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Abstract
Abdominal aortic aneurysm (AAA) and atherosclerosis are common causes of mortality and
morbidity in an aging population. Angiogenesis is believed to contribute to the development and
progression of these diseases. Angiopoietins (angpts) are known to be important regulators of
angiogenesis. Angpts can also influence inflammation and have been shown to possess both pro-
atherosclerotic and atheroprotective effects. This review explores the potential roles that the
angpts play in the development and progression of AAA and atherosclerosis.
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1. Introduction
Cardiovascular diseases (CVDs) remain the major cause of global morbidity and mortality.
This review focuses on two of the most common CVDs abdominal aortic aneurysm (AAA)
and athero-thrombosis. AAA and atherosclerosis have a strong association causing
controversy over whether they are separate diseases [1]. The diseases share common risk
factors which contribute to their development such as smoking, age and obesity [2,3]. They
also have some similar pathological characteristics such as inflammation, proteolysis,
apoptosis and angiogenesis. Angiogenesis is the formation of new blood vessels from pre-
existing blood vessels and is a prominent feature in both diseases [4–7]. The regulation of
angiogenesis is not yet fully understood however the angiopoietins (angpts) appear to play
an important role and as a result have begun to receive considerable interest.

Angpts are ligands which bind to the transmembrane receptor Tie-2 and possibly Tie-1.
These receptors are essential for the correct formation and development of blood vessels [8].
The Tie receptors are part of the receptor tyrosine kinase (RTK) family that is separated into
two main sub-groups according to their amino acid composition: The vascular endothelial
growth factor (VEGF) family that includes Flt-4 and Flk-1/KDR and a second family that
includes Tek (Tie-2) and Tie (Tie-1) receptors [9]. Angiogenesis is thought to depend on a
balance of activators and inhibitors that regulate the ‘angiogenic switch’ [10].

2. Angiopoietins
The first angpt to be discovered was angpt 1 which is secreted by pericytes, mesenchyme
and vascular smooth muscle cells (VSMCs) of the developing vasculature and is thought to
stabilize the formation of newly formed blood vessels [11,12]. Angpts utilise the same
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binding domain for the Tie receptors and were initially thought to be exclusive for these
receptors, however, angpt 1 and 2 have been shown to interact with other receptors,
including integrins [13]. This suggests that the angpts could be involved in mediating cell
adhesion or migration through integrins independent of the Tie-2 receptor. Angpt 2 was
discovered by sequence homology to angpt 1 [14] and is secreted by endothelial cells (ECs)
and VSMCs. Both angpt 1 and 2 have been shown to be secreted by human cord blood
CD34+ cells and are necessary for EC differentiation and proliferation, respectively [15].
The role of angpt 2 in the vasculature appears to be influenced by vascular endothelial
growth factor (VEGF), in the absence of VEGF angpt 2 destabilizes the interaction between
ECs and their support cells causing plasma leakage (the escape of plasma and plasma
proteins, along with white blood cells, from the vessel), and promotes vascular regression. In
the presence of VEGF, angpt 2 promotes angiogenesis by allowing ECs to be more
responsive to VEGF mediated cell proliferation which is necessary for ECs repair and turn
over [16,17]. Angpt 1 and VEGF are thought to have a complementary effect on blood
vessel growth which could be due to both ligands being able to activate the receptor Tie-2.
Angpt 1 is a well known for activating the Tie-2 receptor while there is still some
controversy over whether angpt 2 activates or represses the Tie-2 receptor which is
discussed later. The angpts expression profiles in human tissues are also diverse for example
angpt 2 is expressed in the ovaries, uterus and placenta while angpt 1 is expressed in the
prostate, skeletal muscle, small intestine, heart, and areas of the brain. These data suggest
that angpt 2 expression is largely restricted in adults to sites of active vascular remodeling
while angpt 1 is more widespread [14]. It must also be mentioned that some interspecies
orthologs also exist such as angpt 3 in mouse and angpt 4 in human. Very little is known
about these ligands, however, angpt 3 is thought to act as an agonist while angpt 4 exerts an
antagonist effect at the Tie-2 receptor. Their expression patterns also differs with angpt 3
being expressed throughout the body but angpt 4 only detected in lung [18].

