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Abstract

Insulin resistance (IR) leads to the development of type 2 diabetes mellitus
and predisposes to cardiovascular disease (CVD) through its link with
endothelial dysfunction. Cardiovascular risk factors and iatrogenic damage
lead to biochemical and structural injury to the endothelium. Endogenous
repair mechanisms are in place to regenerate injured endothelium. Insulin
resistance has recently been shown to impair endothelial repair. The
endogenously produced circulating insulin-like growth factor binding protein-
1 (IGFBP-1) is potentially protective in the vasculature by stimulating nitric
oxide production and enhancing insulin signalling in the endothelium. Cross-
sectional studies have shown an association between low IGFBP-1 levels
and CVD. This raises the possibility of exploiting IGFBP-1 therapeutically to
prevent CVD in patients with diabetes. This project investigated whether
IGFBP-1 enhances vascular endothelial repair in insulin resistant mice in
vivo and probed potential molecular mechanisms by examining the effects of
IGFBP-1 on human endothelial cells (EC) and angiogenic progenitor cells
(APCs) in vitro. Endothelial regeneration was enhanced following arterial
endothelium-denuding injury in IRKO mice by over-expressing human
IGFBP-1. This was not explained by altered abundance or function of APCs.
Incubation with IGFBP-1 significantly enhanced the ability of human EC to
adhere to and regenerate denuded human vein ex vivo. In EC, IR was
mimicked by the pro-inflammatory cytokine tumour necrosis factor-alpha
(TNF-a) which significantly inhibited EC migration and proliferation in vitro.
Co-incubation with IGFBP-1 restored the migratory and proliferative capacity
of EC. IGFBP-1 significantly increased FAK phosphorylation, induced rapid
activation of RhoA, and increased expression of asB; and ayBs integrins in
EC. These multifactorial effects of IGFBP-1 on EC responses and
acceleration of endothelial regeneration in mice raise the possibility that
manipulating IGFBP-1 could be a strategy to enhance endothelial repair in

humans with IR.
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1.1 Type 2 Diabetes Mellitus and insulin resistance

Diabetes mellitus is a chronic multifactorial disease characterised by
hyperglycaemia resulting from defects in insulin secretion, insulin action or
both. Chronic hyperglycaemia is associated with long-term damage to vital
organs such as the heart, blood vessels and kidneys, leading to
cardiovascular disease (CVD) and chronic kidney disease. Two main types
of diabetes mellitus are described, reflecting two distinct patho-physiological
processes involved in diabetes development. Type 1 diabetes mellitus
(T1DM) is characterised by autoimmune destruction of the B-cells of the
pancreas leading to insulin deficiency; whereas type 2 diabetes mellitus
(T2DM) is caused by abnormalities leading to resistance in the actions of
insulin’>.  Other types of diabetes®, for example gestational diabetes
(occurring during pregnancy), neonatal diabetes and maturity onset of
diabetes in the young® (MODY) — a hereditary form of diabetes, are much

lower in prevalence.

The prevalence of T2DM, representing 90-95% of all cases of diabetes® is
rising globally. It is estimated that 382 million people (4% of the world’s
population) are affected by diabetes currently and it is predicted that this will
increase to 592 million people by 2035°. The management of patients with
diabetes incurs a significant burden on healthcare resources around the
world. In 2010-2011, the cost of T2DM in the UK was estimated to be
approximately £21.8bn’, which equated to 21.2% of the total NHS budget.

Insulin resistance (IR) is an imbalance of insulin-glucose homeostasis in
which insulin’s ability to stimulate glucose uptake in peripheral tissues (e.g.
skeletal muscle and adipose tissue) or to inhibit hepatic gluconeogenesis is
reduced®. IR is an important metabolic abnormality in obesity, metabolic
syndrome and T2DM, where CVD is the most significant cause of morbidity
and mortality. IR develops as a result of combined genetic, lifestyle and
environmental factors. The most likely reason for the recent increase in the
global prevalence of IR is the ‘Westernisation’ of the world, i.e. increased
calorie intake with decreased physical exercise’. Diabetes develops
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gradually over a number of years, in which the evolution of hyperglycaemia
is preceded by a slowly progressive decline in insulin-sensitivity. The
decline in insulin-sensitivity is associated with compensatory

hyperinsulinaemia — a state which is often termed ‘pre-diabetes’*®

(Figure
1.1) in which fasting blood glucose levels are maintained at near-normal
concentrations for many years, with mild elevation of post-feed levels.
Diabetes is diagnosed when relative deficiency in pancreatic insulin

secretion allows hyperglycaemia to develop™®.

Fasting Blood
Cilucose

Insulin
Secretion

~ 77~ Insulin
Sensitivity

Endothelial
——— Dysfunction &

Atherosclerosis

Sk
> Time
(years)

Figure 1-1 Representative diagram of the evolution of diabetes.

The pre-diabetes phase increases cardiovascular risk before diabetes is
present clinically. Reproduced with permission from Wheatcroft et al,
Diabetic Medicine, 20, 255-268.
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1.1.1 Insulin resistance (metabolic) syndrome, T2DM and

cardiovascular disease

Diabetes can affect multiple organs, however vascular complications
predominate and can be broadly categorised as microvascular (e.g.
retinopathy, neuropathy and nephropathy) or macrovascular (e.g. stroke,
peripheral arterial disease and coronary heart disease). Macrovascular
complications represent the most common cause of death in individuals with

diabetes.

Insulin resistance (metabolic) syndrome was first described in 1988 by
Reaven as “a cluster of risk factors for diabetes and cardiovascular
disease”® comprising obesity (especially abdominal), hypertension, glucose
intolerance, dyslipidaemia, hyperinsulinaemia, endothelial dysfunction with
insulin resistance being at the core of the syndrome®. IR and the multiple

components of the metabolic syndrome contribute to CVD development®13-

15

CVD represents the most common cause of morbidity and mortality in
individuals with T2DM. The Framingham study was one of the earliest
studies to demonstrate an increased risk of cardiovascular mortality in
people with diabetes (mainly T2DM)*. Another observational study based in
Finland showed that patients with T2DM, without a previous history of CVD
have as high a risk of having a myocardial infarction as patients who had a

previous myocardial infarction but had no history of T2DM*’.

T2DM is often preceded by a long period of IR, during which normal blood
glucose levels are maintained by compensatory hyperinsulinaemia. During
this period, subtle abnormalities of glucose regulation can arise - which are
observed clinically as impaired glucose tolerance or impaired fasting

glycaemia®*?.

This asymptomatic pre-diabetic period of IR is linked with
increased cardiovascular risk'® and the population affected by pre-diabetes
is increasing. In a recent population based cross-sectional study, the

prevalence of pre-diabetes in adults in the UK increased dramatically from
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11.6% in 2003 to 35.3% in 2011'°. The San Antonio Heart Study observed
2569 individuals who were non-diabetic at baseline. Over 5 years of follow-
up, 187 subjects experienced a cardiovascular event, with individuals in the
highest quintile of IR having an approximately 2.5-fold increased incidence
of CVD®. In the Botnia study, 3606 non-diabetic individuals were observed
over a 7 year period. Metabolic syndrome increased the risk of CVD by
threefold and metabolic syndrome was seen in 78% of women and 84% of
men with T2DM?!. A recent meta-analysis of 65 cohort/nested case-control
studies showed that IR, measured by Homeostasis Model Assessment
(HOMA), was a better predictor of cardiovascular events than fasting levels
of glucose or insulin in adults without DM?2. These studies suggest that
diabetes leads to a CV mortality risk similar to that attributable to a prior

diagnosis of coronary artery disease.

1.2 Endothelium

1.2.1 Endothelium in health

The vascular system is lined by a continuous monolayer of cells termed the
endothelium (Figure 1.2) which provide a physical barrier between the
vessel wall and lumen, but importantly play a major role in regulating
vascular homeostasis. Endothelial cells (EC) secrete vasoactive substances
which modulate vascular tone, vascular smooth muscle function
(proliferation and migration), inflammatory cell adhesion, platelet

2324 The endothelium functions in

aggregation, thrombosis and fibrinolysis
paracrine, autocrine and endocrine manners. Vascular homeostasis is
maintained through the secretion of vasodilators such as Nitric Oxide (NO)
(a key anti-atherogenic molecule which will be discussed in more detail) and
bradykinin and vasoconstrictors (endothelin-1, thromboxane A2, angiotensin

Il and certain reactive oxygen species)?.
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Figure 1-2 The endothelium in health.
Endothelial cells form a monolayer and secrete vasoactive molecules such
as Nitric Oxide (NO) to maintain vascular homeostasis.

