

1.3  Angiogenesis in Disease

Several chronic inflammatory diseases are, in fact, causative agents of excessive 
angiogenesis as part of the pathology (Carmeliet 2003). In such conditions, the bal-
ance between stimulant and inhibitory angiogenic factors tilt towards the stimulant 
outcome leading to ‘angiogenic switch,’ resulting in profound angiogenesis 
(Carmeliet 2005). These diseases include atherosclerosis, rheumatoid arthritis, dia-
betes, psoriasis, endometriosis and cancer. To treat such disorders, therapeutic inhi-
bition of angiogenesis can be an option of improvement (Carmeliet 2003).

Multiple studies revealed that the immune system is critically impacted by angio-
genesis. Studies have shown that during angiogenesis exposure of endothelial cells 
to angiogenic factors such as FGF-2 and VEGF down-regulates adhesion molecule 
expression on the endothelial cells. In addition, endothelial adhesion molecules 
controlled by cytokines such as TNF is severely hampered by angiogenic stimulus 
which interferes with activation and adhesion of leukocytes to endothelial tissues at 
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the site of neovascularization (Carmeliet 2003). This was an important finding as it 
suggested that those chronic inflammatory disorders which cause angiogenesis 
were capable of escaping immune surveillance of the body. Such chronic inflamma-
tory diseases are also capable of causing angiogenesis by introducing angiogenesis 
stimulatory factors.

In cases of rheumatoid arthritis, the rheumatoid synovial endothelium is enriched 
with VEGF an FGF-2 which are angiogenesis-promoting cytokines (Carmeliet 
2003). clinical trials in attempt to treat rheumatoid arthritis deals with prescribing 
TNF- α-blocking antibodies which in turn revealed a significant decrease in serum 
VEGF levels, decreasing the synovial vascularity (Carmeliet 2003). Growth factors 
like PlGF which plays an angiogenic role in disease without activating quiescent 
vessels in healthy tissues become an attractive target in the development of a safe 
anti-angiogenic treatment (Luttun et al. 2004).

In addition, many leukocyte subtypes were found to produce multiple angiogenic 
factors such as VEGF, PDGF and FGF and various interleukins and proteinases. For 
example, neutrophils and natural killer cells are implicated in cyclical uterine angio-
genesis and in abnormal angiogenesis in endometriosis. This revealed that different 
leukocytes have the ability to promote many angiogenic processes. Nevertheless 
leukocytes also generate angiogenesis inhibitors. Hence their overall role in initiat-
ing or terminating angiogenesis depends on the temporal and spatial balance of the 
released modulators. Mast cells are also found to release angiogenic factors when 
they encounter allergens and pathogens in the skin and mucosa (Mori et al. 2013).

In conditions such as ischemic heart disease or preeclampsia, the angiogenic 
switch is insufficient which leads to endothelial cell dysfunction, vessel malforma-
tion or regression and revascularisation, therefore in such conditions promoting 
revascularization or therapeutic angiogenesis can be beneficial (Carmeliet 2005). 
Currently the angiogenic factors such as VEGF and FGF are the genes of interest to 
be used as a treatment for disorders such as ischaemic tissues.

1.4  Angiogenesis in Malignancy

Cancer is a broad term collectively used to describe a number of diseases in which 
abnormal cells divide uncontrollably and have the ability to invade other tissues. 
Cancerous cells are able to spread to other parts of the body via lymph and blood 
systems. In the normal state, our body’s plethora of cell types is constantly undergo-
ing growth, division and eventually replacement when they die or become damaged. 
The origin of cancer can be attributed to a genetic mutation within cell DNA that 
affects the normal cell growth and division. Normal cell death does not occur and 
instead unwarranted new cell formation and growth occurs leading to the develop-
ment of a mass of tissue known as a tumour. It is important to note that not all 
tumours are necessarily cancerous. Benign tumours are non-cancerous, do not 
spread to other parts of the body and can be removed without reoccurrence. 
Malignant tumours however are much more dangerous and can metastasise to other 
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parts of the body (Nishida et al. 2006). Metastasis is the term used to describe can-
cer spread and the potential of cancer cells to leave the original site, penetrate into 
blood vessels and lymphatics and move through blood vessels to other organs 
(Seaman et al. 2007). Years of cancer research and meticulous studies have clearly 
shown that the angiogenesis phenomenon plays a pivotal role in the spread of cancer 
and is a fundamental concept involved in cancer metastasis; specifically the transi-
tion of benign tumours to those that become malignant. It was of previous thought 
prior to the 1960s that blood supply to tumours was actually carried out by vasodila-
tion of pre-existing blood vessels. The new theories however support the angiogen-
esis phenomenon as the key blood supply for growth of tumours.

Angiogenesis, tumour growth and metastasis are also very closely related. In 
terms of malignancies, the extra blood vessels sustain the growth of tumours and in 
fact malignant tissue development, expansion and its spread are all angiogenesis- 
dependent (Folkman and Shing 1992). For a lethal tumour mass to develop, it is not 
only the proliferation of the malignant cells that is required but also the formation 
of new blood vessels (Folkman 2006). In a malignancy, endothelial cells of the neo-
vasculature grow in a disorderly manner presenting with many structural shortcom-
ings. Their role as a functional barrier is lost, and they cannot withstand the increased 
interstitial pressure, which then alters the blood flow and flux of leukocytes reaching 
the tumour site (Folkman 1996). Thus, angiogenesis not only sustains the tumour 
cells by meeting their increasing metabolic needs. They also, resulting from their 
incomplete structural build (i.e. a defective basement membrane and lack of normal 
perivascular connective tissue), provide these cells with many advantages; most 
importantly an easy penetration of metastatic tumour cells into circulation. Tumour 
cells can simply fall into the lumen and spread to distant sites and organs through 
the blood flow (Papetti and Herman 2002). Certain genetic changes promote the 
growth of malignant cells. So-called oncogenes – genetic material that carry the 
potential to induce cancer – give rise to uncontrolled proliferation and hindered 
apoptosis of the tumour cells (Papetti and Herman 2002). For every one endothelial 
cell there are approximately a hundred tumour cells, surrounding the vessels in a 
cylindrical fashion (Folkman 1995, 1996).