2.1. Effect of angpts at the Tie-2 receptor
Angpt 2 was originally shown to be a competitive antagonist of angpt 1 binding to the Tie-2
receptor in ECs. Recent evidence has established that both angpt 1 and 2 are capable of
activating the Tie-2 receptor in NH 3T3 fibroblasts while in ECs only angpt 1 is capable of
activating the Tie-2 receptor, suggesting that there is functional discrimination between the
two angpts and that angpt 2 in particular functions in a context-dependent manner [14]. The
first direct evidence that angpt 2 has agonist effects on the Tie-2 receptor was provided in
experiments using human umbilical vascular endothelial cells (HUVECs) conducted by
Teichert-Kuliszewska et al. Consistent with these findings a recent study indicated that in
the absence of angpt 1, angpt 2 acts as an agonist for the Tie-2 receptor, however, in the
presence of angpt 1 it acts as an antagonist in HUVECs [19]. Davis et al. showed that dimers
of the receptor binding domain of angpt 1 and 2 could activate Tie-2 receptors on fibroblasts
but not in ECs. While tetramers of angpt 1 but not angpt 2 could activate the receptor in ECs
and fibroblasts [20]. Overall it appears that angpt 2 can activate the Tie-2 receptor in a time
and context specific manner and acts as a partial agonist, while angpt 1 appears to be amore
effective Tie-2 activator. Although the angpts can form larger complexes between
themselves in order to activate their receptors, it is not known whether they interact with
other proteins in vivo.

2.2. Knockout studies
In order to investigate the function of angpts and their receptors mice deficient in these
proteins (“knock outs”) have been constructed and their phenotypes examined as
summarised in Table 1 [9,21–23]. Homozygous null or dominant negative transgenic mice
for the Tie-2 receptor are deficient in ECs and exhibit cardiac abnormalities [21]. Tie-1
deficient mice have a reduction in EC structural integrity [22]. Angpt 1 deficient mice show
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defects in heart development and a reduction in vascular complexity [9], while angpt 2
deficiency impairs lymphatic and blood vessel development [23]. A trait that was similar to
all knockouts was the occurrence of premature death.

2.3. Tie receptor signalling
The Tie-2 receptor is expressed mainly on hematopoietic stem cells (HSCs), ECs and more
recently found to be expressed on monocytes [24,25]. The Tie-2 receptor is not exclusively
associated with the angpts. VEGF has been shown to bind to the Tie-2 receptor and is
thought to initiate EC survival and migration [26]. The Tie-1 receptor has not been explored
to the same extent as the Tie-2, for example there is not much known about its ligands.
However colony stimulating factor-1 is thought to activate the receptor, which then signals
via the PI3K/akt pathways [27]. The Tie-1 and 2 receptors are activated by
autophosphorylation which induces a signalling cascade, through the akt pathway that is
essential to mediate the survival of ECs (see Fig. 1) [28]. The akt signalling pathway is
known to control several cellular functions in the cardiovascular system. The Tie-1 and
Tie-2 receptors have an added dimension in that they themselves can heterodimerise to form
a Tie-2:Tie-1 complex [29] and this structure is thought to be important for blood vessel
remodeling and development [30]. A study by Hansen et al. demonstrated that angpt 2 could
bind to both the Tie-2 receptor and the Tie-2:Tie-1 receptor complex [31]. Angpt 1
preferentially binds to Tie-2. The differential binding of angpt 1 and angpt 2 is mediated by
the Tie-1 receptor [31,32]. Tie-1 and 2 functions become even more complicated in that they
can be cleaved to give a soluble form (sTie-1 and sTie-2) [33]. Proteolytic cleavage of the
Tie-1 receptor’s ectodomain leaves the membrane bound endodomain unable to bind to its
ligand [30,34]. Findley and colleagues showed that the Tie-2 extracellular domain is also
shed due to the action of proteases and that sTie-2 is capable of binding to either angpt 1 or
2 and inhibiting ligand binding signalling [35]. These findings suggest that sTie-2 is
functioning as a natural antagonist to membrane bound Tie-2. Tie-1 and Tie-2 cleavage can
also be induced by a number of other mechanisms, such as the action of VEGF via the PI3-
Kinase (phosphatidylinositol 3-kinases) and akt pathway [35]. These data give insight into
the complexity of the mechanisms involved in the regulation of the Tie-2 signalling
pathway.