1.2.2 Endothelial dysfunction

Vascular homeostasis is maintained through secretion of vasoactive
molecules such as NO and endothelin-1. Endothelial dysfunction occurs
when there is an imbalance in the bioavailability of these vasoactive
molecules. Reduced bioavailability of NO, in particular, promotes
thrombosis, occlusion, vasospasm and increases adhesion molecule
expression (e.g. E-selectin, P-selectin, vascular-cell adhesion molecule 1
and intercellular adhesion molecule 1)?°. Endothelial dysfunction promotes
uptake of inflammatory cells into the arterial wall and also leads to vascular
smooth muscle cell proliferation and migration®®. Not only does damaged
endothelium disturb the balance of vasodilatory and vasoconstrictory
substances, there is also an increase in inflammatory cytokine expression

such as tumour necrosis factor-alpha (TNF-a) and Interleukin-6 (IL-6)%".

Endothelial dysfunction commonly arises as a consequence of biochemical
damage attributable to exposure to cardiovascular risk factors such as IR,
smoking, hyperlipidaemia and hypertension. More importantly longitudinal

studies have shown that endothelial dysfunction leads to impaired
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endothelial repair, predisposes to atherosclerosis and is predictive of future

cardiovascular disease?®.

Endothelial dysfunction can also occur through mechanical damage to EC.
Physical trauma to the endothelium resulting in loss of endothelial integrity is
an inevitable consequence of clinical revascularisation procedures (e.g.
angioplasty, stent insertion and coronary artery bypass surgery). Loss of EC
integrity is a potent driver for adverse vascular remodelling and leads to

atherosclerosis, bypass graft failure, restenosis and stent thrombosis.

1.2.3 Nitric oxide and eNOS

Endothelium-Derived Relaxing Factor (EDRF) was discovered in the 1980s
by the pioneering experiments of Furchgott and Zawadzki®** and was later

3233 Since the 1980s numerous studies

identified as nitric oxide (NO)
exhibited the important roles NO plays in the human body®***®. NO is the
major compound secreted by EC and is also the most widely studied. This
anti-atherogenic signalling molecule possesses vasodilator, anti-platelet,
anti-inflammatory and antioxidant properties®® (Figure 1.3), these will be

discussed in greater detail later.
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Figure 1-3 The vasculoprotective effects of Nitric Oxide.

NO inhibits platelet aggregation; prevents EC apoptosis whilst promoting EC
migration and proliferation; inhibits leukocyte and platelet adhesion to the
endothelium and finally inhibits vascular smooth muscle cell proliferation and
migration.

ECs produce NO from L-arginine in a reaction catalysed by eNOS
(endothelial isoform of nitric oxide synthase). NO diffuses locally within the
vascular wall to regulate vascular tone, inflammatory cell adhesion, platelet
aggregation and vascular smooth muscle cell proliferation®®. Bioavailability
of NO is dependent upon its rate of production and inactivation by binding to

reactive oxygen species (ROS) such as superoxide®’.

The effects of NO on its target tissues are mediated through guanylate-
cyclase-mediated increases in cyclic guanosine monophosphate. In

vascular smooth muscle cells®”3®

, this results in vascular smooth muscle
relaxation and vasodilatation, which are often used as functional markers of

the health of the endothelium.
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NO is generated by three isoforms of its synthetic enzyme, NOS, namely
neuronal (nNNOS), inducible (INOS) and endothelial (eNOS), all of which are
expressed in the CV system and eNOS is the major isoform in ECs. eNOS
expression was originally thought to be constitutive, however studies show
that it's expression levels is regulated in response to mechanical stimulation,

cytokines and growth*°.

eNOS is a bi-domain enzyme comprising a C-terminal reductase domain
which binds nicotinamide adenine dinucleotide phosphate (NADPH), the
flavins adenine dinucleotide (FAD) and mononucleotide (FMN); an N-
terminal oxidase domain which binds heme, zinc, calmodulin and
tetrahydrobiopterin (BH.)*°. BH4, FAD and FMN are essential cofactors and
calcium-loaded calmodulin stimulates enzyme activity and phosphorylation“.
Also, where there is either L-arginine or BH, deficiency e.g. in diabetes,
eNOS may produce superoxide, hence reduced NO bioavailability may

partly be due to eNOS-mediated superoxide production***2,

1.2.4 Reactive oxygen species

Reactive oxygen species (ROS) are a natural by-product of oxygen
metabolism. Examples of ROS include oxygen ions, peroxide, hydrogen
peroxide and superoxide. ROS are classically generated at sites of
inflammation and are a cause of oxidative stress. At high concentrations,
ROS can cause cell injury and death. Generation of ROS, such as
superoxide, plays a major role in endothelial dysfunction and is a risk factor
in IR associated vasculopathy****. Superoxide reduces NO bioavailability by
reacting quickly with NO to produce peroxynitrite, which itself may exert

toxicity by nitrosylating cellular proteins*>®.

Superoxide is also involved in
the regulation of platelet aggregation*’, smooth muscle proliferation*® and
endothelial activation leading, for example, to monocyte attachment to the

endothelium®*°

. Potential sources of superoxide within the vascular system
include lipoxygenases, xanthine oxidase, mitochondrial oxidases,

cytochrome P450 and eNOS in the presence of low tetrahydrobiopterin
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levels**. More recently, a major source of superoxide in blood vessels has

50,51

been found to be a phagocyte-type NADPH oxidase”", this plays an

important part in endothelial dysfunction in the insulin resistant setting®?.

The effects of ROS on the endothelium are the result of its overproduction
and/or a deficiency of antioxidant mechanisms, put simply “oxidative stress
results from the metabolic reactions that use oxygen and represents a
disturbance in the equilibrium status of pro-oxidant versus anti-oxidant

reactions”.
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1.3 Insulin and the endothelium

1.3.1 Insulin signalling and the endothelium

Insulin’s actions are not limited to canonical insulin responsive tissues (liver,
skeletal muscle and adipocytes). Indeed, the presence of Insulin receptors
on ECs implies insulin may play an important role in endothelial cell
function'®. It has been elucidated there is a complete biochemical signalling
pathway which links the insulin receptor to eNOS activation in the vascular
endothelium.  Insulin stimulates EC NO production through a similar
signalling pathway to which it promotes glucose uptake in skeletal muscle®*
>’ The pathway (Figure 1.4) involves insulin receptor phosphorylation of
Insulin Receptor Substrate-1 (IRS-1), which binds and activates
Phosphatidyl Inositol-3 kinase (PI3-K), this leads on to phosphorylation of
PDK-1/2 and then protein kinase B which finally leads to endothelial Nitric
Oxide Synthase (eNOS) phosphorylation and NO production. Insulin also
activates a separate pathway, the ras-mitogen activated protein kinase
(MAPK) signalling cascade pathway which is pro-mitogenic. In this pathway,
binding to the insulin receptor initiates a signalling pathway involving
intermediaries (Shc, SOS, Ras and GRB2), which results in activation of
MAPKs®®. This is important for the mitogenic effects of insulin which include
smooth muscle cell proliferation and migration, endothelial cell activation,

stress responses and expression of endothelin, a potent vasoconstrictor.

IR results in reduced NO bioavailability due to selective inhibition of the PI3-
kinase(PI3-k)/Akt signalling®®°. In contrast to this, the Mitogen-activated
Protein Kinase (MAPK) pathway remains largely unaffected by IR, causing
an imbalance in the activation states of both signalling pathways.
Furthermore, because IR is accompanied by hyperinsulinaemia, insulin
signalling leads to an increase in MAPK activity whilst the PI3-k/Akt pathway
remains unresponsive. As a result enhancement of the mitogenic pathway

promotes a pro-inflammatory and pro-atherogenic environment®*.
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The multi-faceted insulin signalling pathway has multiple components at
different levels which may be direct targets of IR. Experimental models have
shown that defects in several components of the insulin signalling pathway
can induce IR. However, the relative contribution of these models to cases
of human IR are not fully clarified. Proposed theories include down-
regulation of tyrosine phosphorylation of the insulin receptor, P13-kinase, IRS

proteins and reduced amount of these proteins*>®2%3,

IRS-1

Map
kinase

Akt

eNOS

Proliferation Increased

¢ vasoconstriction

Figure 1-4 Schematic drawing of insulin signalling pathways in EC and
VSMC.

Activation of either PI3-kinase or MAP kinase (MAPK) can mediate insulin's
actions, with the former stimulating anti-atherogenic effects and the latter
stimulating atherogenic actions. IR is associated with selective down
regulation of the PI3-k pathway whereas MAP-kinase pathway is enhanced
and therefore promotes atherosclerosis.
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1.3.2 Insulin resistance and endothelial dysfunction

There is an important pathophysiological reciprocal relationship between IR
and endothelial dysfunction which has been demonstrated in numerous

studies®:%4%°

, including those in subjects with T2DM®® or obesity®.
Mechanisms that contribute to IR and endothelial dysfunction include

inflammation, lipotoxicity and glucotoxicity.