Cancer cells are able to release molecules that in fact act as signals to activate 
angiogenesis. These include many different many proteins and many other mole-
cules. Among these, the two most angiogenic proteins are Vascular Endothelial 
Growth Factor (VEGF) and Basic Fibroblast Growth Factor (bFGF). Oncogenes 
induce angiogenesis primarily through an increased expression of the vascular 
endothelial growth factors (VEGF) in those cells (Folkman 1996, 2006). The tumour 
cells themselves are able to synthesize both VEGF and bFGF before they are 
secreted into surrounding tissue. From here, they bind to receptors (specific  proteins) 
that are located on the outer surface of endothelial cells. Subsequent binding of 
protein to appropriate receptors initiates a signal transmission from a series of relay 
proteins into the endothelial cell nucleus (Munoz-Chapuli et al. 2004). This is a 
stimulus for a gene group to then make products required for endothelial cell growth.

Activated endothelial cells secrete a matrix called metalloproteinases (MMPs) 
into the surrounding tissue. MMPs are a distinct class of degradative enzymes and 
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are responsible for breakdown of extracellular matrix that is primarily consisted of 
proteins and polysaccharides. This degradation is required for the proliferation and 
migration of endothelial cells. Over time, the endothelial cells begin to divide as 
they proliferate and organize into hollow tubes that progressively advance into a 
mature network of blood vessels (Lamalice et al. 2007).

Given the fact that angiogenesis is a key step in the development and spread of 
cancer, blocking angiogenesis seems a plausible solution to stop or slow down 
tumour growth. Numerous studies have and are currently being undertaken to find 
synthetic and natural angiogenesis inhibitors. Angiogenesis inhibitors obstruct 
upon the binding multistep binding process of the signalling molecules such as 
VEGF and bFGF.

One of the most well-known of the angiogenesis inhibitors is a drug called 
Bevacizumab or Avastin (Samant and Shevde 2011; Tanne 2011). Bevacizumab is a 
monoclonal antibody – a laboratory synthesised molecule that is made in such a 
way that they mimic the antibodies that the human body naturally produces as part 
of the immune system. The antibody binds to VEGF and blocks signalling of the 
molecule, leading to supressed formation of new blood vessel growth (angiogene-
sis). Reduced nutrient supply to the tumour can slow or stop its growth. The 
U.S. Food and Drug Administration (FDA) approves of Bevacizumab to be used 
alone for glioblastoma (tumours that originate from connective tissue in brain) and 
when in combination with other drugs for treatment of non-small cell lung cancers, 
metastatic colorectal cancer as well as metastatic renal cell cancer (Samant and 
Shevde 2011; Tanne 2011). Other FDA approved antiangiogenic drugs are Sorafenib 
(for hepatocellular carcinoma and kidney cancer), Sunitinib (kidney cancer and neu-
roendocrine tumours), Pazopanib (kidney cancer) and Evorilimus (kidney cancer 
and neuroendocrine tumours) (Samant and Shevde 2011; Tanne 2011). Alternative 
theories also suggest that Bevacizumab induces more stability within the tumour 
blood vessels (usually leaky) thus allowing for more effective penetration of chemo-
therapy into cancer cells. Other drugs such as Endostatins inhibits angiogenesis 
directly rather than through the signalling pathway. This drug cause apoptosis of 
endothelial cells or destruction of proliferating endothelial cells (Samant and 
Shevde 2011). As outlined previously, breakdown of the extracellular matrix is 
essential for endothelial cell proliferation and migration. Therefore drugs that can 
target the MMP’s within the matrix can also act at angiogenesis inhibitors.

It is important to distinguish between angiogenesis inhibitors and conventional 
anticancer drugs. As the name suggests, angiogenesis inhibitors inhibit the growth 
of blood vessels but does not necessarily kill tumours. Instead, they have a high 
chance of preventing tumours from growing so it is suggested that that the therapy 
must be spanned over a long period to have any major effect.

In some cases, the inhibitors will be more effective in combination with other 
remedies such as chemotherapies. Like other medications there are reports of 
common side effects for these inhibitors such as high blood pressure, fatigue, 
rash, dry and itchy skin, hand-foot syndrome (tender, thickened areas of skin), 
diarrhoea, wound healing problems/cuts reopening and low blood counts 
(O’Reilly et al. 1997).
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In conclusion, angiogenesis plays a key role in the development of cancer. Upon 
this observation, a suggested strategy against tumour growth is to not only target the 
tumour cells alone but also the endothelial cells of the newly formed blood vessels – 
a technique that has so far shown to be effective in the battle against cancer (Folkman 
2006). This book attempts to discuss and summarise the role of important regulators 
of angiogenesis in regards to normal physiology, disease and malignancy.
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