3. Pathological features of AAA and atherosclerosis and the relevance of
angpts

AAA and atherosclerosis have some similar pathological features as summarised in Table 2.
Angpt 1 and 2 have been shown to promote mechanisms likely to have both protective and
permissive roles in the development and progression of athero-thrombosis and AAA (Table
3). There are various pathways and mechanisms involved which lead to the different
pathological features displayed by both diseases (Fig. 1). The angpts have been recognised
mostly for their involvement in angiogenesis and inflammation two pathological features
common to AAA and atherosclerosis.

3.1. Angpts in angiogenesis
The angpts regulate angiogenesis by activating or inhibiting the Tie-2 receptor as shown by
knock out mouse models [9,21–23] and in mice which over express angpt 1 [36].
Angiogenesis is also relevant in inflammation; the production of new vessels supports a
greater influx of inflammatory cells. The Tie-2 receptor has been shown to induce signal
transducer and activator of the transcription factors (STATs) 1, 2, 3 and 5 [37,38]. STAT 3
is an important factor in initiating angiogenesis and is an angiogenic mediator in vascular
formation in the postnatal heart [39].
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3.2. Angpts in inflammation
Inflammation is thought to play a critical role in the development and progression of AAA
and atherosclerosis [40–42]. During the early stages of atheroma development circulating
monocytes migrate from the blood into the intima where they develop into tissue specific
macrophages. The macrophages express scavenger receptors that bind to and internalise
oxidised lipids which have been deposited in the fatty streak giving rise to foam cells [43].
These foam cells secrete pro-inflammatory cytokines which stimulate further accumulation
of inflammatory cells and also release proteolytic enzymes, such as matrix metalloproteases
(MMPs) which can promote extracellular matrix degradation [44]. Biopsies taken from large
AAAs demonstrate transmural infiltration of a variety of inflammatory cells, including
macrophages, lymphocytes, neutrophils and mast cells [45]. This chronic inflammation is
associated with high concentrations of cytokines and proteolytic enzymes which have been
linked to medial destruction [46–47]. Angpt 1 has been shown to promote vessel
stabilization during angiogenesis, inhibit vascular permeability and exerts anti-inflammatory
effect via the Tie-2 receptor [11,48,49]. Angpt 1 has also been shown to counteract the
inflammatory effects of VEGF by reducing the induction of adhesion molecules such as
ICAM-1 and VCAM-1 on ECs causing a reduction in leukocyte adhesion and subsequent
inflammation [50,51]. While angpt 1 has been shown to have a protective effect against
inflammation, angpt 2 has been shown to have the opposite effect and promote
inflammation. Osteoprotegrin (OPG) has been shown to upregulate angpt 2 in HUVECs
thereby sensitising the cells to TNF-α [52]. TNF-α is a pleiotropic pro-inflammatory
cytokine which stimulates adhesion molecule upregulation and promotes cell apoptosis
through the inhibition of survivin and activation of caspase [53]. Fiedler et al. investigated
the effect of angpt 2 deficiency on inflammation in mice [54]. Angpt 2−/− mice showed no
inflammatory response to infection. While recombinant angpt 2 (rAngpt 2) recovered the
ability of angpt−/− mice to mount an acute inflammatory response [54]. The in vitro part of
this study used siRNA to knock down angpt 2 in ECs resulting in inhibition of TNF-α
induced ICAM-1 expression. The ability of TNF-α to upregulate ICAM-1 could be rescued
by application of exogenous angpt 2 [54]. Increases in adhesion molecules on ECs enhance
leukocyte infiltration into the arterial wall and promotes inflammation [54]. Angpt 2 has also
been shown to have other pro-inflammatory effects, such as chemoattraction of monocytes
and macrophages which express the Tie-2 receptor [55] this mechanism would therefore
encourage the migration of leukocytes into the arterial wall. Interestingly the angpts appear
to be differentially expressed on leukocytes with human neutrophils and platelets expressing
angpt 1 but not angpt 2 [56] while ECs express angpts 1 and 2 [12,57,58]. Both angpts have
been shown to directly activate ECs and neutrophils via the Tie-2 receptor [59]. The Tie-1
receptor’s role is less understood. A recent study suggested that over-expressing the receptor
in ECs promoted adhesion molecule upregulation and so facilitated inflammation [27]. The
fact that the Tie receptors can heterodimerise and that Tie-1 is thought to mediate the
binding of angpt 1 and 2 to Tie-2 makes interpreting results more challenging. Furthermore
the notion that sTie-2 has an antagonistic effect on the membrane bound Tie-2 is supported
by an experiment were mice administered with sTie-2 showed inhibition of the immune
response. sTie-2 promoted a reduction in TNF-α induced ICAM expression resulting in
reduced adhesion of leukocytes to ECs [54] and thereby inhibited inflammation. Most
current evidence suggests that angpt 2 promotes but angpt 1 inhibits inflammation,
supporting the theory that angpt 1 and 2 have opposing roles.