In healthy young men of South Asian origin, IR is associated with reduced
NO bioavailability and decreased shear stress-induced NO production
elicited by flow-mediated brachial artery dilatation®”. The relationship of IR
with endothelial dysfunction and other cardiovascular risk factors has led to
the ‘common soil' hypothesis, in which genetic factors may predispose
individuals to the development of IR and CVD®. In addition to these genetic
influences, a range of biochemical and signalling alterations have been
discovered that are mechanistically implicated in the association between
obesity, IR and endothelial dysfunction, which have been addressed by
comprehensive research in models of IR (human and animal) and cell

culture studies®’.

In animal models, it has been shown that disrupting insulin signalling leads
to decreased PI3-k/Akt and phospho-eNOS activation which results in
endothelial dysfunction, adverse vascular remodelling and atherosclerosis.
Mice with hemizygous deletion of insulin receptors and exhibit normal
glucose levels but are hyperinsulinaemic have a significant reduction in NO
bioavailability, hypertension and increased ROS production”. These
findings are consistent with the concept of endothelial dysfunction being
induced by IR. However the proposed mechanism that this is dependent
upon down regulation of PI3K/Akt signalling has come under debate. One
study used mice with genetic ablation of insulin receptors and Aktl to
investigate the mechanism of obesity-related endothelial dysfunction’?. This
study confirmed that obesity leads to endothelial dysfunction characterised

by impaired insulin-induced eNOS phosphorylation, but this may be
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attributable to free fatty acid inhibition on eNOS phosphorylation rather than

defective upstream signalling via Akt®.

A murine model with endothelial-specific expression of a dominant negative
human insulin receptor (ESMIRO), in which glucoregulation is intact,
demonstrated that endothelium-selective IR results in impaired NO release

and increased ROS production’® "3,

Another study looking at a mouse
model where insulin receptors were selectively deleted in ECs (VENIRKO)
showed reduced eNOS expression and susceptibility to hypertension and
atherosclerosis™. In summary, these studies provide evidence that even
without any systemic effects of IR, IR in ECs is sufficient to promote
endothelial dysfunction and damage with reduced NO bioavailability and

increased ROS production.

Oxidative stress as a result of increased ROS generation is believed to play
a role in linking IR, endothelial dysfunction and impaired endothelial
regeneration. The enzymes most strongly linked with endothelial
dysfunction associated with T2DM and obesity are NADPH oxidase and
uncoupled eNOS. Normally eNOS produces NO, however if there is
deficiency in the essential cofactor tetrahydrobiopterin, eNOS uncoupling

results in superoxide generation”>.

T2DM is associated with reduced bioavailability of tetrahydrobiopterin, the
diabetic vasculature is therefore exposed to the proatherosclerotic
combination of reduced NO production and increased superoxide production
by eNOS in EC’. Overall, there is convincing evidence that insulin

resistance in endothelial cells contributes to endothelial dysfunction.

1.3.3 Unifying mechanisms underlying IR and endothelial
dysfunction
As mentioned there is a reciprocal relationship between IR and endothelial

dysfunction, however the question of whether they are directly linked with

each other or represent manifestations of a common underlying pathology
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remains uncertain®’. This section will discuss potential mechanisms that link

IR and endothelial dysfunction.

1.3.3.1 Intracellular signalling pathways

In IR, individuals exhibit resistance to the metabolic and to some of the
vascular actions of insulin. As mentioned, the signalling pathways involved
are similar for NO production and glucose uptake stimulated by insulin.
Insulin binds to cell membrane insulin receptors which promotes GLUT4
translocation in skeletal muscle and increases eNOS activity in the
endothelium through the PI-3-kinase/Akt signalling cascade’”. In the insulin
resistant setting and diabetes, insulin-mediated eNOS activation via PI-3-
kinase/Akt is down-regulated, whilst MAPK pathway remains intact®® which
promotes endothelin production (a potent vasoconstrictor and mitogen)’®,
vascular smooth muscle production”® and to the expression of pro-
inflammatory adhesion molecules e.g. ICAM-1?, which may promote

vascular disease?”.

Human studies support these mechanisms. In healthy humans, insulin
stimulates vasodilatation and increases blood flow in peripheral tissues
which is endothelial mediated, but this effect is reduced in patients with DM

and IR®>8%,

Hyperinsulinaemia accompanies IR and is also an independent
risk factor for CVD®. In the early phase of IR, there is a hyperinsulinaemic
phase to maintain normal glucose levels. Montagnani et al designed a
number of investigations mimicking metabolic IR by blocking the PI3-kinase
pathway and exposing ECs to increasing levels of insulin. They found that
P13-kinase inhibition blocked insulin stimulated eNOS expression with no
alteration to the MAP-kinase pathway and enhanced mitogenic activity of

ECs®.
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1.3.3.2 Cytokines and inflammation

EC can be activated by pro-inflammatory molecules such as tumour necrosis
factor-alpha (TNF-a) and C-reactive protein which promotes endothelial
dysfunction and an atherogenic phenotype®*®* this then promotes
expression of adhesion molecules which accelerates atherosclerosis, and in
turn leads to decreased eNOS expression and reduced NO bioactivity®>®’.
Adipose tissue is a major source of circulating pro-inflammatory cytokines
such as interleukin-6% and TNF-0®®. TNF-a expression is increased in
muscle and adipose tissue®® samples in insulin resistant humans. Cross-talk
between adipose depots and blood vessels is mediated, at least in part, by
TNF-a which reduces the bioavailability of NO in ECs and impairs
endothelium-dependent dilatation in human and animal studies’®®. Other
proposed molecular mechanisms for the detrimental effects of TNF-a on
blood vessels include increased superoxide production by vascular NADPH

oxidase and TNF-a-mediated decrease in the half-life of eNOS mRNA.

1.3.3.3 Oxidative stress

As mentioned earlier, oxidative stress plays a major role in the pathogenesis
of endothelial dysfunction and has been shown to be associated with insulin
resistant states in human and animal models®3. Arterial tissue exposure to
hyperglycaemia or increased free fatty acid concentrations induces
superoxide production and impairs NO bioavailability in the endothelium®**°.
In murine models with whole body or endothelium specific IR, Kearney et al
demonstrated the presence of significant oxidative stress and reduced NO
bioavailability”>°. NADPH oxidase and dysfunctional eNOS are seen as the

major ROS sources in the vascular wall*2.

1.4 Endothelial damage and repair

Since ECs play an essential role in maintaining vascular health, when the
endothelium is damaged, repair mechanisms are essential to institute timely
and effective regeneration of functional endothelium. Endothelial damage

occurs due to a number of reasons: exposure to risk factors leading to
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endothelial dysfunction and endothelial cell apoptosis, mechanical loss of
endothelial cells following injury such as coronary interventional procedures
or coronary artery bypass grafting and following acute inflammation
associated with sepsis®’.

Long-term exposure to vascular risk factors, e.g. IR, causes exhaustion of
the endogenous anti-inflammatory systems within EC. Endothelial
dysfunction ensues, along with loss of structural integrity, senescence,
apoptosis and ultimately detachment of EC from the extracellular matrix into
the circulation (Figure 1.5). Endothelial microparticles are derived from such
cells and are used as a marker of EC apoptosis. Exposure to risk factors
such as atherosclerotic disease, chronic inflammatory diseases such as
systemic lupus erythematosus and rheumatoid arthritis leads to an increase
in endothelial microparticle release, which in turn is evidence of continuing

EC loss?®%,

Leukocyte

@/ Leukocyte adhesion Adhesion molecule
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EC Detachment

|
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Figure 1-5 Endothelial damage mechanisms.

EC express adhesion molecules such as VCAM-1 or ICAM-1, this allows
leukocytes to adhere, migrate through the EC and initiate an inflammatory
cascade reaction and release of endothelial microparticles. ECs become
senescent and detach from the basement membrane matrix.

Arterial wall injury following angioplasty, stent insertion and coronary artery

bypass surgery leads to loss of ECs either through direct trauma, apoptosis
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or necrosis. The endothelial cell loss triggers a number of local responses
including vascular smooth muscle proliferation and migration, resulting in
neointimal hyperplasia®. The exposed basement membrane matrix attracts

leukocytes and platelets'®®102

, predisposing to thrombosis. Accordingly,
loss of EC integrity acts as a potent driver for a range of vascular
pathologies including atherosclerosis'®, bypass graft failure’®, post-

angioplasty restenosis’®®, in-stent restenosis and stent thrombosis'®.