4. Angiopietins role(s) in AAA and atherosclerosis
Based on the discussion above it can be appreciated that angpts have the potential to alter
pathological processes critical to atherosclerosis and AAA as summarised in Table 3.
Despite this the role of angpts in CVD has received relatively little study.
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4.1. Evidence from animal studies
Despite the evidence outlined above suggesting that angpt 2 has a number of pro-
atherosclerotic effects a recent study by Ahmed and colleagues supported an
atheroprotective effect of angpt 2 [60]. In this study ApoE−/− mice were administered an
angpt 2 adenovirus (AdEV) which led to a reduction in atherosclerosis severity assessed by
plaque lesion size [60]. There was also a decrease in CD11b-positive monocyte/
macrophages and malondialdehydelysine (MDA2) (a marker for oxidised LDL) within the
atheroma in response to the AdEV [60]. Related in vitro studies in HUVECs suggested
angpt 2 reduced LDL oxidation formation which can lead to the formation of foam cells in
an nitric oxide (NO) dependent manner [60]. A recent study has suggested that angpt 1 has
atheroprotective properties by upregulating the expression of apelin. Apelin is a molecule
implicated in protection against atherosclerosis by antagonising the pro-atherosclerotic
affects of angiotensin II in ApoE−/− mice (see Fig. 1) [61–63]. Apelin is a peptide mainly
released from ECs and stimulates a G-coupled receptor APJ which is located within
myocardial and some VSMCs [64]. Kidoya et al. demonstrated that apelin expression was
increased in a time dependent fashion after stimulation with angpt 1. This ability of angpt 1
to upregulate apelin was also seen in vivo in transgenic mice over-expressing angpt 1 (Angpt
1/Tg mice). Studies conducted by Leeper et al. supports the idea that apelin is involved in
preventing vascular disease especially AAA. The investigators reported that apelin
stimulated a reduction in aortic diameter, preservation of aortic elastin and collagen, and a
significant reduction in adhesion molecules and inflammatory cell infiltrate compared to
litter mate controls. The investigators concluded that apelin had anti-inflammatory effect
which inhibited AAA formation [62]. Angpt 1 has also been shown to protect against the
development of arteriosclerosis in cardiac allografts, by reducing the influx of leukocytes
into the graft and thereby reducing inflammation and also permeability [65]. Hauer et al.
induced T-cell mediated immunity against Tie-2 expressing in LDLR−/− mice and
demonstrated that the vaccinated mice had reduced aortic lesions, intimal expansion, and
adventitial neovessel formation. Plaques in vaccinated mice also had a more stable
appearance with a significant increase in collagen content. These results suggest that
vaccination against the Tie-2 receptor lead to smaller and more stable atherosclerotic
plaques [66]. Controversially the double mouse knockout model Akt1−/− ApoE−/−,
demonstrated that the loss of akt1 (isoform of akt) a molecule activated downstream of Tie-2
activation (see Fig. 1) led to increased inflammatory mediators and reduced endothelial
nitric oxide synthase (eNOS) phosphorylation within the vessel wall [67]. eNOS is involved
in many physiological processes such as neovascularisation, platelet aggregation, vascular
permeability and the interaction between leukocytes and ECs [68].