Release of chemotactic factors and mitogens from platelets occurs which
affects VSMC. In addition, angioplasty causes stretching of the vessel and
cell lysis of EC and VSMC, this then causes proliferation and migration of
VSMC plus synthesis of the ECM and hence neo-intimal hyperplasia leading

to restenosis especially post-stent insertion*®%*07:108,

It has long been recognised that damaged endothelium is ‘repaired’ by the

109-111

regeneration of the endothelial monolayer Endothelial repair (Figure

1.6) is believed to occur through a series of interactions between native ECs

110-112

(migration and proliferation of EC to sites of damage) and circulating

13114 \which are

bone-marrow derived angiogenic progenitor cells (APCs)
recruited to the diseased vessel. Studies conducted in the 1970s and early
1980s suggested a dominant role for EC mitosis and migration in mediating

endothelial regeneration after vascular damage®'®*2115116

Following
arterial injury**®***8 |ocal endothelial cell migration and proliferation from
adjacent non-injured endothelium has been highlighted as the central

mechanism in endothelial regeneration.

Endothelial regrowth following arterial injury or angioplasty occurs through
EC replicating to restore endothelial continuity. Migration and proliferation of
ECs is initiated by loss of contact inhibition and growth factor secretion by
vascular smooth muscle cells, ECs and APCs. Regeneration of the injured
endothelium commonly starts from the leading edge of the denuded area'*®
begins within 24 hours and ceases within 6-10 weeks. One study observed
that the quicker the endothelium recovered following balloon injury, the less

120
d=.

neo-intimal hyperplasia occurre Therefore, facilitating rapid endothelial
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regeneration after injury would be expected to be helpful in the clinical

setting as this would reduce the incidence of restenosis.

It has also been noted that following widespread denudation, EC are unable

to re-endothelialise completely*?*1?2

and the regenerated endothelium
shows abnormal morphology such as close cell-to-cell contacts, ECs not
aligned with the direction of blood flow and the presence of polygonal

shapes and irregular size'% 9127125,

APC Recruitment
Bone marrow
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Figure 1-6 Endothelial repair.

Damaged and denuded endothelium leads to EC migration and proliferation,
leading to the restoration of the endothelium. Angiogenic cytokines induce
APC mobilisation from bone marrow and migrate to the damaged
endothelium and integrate into the EC layer.

The release of growth factors from the vessel wall plays an important role in
endothelial regeneration. One example is Fibroblast Growth Factor (FGF),
which is formed and stored by ECs and VSMCs*?**%_ Angioplasty leads to

130131 and human studies have observed

FGF release from injured cells
raised FGF levels in blood post-angioplasty. VEGF is also observed to have
increased levels following human angioplasty. VEGF is synthesised by

VSMC and binds exclusively to ECs!®®!%2  Over-expression of VEGF in
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mice led to accelerated endothelial repair and reduced neo-intimal formation
following arterial wire injury**®. In the following sections, aspects of
molecular biology and cell biology pertinent to EC regeneration will be
discussed in more detail before introducing the contribution of APCs to

vascular repair.
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1.4.1 Endothelial cell adhesion

Endothelial cell adhesion to the extracellular matrix (ECM) plays a critical
role in regulating EC migration, proliferation and survival. Integrins and Rho
GTPases are essential in mediating cellular responses downstream of ECM

engagement™*,

Integrins are a family of cell adhesion molecules, which interact with the

135

ECM or with adhesion molecules on other cells In all, 24 integrins have

been identified and each is a heterodimer of an a and a B subunit*®,
Integrins exhibit both inside-out/outside-in (bidirectional) signalling, i.e.
signals within the cell cause integrins to change which leads to integrin
activation and therefore an increased affinity for extracellular ligands. In the
opposite direction, integrins binding to their ligands can initiate change to
their cytoplasmic domains and activate multiple signalling pathways'*. An
ECM protein such as fibronectin can engage several integrins. The most
commonly expressed fibronectin-binding integrins are ayf3 and asf; - both
bind to the Arg-Gly-Asp (RGD) tripeptide sequence within fibronectin'**. The
RGD sequence is the major cell attachment site for a large number of

proteins and the majority of integrins recognise the RGD sequence™’.

Rho GTPases are a family of small (21 kDa) signalling G proteins. Rho
GTPases play an essential role in transmitting integrin-mediated responses
and by regulating the actin cytoskeleton dynamics, they provide a key-
signalling link through which migration and adhesion are controlled*®*. The
most studied Rho GTPases regulating cell adhesion are Rho, Rac and
Cdc42"® which will be discussed later.

1.4.2 Endothelial cell migration

EC migration is essential in the re-endothelialisation in arteries after injury,
angioplasty and coronary artery bypass grafting. ECs migrate as a
consequence of three principal mechanisms: chemotaxis, haptotaxis and

mechanotaxis'®®. Chemotaxis is the migrational direction of cells toward a
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gradient of soluble chemoattractants; haptotaxis is the migrational direction
of cells toward a gradient of immobilised ligands; and mechanotaxis is the
migrational direction of cells generated by mechanical forces'®. Endothelial
cell chemotaxis is typically driven by growth factors such as VEGF and basic
fibroblast growth factor and haptotaxis is associated with increased EC
migration activated in response to integrins binding to extra cellular matrix

139 Due to the location of EC at the inner face of the

(ECM) component
vessel wall, they are continuously in contact with shear stress. This
contributes to activate migratory pathways by initiating mechanotaxis and
modulates migration steps which includes leading edge extension, adhesion

to the matrix and adhesion release at the rear*%4°,

EC migration is a
mechanically integrated process which involves fluid changes in signal

transduction, cell adhesion and cytoskeletal organisation.

1.4.2.1 Role of focal adhesion kinases in endothelial cell
migration and cell proliferation

A coordinated process is required for cell migration to occur that involves
rapid changes in actin filament dynamics, together with the formation and
disassembly of cell adhesion sites'*'. External stimuli that affects cell
migration are transduced into intracellular biochemical signals through the
interaction of transmembrane integrins that bind to the ECM. Integrin
activation allows there to be a functional connection between focal

adhesions and actin cytoskeleton that is needed for cell migration*.

Focal adhesion kinase (FAK), a non-receptor tyrosine kinase, is a
converging signalling point between Rho and integrins and it controls the
assembly/disassembly of focal adhesions that is required with actin

polymerisation regulation for EC migration'*?.

FAK was identified in 1992 in normal cells as a highly tyrosine-
phosphorylated protein that localised to integrin-enriched cell adhesion sites
known as focal adhesions**!. Focal adhesions are formed at ECM-integrin

junctions and bring together cytoskeletal and signalling proteins during the
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processes of cell migration and adhesion. Early studies showed that FAK
was activated by growth factors and phosphorylation of FAK is a rapid event
associated with focal adhesion formation'**. In keeping with a critical role for
FAK in cell migration, it has been shown FAK-deficient cells spread more
slowly on ECM, exhibited an increased number of prominent focal adhesions

and migrated poorly in response to haptotactic and chemotactic signals***

147

FAK regulates cell migration through a number of pathways but in particular
through the Rho subfamily of small GTPases and the assembly/disassembly
of actin cytoskeleton'*®. FAK deletion in fibroblasts leads to increased RhoA
activity, increased cell spreading and reduced cell migration — observations

which can be rescued by FAK re-expression in these cells**%L,

EC proliferation is one of the hallmarks of endothelial regeneration.
However, these cells have a finite proliferative capacity. In vitro studies have
shown that focal adhesion kinase appears to regulate not only cell migration,
focal adhesion disassembly, and cytoskeletal rearrangements, but also

endothelial cell proliferation in vivo and endothelial cell permeability*>**°,

1.4.2.1 Rho Family GTPase and endothelial cell migration

Over twenty Rho family proteins have been identified in humans™®. The
Rho family GTPases RhoA, Rac and Cdc42 are most studied and modulate

EC migration by regulating actin cytoskeleton rearrangement*®*%’

(Figure
1.7). These members act as ‘molecular switches,’ cycling between an
inactive guanosine diphosphate (GDP)-bound and an active guanosine
triphosphate (GTP)-bound state to activate the GTPase™®. RhoA induces
the formation of actin stress fibres and focal adhesions and stimulates cell
contraction through downstream effectors ROCK and mbDia. Rho-kinase
(Rho-associated coiled-coil-containing protein kinase {ROCK}) is an effector
of GTPase RhoA™® whilst Rac and Cdc42 regulate the polymerisation of

actin to form peripheral lamellipodial and filopodial protrusions®®.
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Cdc42 and Rac operate at the leading edge of the migrating cell. Cdc42
generates filopodia through inducing actin polymerisation. Rac generates a

protrusive force through localised actin polymerisation®®°.

RhoA activity is associated with focal adhesion assembly, cell contractility

and rear end retraction. The Rho target ROCK, which stimulates

actin:myosin filament assembly, is essential for rear cell detachment*2,
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Figure 1-7 A migrating endothelial cell.