4.2. Evidence from human studies
Atherosclerotic plaque microvessels have been associated with unstable and rupture prone
plaques, but the mechanisms behind their formation are poorly understood. In human
atherosclerotic plaques with high microvessel density greater concentrations of angpt 2 than
angpt 1 were found in association with high concentrations of MMP 2 [69]. Cross-sectional
studies which have compared circulating levels of angpts, in patients with or without CVDs
have been summarised in Table 4. There appears to be a strong correlation between CVD
and increased levels of angpt 2 and sTie-2. The concentration of circulating sTie-2 has been
reported to be greater in patients with congestive heart failure (CHF) and hypertension, by
comparison to healthy controls [70]. A study by Freestone and colleagues demonstrated that
in patients with atrial fibrillation, levels of plasma angpt 2 correlated with vWF, which could
suggest a link between endothelial damage and angpt 2 [71]. Other conditions such as
peripheral arterial disease (PAD), acute and chronic CHF and diabetes were also associated
with elevated circulating levels of plasma angpt 2 [35,70]. Plasma concentrations of angpt 2
have also been related to concurrently prescribed medications, with no association
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demonstrated with angiotensin II receptor blockers (ARBs) [72]. These data suggest that
angpts, could be involved in either the progression of CVD or that elevated concentrations
are a consequence of CVD, e.g. elevated in an effort to minimise atherosclerosis
progression. It has been suggested that angpt 2 could be used as a circulating biomarker of
not only angiogenesis but also for critically ill patients [72,73] and more recently the
progression of CVD [74]. sTie-2 has also received interest as a possible biomarker of PAD
[35].

5. Conclusions and future directions for research
Good evidence now implicates angpts in vascular formation and angiogenesis. Further work
is required to better understand the pathological role of angpts in vascular diseases. For
example the evidence from animal models suggesting that angpt 2 is protective against
atherosclerosis does not fit with the findings that angpt 2 can promote inflammation and
angiogenesis, both mechanisms implicated in atheroma development and progression.
Further studies are needed to clarify the clinical importance of this pathway in terms of
targets for therapy or biomarkers of these diseases.
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Fig. 1.
Summary of the potential ways in which angpt 1 and 2 may modulate AAA and
atherosclerosis and the mechanisms that might be involved in the angpts/Tie signalling
cascade.
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Table 1

Summary of the effects of angpts and Tie receptor deficiencies in mice.

Tie-1 Tie-2

Single knockout

    Died around E18.5. Died around E10.5.

    Reduction in EC structural integrity [22]. Defects in vasculogenesis.
Critical for the survival and proliferation of ECs but not their initial
formation [21,22].

Double knockout

    Abnormal vessel structure during embryogenesis [22].

Angpt 1 Angpt 2

Single knockout

    Angiogenic defects reminiscent of those seen in the Tie-2
deficient mice embryos [9].

Required for angiogenesis and lymphatic patterning.
Dependent on the genetic background of the mice [23].
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Table 2

Summary of the pathological characteristics of athero-thrombosis and aneurysm and the relevance of angpts.

Stages of development Histological feature Pathological mechanisms Relevance to angpts

Atherosclerosis

    Initiation Fatty streak Endothelial injury, inflammation Angpt 2 promotes while angpt 1 inhibits endothelial
activation to a pro-inflammatory phenotype [37].

    Progression Plaque stability Advanced atherosclerotic plaque Upregulation of angpt 2 inhibits atherosclerosis
development in low-density receptor deficient mice
by promoting nitric oxide inhibition of LDL
oxidation [60].

    Complications Plaque rupture Angiogenesis Mice vaccinated against Tie-2 demonstrated a more
stable phenotype and an increase in collagen
content [66]. Angpt 2 has been shown to activate
Tie-2 and stably interact with STAT 5 to potentially
promote neoangiogenesis in advanced
atherosclerosis [37]. Angiogenesis has been
associated with plaque rupture [75]. Angpt 2 is
associated with increased MMP-2 levels and can
potentially promote unstable plaques with high
microvessel density (MVD) [69].

AAA

    Initiation Dilation Elastin and collagen degradation,
inflammation

Angpt 1 upregulates the expression of apelin which
has been shown to reduce aortic diameter, and
preserve aortic elastin and collagen. Angpt 1
promotes downregulation of adhesion molecules
inhibits inflammatory cell infiltrate [62]. Angpt 2
promotes inflammation by favouring vascular
leakage by disrupting cell–cell junctions [76].

    Progression Continued
extracellular matrix
destruction

Angiogenesis and factors
important in initiation

Angpt 1 promotes angiogenesis by increasing EC
proliferation and inhibiting EC apoptosis [77,78].
Angpt 2 can promote both EC survival and
apoptosis depending on VEGF concentrations
[17,79,80].

    Rupture Aortic medial and
adventitia tear

Angiogenesis Increased medial neovascularization and
overexpression of proangiogenic cytokines have
been reported at the aneurysm rupture edge [81].
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Table 3

Summary of the potential pro and anti-athero-thrombosis and AAA roles that the angpts play.

Angpts Pro-athero-thrombosis and AAA Anti-athero-thrombosis and AAA

Inflammation

    Angpt 2 Chemoattractant for Tie-2 monocytes [55]. Angpt 2−/− mice showed an inability
to mount an inflammatory response, a phenotype that was rescued upon rAngpt
2 administration [54]. The same affect was seen when sTie-2 was administered
to mice. Facilitates the translocation of adhesion molecules in ECs [47].
Activate ECs and neutrophils [59].

    Angpt 1 Activate ECs and neutrophils [59]. Reduces VEGF induction of adhesion
molecules on ECs [82,83].

Angiogenesis

    Angpt 2 Increases angiogenesis when co-expressed with VEGF [17].
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Table 4

Summary of the case-control studies which have compared circulating levels of angpts and sTie in patients
with or without CVD.

Human study Number Results of study

Cardiovascular risk in patients with
hypertension [74]

251 Hypertensive 192
No previous CVD

Patients with hypertension had higher concentrations of plasma angpt 2 that
were predictive of myocardial infarction (MI).

Patients with atrial fibrillation [71] 40 Control 59 Diseased Concentrations of plasma angpt 2 correlated with von Willebrand factor
(vWF).

Patients with type 2 diabetes with or
without CVD [84]

34 Control 38 Diseased Increased concentrations of plasma angpt 2 but not angpt 1 where detected
in patients with diabetes. Patients who received intensified diabetes
management had a reduction of plasma angpt 2 if CVD was absent but not
in the presence of CVD.

Patients with peripheral arterial
disease (PAD) [35]

23 Control 46 Diseased Levels of sTie-2 and angpt 2 in plasma were elevated in patients with PAD.

Patients with acute and chronic
congestive heart failure (CHF) [70]

17 Control 40 Chronic
CHF 39 Acute CHF

Patients with acute CHF had higher concentrations of angpt 2 and sTie-2 in
plasma, compared to controls and patients with chronic CHF.

Hypertensive patients treated with
angiotensin II receptor blockers
(ARB) olmesartan or a placebo.
Pravastatin was also assessed [85]

96 Control 94 Treated Angpt 2 concentrations in plasma were elevated in hypertensive patients,
particularly in women, elderly and in the presence of atherosclerosis. The
elevated angpt 2 levels in hypertensive patients correlated with adhesion
molecules and inflammation. ARBs effectively decreased several
inflammatory mediators but did not have an effect on angpt 2 levels.
Pravastatin administration did not reduce angpt 2 levels.
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