Migrating endothelial cells perform coordinated steps in order to move.
Cdc42 regulates cell direction. Rac induces lamellipodial protrusion at the
front of the cell, this is through actin polymerization stimulation and
integrin/focal adhesion complexes. Finally RhoA induces actin/myosin
contraction at the rear of the cell.

1.4.2.2 Actin Remodelling

Actin, composed of 43-kDa monomeric subunits (G-actin) that polymerise
into filaments (F-actin), is the major cytoskeletal component of ECs.
Remodelling of the actin cytoskeleton into filopodia, lamellipodia and stress
fibres is essential for cell migration. Filopodia contain long parallel actin
filaments that are arranged in tight bundles and are membrane projections
which act as sensors of motile stimuli. Lamellipodia are cytoplasmic
protrusions which form at the leading edge of migrating cells'®. Stress
fibres are actin filaments linked by a-actinin and myosin and distributed

along contractile fibres®®?

, they are also linked to the cell membrane at focal
adhesions. These three constructions are vital to drive the steps involved in

actin-based endothelial cell motility.
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The steps involved in endothelial cell migration (Figure 1.8) are

N

Sensing of the motogenic signal by filopodia

. Formation and protrusion of lamellipodia and pseudopodia-like

forward extension

3. Attachment of the protrusions to the ECM

4. Stress fibre-mediated contraction of the cell body to allow forward

progress

5. Rear release

Recycling of adhesive and signalling molecules™*°.



40

Direction of migration

Endothelial Cell |

l
(i) Sensing |/.\ / Filopodia |
—l—‘——‘—'—_\

Lamellipodia |

(ii) Extension

Focal adhesion

(iii) Attachment assembly
|
(( )) Stress fibre
(iv) Contraction |  — formation

Focal adhesion

(v) Rear release | diassembly

(vi) Recycling |

Figure 1-8 Steps involved in endothelial cell migration.

6 steps are involved (i) sensing of the motile stimuli by filopodia (ii) cellular
extension of protruding lamellipodia (iii) lamellipodia attachment to the
extracellular matrix at focal adhesions (iv) forward progression of the cell via
stress fibre-mediated contraction (v) rear release of cell by stress fibre-
mediated traction forces (vi) recycling of the adhesive and signalling
components. Adapted with permission from Lamalice et al, Circulation
Research, 2007; 100:782-794.
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1.4.3 Angiogenic Progenitor Cells and endothelial repair

Angiogenic progenitor cells (APCs) represent a sub-population of circulating
blood mononuclear cells which have been suggested to play a part in re-
endothelialisation of injured arteries, ischaemia-induced neovascularisation

and maintenance of endothelial function®®1¢4,

APCs may therefore
represent an endogenous repair mechanism through which the integrity of

the endothelial monolayer is maintained*®>%°,

APCs are thought to contribute to endothelial regeneration by two main
methods, either through release of pro-angiogenic molecules which
stimulate proliferation of EC or other APCs or secondly by differentiating into
mature endothelial cells that integrate into the damaged vessels. For this to
occur, APCs “‘home” to angiogenic active sites and adhere to
damaged/activated endothelial cells or to the extracellular matrix, therefore

contributing to the endothelial repair process (Figure 1.6)°".

APC mobilisation into the circulation occurs in response to chemokines,
cytokines and angiogenic growth factors being released following particular
stimuli, e.g. ischaemia or local trauma®®’. In ischaemic tissues, granulocyte
macrophage-colony stimulating factor (GM-CSF) amplifies APC mobilisation
and recruits APCs into the site of new blood vessel formation'®®. Hypoxia-
inducible factor-1 alpha (HIF-1a), a transcriptional regulator of hypoxia-
specific gene expression, induces the expression of stromal-derived factor-1-
alpha (SDF-1a) and vascular endothelial growth factor (VEGF) in APCs or
ECs and facilitates APC adhesion to the diseased endothelium®®’. SDF-1a
(CXCL12) modulates haematopoiesis and angiogenesis'®®. SDF-1a and
VEGF up-regulate bone marrow matrix metalloproteinase-9 (MMP-9) activity,
which cleaves the progenitor cell membrane-bound kit ligand and allows
APC mobilisation into the bone marrow vascular zone. VEGF-stimulated

APC mobilisation occurs through S-nitrosylation of NO which activates MMP-
9170.
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Several cardiovascular risk factors (e.g. T2DM, hypertension,
hypercholesterolaemia, smoking) are associated with a reduction in APC
numbers and function®®”. A correlation between reduced APC levels and
endothelial dysfunction, suggests that impaired APC-mediated vascular

repair promotes the progression of vascular disease®’*.

Animal studies have shown that APCs contribute to endothelial regeneration
following endothelium-denuding injury’’?, bypass grafting'”® and

4

hyperlipidaemia’™* and could also be exploited therapeutically as studies

166,175-179 and

have shown that APCs enhance endothelial regeneration
prevents neo-intimal formation'’2, APC infusion also reduces the
development of endothelial dysfunction'®® and neointima’®®. Taken together,
the evidence suggests a role for APCs in maintaining endothelial

homeostasis and preventing atherosclerosis and restenosis.

1.4.3.1 APC definitions and classification

Two main methods are commonly cited in the literature for isolating and
quantifying APCs; identification of cells expressing specific cell-surface
markers by flow cytometry and enumeration of cells exhibiting typical
functional properties in cell culture. Asahara et al*®® defined APCs as cells
positive for the haematopoietic stem cell (HSC) marker CD34 and the
vascular endothelial growth factor 2 (VEGFR2 or KDR in humans)®®,
However, at present there is no universal definition and no specific marker

has been identified for murine or human APCs.

1.4.3.1.1 Flow cytometry

Flow cytometry is based on immunolabelling cells with antibodies targeted
against specific cell surface antigens and is widely regarded to be the gold
standard for obtaining quantitative data on circulating APCs as it is
reproducible, sensitive and specific. However this method has a number of
important limitations. Currently there is no fully specific marker available to

characterise and quantify circulating APCs. The markers currently used
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overlap with those of other cell lineages which make it difficult to standardise
and compare APC guantification between published studies. In addition,
defining circulating APCs by their expression of cell surface markers implies
a presumed function is attributed to a simple antigenic phenotype'®?,

In the absence of a specific marker, a combination of haematopoietic stem
cell markers, e.g. CD34, CD117 (cKit) and CD133, and a marker for
endothelial cells, e.g. KDR (vascular endothelial growth factor (VEGF)
receptor 2) and Ve-cadherin is commonly used to identify APCs in
humans'®. Because expression of cell surface markers differ between
species, APCs in mice are commonly classified as co-expressing the stem
cell marker Sca-1 and the endothelial marker KDR*"2.

A preferred approach to identify circulating APCs in the peripheral blood may
be to include as many markers as possible. However this approach is
limited by the low number of circulating APCs in the bloodstream,
representing only 0.01 — 0.0001% of mononuclear cells (MNCs), and a
number of other factors such as antibody affinity and the health of the
subject'®®.  Although sub-optimal, APCs are commonly defined in practice
based on their expression of 2 or 3 cell surface antigens'®. Even though
there is no defining standard, interesting observations have emerged using
flow cytometry to enumerate circulating APCs in healthy and diseased

subjects.

Functional characterisation of APCs requires the expansion of MNCs by cell
culture, as only this approach will provide the sufficient cell numbers to study
their biological properties. Although APCs identified by flow cytometry are
often considered similar to those enumerated in cell culture, it is important to
recognise that these two assays are not necessarily measuring the same

cells and the cells can demonstrate different phenotypes*®.
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1.4.3.1.2 Cell culture

Functional characterisation of APCs derived from peripheral blood
mononuclear cells or storage depots (e.g. bone marrow or spleen) requires

an appropriate method of identification and expansion in cell culture.

Three distinct APC phenotypes derived from human peripheral blood
mononuclear cells have been described in culture'® (Figure 1.9). As with
flow cytometry, differences in culture techniques and markers used to culture
and identify APCs, makes comparison between studies difficult. The
derivation and role for APCs generated by each of the three recognised

techniques are summarised as follows:

After seeding mononuclear cells onto fibronectin coated cell culture plates
and culturing in ‘endothelial’ medium, colonies of cells with an elongated and
spindle shape are observed - similar to the APCs first reported by Asahara et
al’®!.  Cells may be identified within this population which demonstrate
typical endothelial properties, including dual-staining for expression of
endothelial-specific lectin and uptake of Dil-labelled acetylated low density
lipoproteins (DiL-AcLDL)**. These cells are called ‘early’ APCs and typically
die within 4 weeks. ‘Early’ APCs may display myeloid-like features and their
ability to participate in vascular repair is thought to occur via secretion of pro-
angiogenic growth factors and cytokines (e.g. VEGF and IGF-1) as opposed

to their direct integration into the endothelium?®>18¢,

Another method of culturing ‘early’ APCs involves a pre-plating step.
Following 48 hours of incubation of whole blood mononuclear cells, non-
adherent cells are re-plated on fibronectin plates for a further 3 days®’
where APC colony-forming units emerge a few days later. This method
avoids contamination of early adherent cells e.g. differentiated monocytes.
Following re-plating, the colonies are composed of spherical-shaped cells in
the centre with surrounding spindle shaped cells. These colony forming
units also contain cells that stain for both Dil-AcLDL and lectin. However,

Yoder et al demonstrated that these colony-forming units ‘display
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hematopoietic-restricted and macrophage-specific cellular proteins, possess
limited hematopoietic colony-forming activity, and function as macrophages

to ingest bacteria’*®®

. These cells, therefore, may be regarded as different
to traditional ‘early’ APCs which have a greater proliferative capacity and

show greater endothelial morphology*#2.

‘Late outgrowth’ APCs or endothelial colony forming cells (ECFCs) display a
cobblestone morphology typical of endothelial cells after 3 weeks of culture
and are capable of multiple passages'®'. To generate late outgrowth APCs,
peripheral blood MNCs are plated onto fibronectin-coated plates. Non-
adherent cells are discarded at intervals allowing late-outgrowth APC
colonies to develop from the adherent cells after 2-3 weeks. Flow cytometry
indicates that late outgrowth APCs are CD146+CD34+CD31+CD45-AC133-

expressing cells - similar to mature circulating and resident ECs*8-°.
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Figure 1-9 Differing methods of in vitro expansion of APCs.
Image taken with permission from Hirschi et al ATVB 2008; 28: 1584-95.

In vivo, all types of APCs show similar vasculogenic capacity’®®, however
‘late’ APCs have a higher proliferative capacity, incorporate themselves into
the endothelium and are considered by some to represent true endothelial
progenitors'®*.  Studies using ‘Early’ APC colonies from peripheral blood
culture of MNCs should be interpreted with caution as it has recently been
demonstrated that platelet-derived microparticles can be taken up by MNCs,
which can, as a consequence, artefactually acquire EC characteristics*®. In
summary, there is no single, universally accepted definition for the
identification of APCs, resulting in the use of different markers and culture

assays used to isolate and measure APCs. Late-outgrowth APCs are very
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difficult to culture from mice and only a few centres have succeeded in

developing reproducible protocols®®*.

1.4.3.2 APCs and Cardiovascular disease

An imbalance between endothelial damage and repair has been proposed
as an important step in the development of atherosclerosis. In support of
this suggestion, numerous reports indicate that reduced APC numbers and
APC dysfunction are associated with an increased risk of CVD. In particular,
atherosclerotic risk factors are linked inversely with the number of APCs in

the blood in vivo and with APC function in vitrot6%183:187.192-196

1.4.4 Insulin resistance and defective endothelial repair

Compelling evidence indicates a negative association between diabetes, IR
and impairment in endothelial regeneration/repair. Diabetes is associated
with a pronounced increase in the risk of vascular pathologies in which
effective endothelial regeneration is required. In-stent restenosis, stent
thrombosis and bypass graft failure are all much commoner in individuals

with diabetes than in those without*®"~%°.

At the mechanistic level, diabetes is associated with decreased expression

of SDF1-a*® and CXCR4 in peripheral mononuclear cells®®

, Which may
inhibit APC recruitment from the circulation. Diabetes not only impairs APC
mobilisation, but is also associated with reduced numbers of APCs which are
dysfunctional in vitro?®?% APCs from individuals with diabetes display
multiple functional impairments such as reduced proliferation, adhesion,

204-205. L| et all75

migration and incorporation into tubular structures
conclusively demonstrated that T2DM is associated with impaired re-
endothelialisation following arterial endothelial denudation in mice. They
found that diabetic APC recruitment to the injured vessel in vivo was
reduced and in vitro, diabetic APCs exhibited decreased cell adhesion and

migration.
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Animal studies reveal that IR per se is sufficient to impede endothelial repair
in the presence of normal blood glucose concentrations®®. In models of
whole-body and endothelial-specific insulin resistance, PI-3 kinase/Akt
signalling and NO bioavailability are downregulated’®’™. These pathways
play essential roles in APC mobilisation and endothelial regeneration®*%’.
Endothelial regeneration following wire-injury of the femoral artery is delayed
significantly in insulin receptor knockout (IRKO) mice compared with wildtype
(WT) mice (Figure 1.10)*®. These findings were associated with reduced
numbers of APCs and impaired APC mobilisation from the bone marrow in
IRKO mice. Interestingly this paper demonstrated that endothelial
regeneration is restored to normal by transfusing insulin-sensitive APCs or
bone-marrow cells from wild type mice®®®. A recent study by Fu et al**®
investigated the effects of endothelial repair following femoral artery injury in
non-obese diabetic and metabolic syndrome mice. The authors found that
diabetic and metabolic syndrome mice had a 5-6 times increase in
neointimal hyperplasia and a prolonged period of EC apoptosis compared to
WT mice®®, hence confirming the theory that IR causes defective

endothelial repair.
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Figure 1-10. Time dependent endothelial regeneration following
vascular injury in WT and IRKO mice.

IRKO mice show delayed and impaired endothelial regeneration compared
to WT mice. (*P<0.05; n=5 mice per group). Reproduced with permission
from Kahn et al*®®.
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1.5 Insulin-like growth factor binding protein-1

In the preceding sections of this chapter, the role of insulin on the
endothelium and the effects of IR on endothelial regeneration have been
discussed. However, there is recognised to be a close synergy between the
actions of insulin and those of the related peptide Insulin-like Growth Factor-
1 (IGF-1) which has similarly been implicated in IR, T2DM and CVD*®. IGF-
1 shares similar signalling functions to insulin, possibly due to their receptors
on ECs sharing structural qualities®'® and more interestingly both insulin and

IGF-1 play parallel roles in metabolic and vascular homeostasis®**.

Unlike insulin, in which bioactivity is modulated by rapid changes in plasma
concentrations, the bio-availability of IGF-1 is dependent upon its interaction
with a family of high affinity binding proteins (IGFBP). IGFBPs limit
interaction of IGFs with their receptor and are generally considered to inhibit
IGF bioavailability. However, certain IGFBPs are now recognised to act as
signalling molecules in their own right independently of IGFs. IGFBP-1 is of
particular interest as not only can it signal independently of IGF-1, but its
plasma concentrations vary dynamically in response to nutritional cues

allowing minute-by-minute regulation of IGF bioavailability.

1.5.1 Insulin-like growth factor-1

IGF-1 is produced mainly by the liver, with circulating IGF-1 levels largely
regulated by growth hormone via a negative feedback mechanism??. In
addition to its action as a growth factor, IGF-1 acts as an important hormone
in regulating glucose metabolism. Like insulin, IGF-1 is capable of
stimulating glucose uptake, glycogen synthesis, lipogenesis, increases
insulin sensitivity and shares many components of the insulin signalling

pathway?*2,

IGF-1 circulates bound to IGF-binding proteins (IGFBPs). IGFBPs extend

the half-life of IGFs and modulate their interaction with receptors thereby

214

influencing their biological activity™. IGF-1 bioavailability is regulated tightly
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by a family of 6 IGF-binding proteins (IGFBPs) which bind 99% of IGF-1 with

high affinity”®. IGFBPs functions are regulated by phosphorylation,

proteolysis, polymerisation and cell or matrix association of the IGFBP%°.
All IGFBPs have shown to inhibit IGF-1 action, but IGFBP-1, -3 and -5 have
also been shown to stimulate IGF-1 activity under certain experimental
conditions®’. IGFBPs also have IGF-1 independent effects, not only acting

as carrier proteins but also as signalling molecules®®,

Most IGFBPs form a binary complex with IGF-1 which crosses freely into the
extravascular space. Over 90% of IGF-1 circulates in a large ternary
complex with IGFBP-3*°. This complex is restricted to the intravascular
space, therefore it has been thought the role of IGFBPs is to restrict IGF-

bioavailability whilst prolonging its half-life.

1.5.2 Insulin-like Growth Factor Binding Proteins

IGFBPs are a family of homologous proteins, totalling 6 members all varying
in molecular size, hormonal control and functional significance. All members
of the IGFBP family have a conserved N-terminal cysteine-rich domain,
including the IGFBP motif GCGCCXXC, but vary in the intermediate region
and C-terminal domain of the protein®?. The expression of IGFBPs is
tissue- and developmental stage specific, and the concentrations in different
compartments vary. IGFBPs functions are regulated by phosphorylation,

proteolysis, polymerization and cell or matrix association of the IGFBP?%°.

1.5.2.1 Structure

IGFBP secretion is mainly hepatic, however they are also secreted in
kidneys and reproductive organs and most cell types express at least one
member of the IGFBP family. The IGFBP family comprises 6 soluble

221 and mass from

proteins ranging in length from 216 to 280 amino acids
approximately 24 to 50kDa*??. The IGFBPs share a similar overall 3-domain
structure, with the structured N- and C-terminal domains connected by a less

structured linker domain®??>. The N-terminal domain of 80-93 amino acids
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shares approximately 60% similarity across the IGFBP family, with cysteines

that contribute to configuration by forming disulphide bonds?*®

. High-affinity
binding to IGF is the only defined function shown for this domain®°?%*. The
C-terminal is also vital for IGF binding. In addition this region contains
individual motifs that can interact with biomolecules and therefore exert IGF-
independent actions. For example, IGFBP-1 and IGFBP-2 contain an Arg-

225226 The |east

Gly-Asp (RGD) motif which can interact with integrins
conserved region is the central linker domain. The linker domain comprises
sites affected by post-translational modifications including proteolysis and
phosphorylation and contain specific binding motifs that facilitate ECM

associations and interactions with cell-surface proteins®’.

1.5.2.2 Function

The fundamental role of IGFBPs is to regulate IGF-1 bioavailability at the
cellular level. Interestingly, IGFBPs can also interact with a wide spectrum
of molecules such as plasminogen, transferrin, integrins and fibronectin®*®
and demonstrate novel actions independent of IGF-1. Observational studies
have shown altered levels of individual IGFBPs in certain diseases, alluding
to a role for IGFBPs as potential biomarkers. Low concentrations of IGFBP-
1, -3, -6 and increased concentration of IGFBP-2 predict increased
neoplastic risk in breast and colorectal tissue; in addition IGFBP-3 is
negatively associated with lung and prostate malignancy, and acute

lymphocytic leukaemia®?°?%°

. Low concentrations of IGFBP-1, -2 and -3 are
associated with disorders of metabolic homeostasis and cardiovascular

disease??’.

1.5.3 Insulin-like Growth Factor Binding Protein-1

IGFBP-1 is a 25kDa protein produced mainly in the liver and kidney and with
lesser expression in the reproductive system®?’. The crystal structure of the
C-terminal domain of IGFBP-1 has been determined. The N- and C-terminal
portions are highly conserved across the IGFBP family and are responsible
for IGF binding (Figure 1.11). Although less than 5% of total bound IGF is
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bound to IGFBP-1?2"%%%!  |GFBP-1 has a prominent role in regulation of
IGF-1 bioactivity as its plasma concentration is acutely and dynamically
regulated in response to nutritional cues (e.g. fasting or post-prandial

states)?*’

. Inhibition of IGFBP-1 synthesis by changing hepatic portal insulin
concentrations provides the connection between ambient insulin levels and
the hypoglycaemic potential of IGF-1*2. In addition to its regulatory role in
IGF-1 bioactivity, IGFBP-1 can interact directly with cells through its Arg-Gly-
Asp (RGD) integrin binding motif, which has functional significance

independent of IGF-1%%,

IGFBPs predominantly control the access of IGFs to tissues and cell-surface
IGF receptors. Of these, IGFBP-1 is the most likely candidate for acute
regulation of IGF actions because of its acute down regulation by insulin and
up regulation by other glucoregulatory hormones and cytokines and in
catabolic states?’’. Furthermore, trans-endothelial movement of IGFBP-1
into the tissues is known to occur and to be enhanced by insulin. IGFBP-1
thus provides an important link between intermediary metabolism and
regulation of IGF actions®*’. Low IGFBP-1 concentrations result in greater
IGF bioavailability and promote IGF-induced effects on major blood vessels,

myocardial tissue and lipid metabolism??’,

IGFBP-1 has both inhibitory and stimulatory effects on IGF-1 bioavailability.
With respect to glucose regulation, it has been suggested that an overall
inhibitory effect predominates and therefore diminishes the hypoglycaemic

response to exogenous IGF-12%’.

Serum levels of IGFBP-1 vary considerably depending on the metabolic
conditions and correlate inversely with both body mass and serum levels of
insulin.  Down-regulation of IGFBP-1 levels by insulin contributes to the
metabolic response to food intake because a decrease in IGFBP-1 would
increase the bioavailability of IGFs, which exert insulin-like metabolic
functions. Overexpression of IGFBP-1 in mice has provided additional
insights into the physiological role of IGFBP-1 in glucose metabolism.

Wheatcroft et al found reduced blood pressure after a glucose challenge and
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increased vascular production of nitric oxide in mice expressing human
IGFBP-1 under the control of the native promoter and regulatory
sequences®?. Another study by the Wheatcroft group found that in IGFBP-
1-overexpressing mice subjected to diet-induced obesity, there was
improved insulin  sensitivity and increased insulin-stimulated NO
generation’®. However some other data pertaining to the metabolic
phenotype resulting from IGFBP-1 overexpression are conflicting. For
example, transgenic mice overexpressing the IGFBP-1 gene under the
control of different (constitutive) promoters showed impaired glucose
tolerance and abnormalities of insulin action, suggesting that IGFBP-1 may
participate in disruption of the physiological control of glucose

homeostasis>*,

IGFBP-1 is post-translationally regulated by phosphorylation at multiple
serine residues, which leads to an active form of the protein and this occurs
in response to changes in the metabolic environment. The majority of
circulating IGFBP-1 is in the phosphorylated form, which has a 10 fold higher
binding affinity for IGF-1 than the dephosphorylated form. Phosphorylation
of IGFBP-1 therefore represents a potential mechanism by which IGF-1
bioavailability is regulated®®.
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Figure 1-11 Generalised diagram of IGFBP structure showing proposed
interaction with IGF-1 through both N and C domains.
Reproduced with permission from Firth et al*?°.

1.5.3.1 IGF-dependent actions of IGFBP-1

Both inhibitory and stimulatory effects of IGF-1 activity by IGFBPs have been
reported®”%3¢72%  An inhibitory effect of IGFBP-1 on glucose regulation is
consistent with the observation that administration of IGFBP-1 reduces the
hypoglycaemic response to exogenous IGF-124%% |GFBP-1’s affinity for
IGF-1 exceeds the affinity of IGF-1 for the type-1 IGF-receptor, therefore
IGFBP-1 reduces free IGF-1 levels and inhibits signalling via the IGF
receptor. In the fasting state, IGFBP-1 levels are high due to the low
inhibitory effect of insulin and the stimulatory effect of cortisol and glucagon
on hepatic IGFBP-1 transcription. The high IGFBP-1 state limits IGF
bioavailability and therefore decreases the insulin-like activity of IGF-1 on
peripheral metabolism. In the post-fed state, the opposite occurs,
carbohydrate loading causes insulin to rise and therefore IGFBP-1 levels fall
rapidly, resulting in increased IGF-1 bioactivity which augments the insulin-

like actions of IGF-1%%".
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1.5.3.2 IGF-independent actions of IGFBP-1 on cells

IGFBP-1 can independently enhance migration in certain (non-vascular)
cells. Jones et al*® found that IGFBP-1 increased Chinese hamster ovary
cell migration independently of IGF-1 through asB: integrin activation.
Integrin-mediated effects of IGFBP-1 have also been demonstrated in
human trophoblast migration®® and in human breast cancer cells®*,
IGFBP-1 can directly interact with cells by the Arg-Gly-Asp (RGD) motif in
the C-terminus of IGFBP-1 with cell surface asB; integrins, a mechanism

225,242 It is

which has been proposed to mediate IGF-independent effects
also interesting to note that integrin signalling influences metabolic
pathways. For example, FAK is activated after integrin engagement and
interacts with multiple signalling pathways such as PI-3-kinase-Akt

p athway243' 244,

1.5.3.3 Circulating Insulin-like Growth Factor Binding Protein-1

and Insulin resistance

There is overwhelming evidence supporting a strong association between
IGFBP-1 and insulin-sensitivity. In particular, decreased IGFBP-1 levels are
observed in individuals with insulin resistant states (metabolic syndrome,
obesity, T2DM)?*>247,

In addition, low fasting circulating IGFBP-1 levels are found in obese

249 250

children®*®, adolescents®*® and adults®*° and low IGFBP-1 is recognised as a

marker for the metabolic syndrome in population studies?**%>*72%3,

One cross-sectional study?®* looking at young healthy men in different ethnic
groups found that fasting IGFBP-1 levels are a significant predictor of insulin
sensitivity. A combination of low fasting IGFBP-1 levels and relative insulin
resistance was shown in healthy, glucose tolerant Asian patients, which may
partially explain their higher risk of developing diabetes and cardiovascular
disease.

The IGF-1 system has been related to poor glucose control and low levels of
IGF-1 are predictive of future T2DM?°. In addition, low IGFBP-1 and high
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IGFBP-3 relate to increased cardiovascular risk?**?*® and have all been
independently associated with the presence of the metabolic syndrome and

with insulin resistance®’.

Two prospective studies have identified low IGFBP-1 concentrations as a
predictor of future development of diabetes. One long-term follow-up study
identified that low IGFBP-1 and low IGF-1 levels predicted an increased risk
of T2DM?*. A Swedish longitudinal study found that low fasting IGFBP-1
concentrations predicted the development of T2DM over ten years®®.
Interestingly, in individuals who developed diabetes, IGFBP-1 levels
increased by almost a third in this study?®®. Possible explanations were
given for the rise in IGFBP-1 levels such as IGFBP-1 being a marker of
decreasing B cell function and inflammatory cytokines playing an unspecified

role.

1.5.3.4 Insulin-like Growth Factor Binding Protein-1 and

Cardiovascular Disease

In addition to the links with metabolic regulation discussed above, circulating
IGFBP-1 concentrations have also been associated with the risk of incident
CVD and mortality. The Rancho Bernardo Study®*®, a longitudinal study,
demonstrated an association of low levels of IGFBP-1 with all-cause
mortality. Low circulating IGFBP-1 levels were associated with high
triglyceride, low HDL cholesterol levels and higher concentrations of glucose

and insulin®®.

Several cross-sectional studies have shown plasma IGFBP-1 concentrations
are negatively correlated with markers of insulin resistance, cardiovascular

2,3,12,20,256,259-261

risk factors and carotid intima thickness These findings

suggest that low levels of IGFBP-1 may be permissive for the development
of CVD. However some groups have found conflicting conclusions®%%%2,
Hu and colleagues®° found a strong and significant association between
higher IGFBP-1 and IGFBP-2 levels and mortality in the elderly.

Paradoxically, despite the apparent association with increased mortality,
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higher IGFBP-1 and IGFBP-2 levels were associated with favourable risk
factors, including lower fasting glucose and lower fasting insulin levels.
Mellbin et al investigated the prognostic importance of IGFBP-1 in patients
with CVD and T2DM?®. In this study, copeptin (a peptide which is activated
by stress and plays pivotal roles in vascular tone and osmoregulation) was
associated with IGFBP-1 levels. The investigators postulated the apparent
association between IGFBP-1 and adverse outcomes observed in some
studies may be explained by confounding through the association between
IGFBP-1 and copeptin®®.

1.5.3.5 Insulin-like Growth Factor Binding Protein-1 and
Endothelial function

Interest in a potential role of IGFBP-1 in vascular physiology was prompted
by previous work in our laboratory, with the generation of a transgenic
mouse which over-expresses human IGFBP-1. In this model, increased
circulating IGFBP-1 concentrations were associated with increased basal
vascular NO production and lower blood pressure?®?. Recently our
laboratory has shown that IGFBP-1 directly upregulates NO generation in
ECs, independently of IGF-1, via PI-3 kinase activation and eNOS
phosphorylation. IGFBP-1 was also shown to favourably modulate vascular
phenotype in vivo, specifically in the setting of insulin resistance. For
example, in obese and non-obese mouse models of insulin resistance,
IGFBP-1 over-expression protected against blood pressure elevation,
rescued endothelial function and enhanced endothelial insulin-sensitivity
(obese mouse model of insulin resistance only). Finally in a murine model of
pro-atherogenesis, IGFBP-1 over-expression protected against the

development of atherosclerosis.

In summary, this introduction has highlighted the increasing global
prevalence of T2DM and IR. Recognition that these states impair the
capacity for endothelial regeneration emphasises the importance of
discovering potential new treatments to improve endothelial regeneration

and prevent cardiovascular disease. IGFBP-1 is an endogenous protein
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which is implicated inversely with IR and CVD. In vivo and in vitro studies
have shown a protective role for IGFBP-1 in endothelial function and
atherosclerosis, however the effects of IGFBP-1 on endothelial regeneration
have not been investigated and form the focus of this thesis. Understanding
the role of IGFBP-1 in endothelial regeneration is important in order to
identify novel treatments to promote endothelial repair in insulin resistant

patients.
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2 Original hypothesis,
objectives and experimental

design
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The fundamental hypothesis of this thesis is:

IGFBP-1 augments vascular endothelial repair in the setting of insulin
resistance by promoting endothelial cell/angiogenic progenitor cell reparative

functions.

2.1 Objectives

1. To investigate the effect of IGFBP-1 over-expression on endothelial repair
in vivo.

2. To examine the effect of IGFBP-1 on the functional properties of human
ECs implicated in endothelial repair in vitro.

3. To examine the effect of IGFBP-1 on the functional properties of APCs
implicated in endothelial repair in vitro.

4. To identify the molecular mechanisms of functional effects determined in

objectives 2 and 3.

2.2 Experimental design

The following complementary in vivo and in vitro approaches were employed

to investigate endothelial-reparative effects of IGFBP-1.:

1. To assess the impact of IGFBP-1 on endothelial regeneration, murine
models with over-expression of human IGFBP-1 either in an insulin
sensitive or insulin resistant setting were subjected to arterial injury
resulting in complete denudation of the endothelium. The time-course
and completeness of endothelial regeneration were then evaluated.

2. To investigate the effect of IGFBP-1 on APC abundance, the number
of APCs in the mononuclear fraction of peripheral blood was
quantified by flow cytometry in murine models with over-expression of
human IGFBP-1 with/without insulin resistance.

3. To investigate the effect of IGFBP-1 on APC abundance and function,

APCs were expanded from peripheral blood, bone marrow and spleen
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from murine models with over-expression of human IGFBP-1
with/without insulin resistance..

4. To assess the effect of IGFBP-1 on endothelial cell functional
properties implicated in endothelial repair, the influence of direct
IGFBP-1 exposure on cell migration and proliferation was investigated
in human ECs.

5. The effects of IGFBP-1 on ex-vivo angiogenesis and ex-vivo
endothelial regeneration were also investigated using murine aorta
and human saphenous vein samples respectively.

6. Investigations were carried out to identify the molecular mechanisms
by which IGFBP-1 modulates endothelial repair, focussing on Focal
adhesion kinase, Rho-kinase and integrins.

These 6 broad experimental approaches will be described in detail in
chapters 4-7. Chapter 3 will outline generic methods used in this research
project in terms of their general application.



3 General Methods
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3.1 Bioreactive agents

Bioreactive agents that are used across a number of protocols are described
here to detail their source and handling. Purified native human IGFBP-1
(Groprep, Adelaide, Australia) was reconstituted in 20mmol/L HCL and snap-
frozen in liquid nitrogen. Qualitative analysis and mass spectrometry from
the manufacturer confirmed the absence of other binding proteins and IGF-
1. Recombinant cell-culture grade insulin (Sigma) was reconstituted in
HEPES buffer when used with endothelial cells. VEGF (R&D, Minneapolis)
was reconstituted in filter-sterile water. PBS and Trypsin/EDTA were
obtained from Gibco, BRL. BSA was purchased from Sigma. FCS was from

Biosera, East Sussex and was subject to in-house batch-testing.

3.2 Endothelial cell culture

Human umbilical vein endothelial cells (HUVEC) and human coronary artery
endothelial cells (HCAEC) (Promocell, Heidelberg, Germany) were shipped
at secondary passage in cryo-medium on dry ice and stored immediately in
liquid nitrogen. To recover the cells, the cryo-vial was submerged in a water
bath at 37°C until fully thawed, and transferred to 5 mL of Endothelial cell
growth medium (20% FCS). Typical endothelial features such as

cobblestone appearance and contact inhibition were confirmed on culture.

Endothelial cells were seeded either in a 25cm?® or 75cm? tissue culture flask
and were maintained in a humidified incubator with 5% CO, at 37°C. Growth
medium was half-exchanged every 2 days. Once cells reached 90%
confluence, cells were washed with warm PBS and then passaged at a ratio
of 1:3 using Trypsin/EDTA at room temperature for 2 minutes. Endothelial
cells were reseeded in either a tissue culture flask or a cell culture plate. In

all cases, cells were used between passage number 4 - 7.
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3.3 Animal husbandry

3.3.1 Gene manipulation in mice

Transgenesis of mice were not undertaken by the author, as breeding
colonies were already established at the University of Leeds. Generation of
these models have been described by investigators in previously published

literature, and is briefly summarised below.

3.3.2 Insulin receptor knockout mice with over-expression of
IGFBP-1

Mice with transgenic over-expression of human IGFBP-1 were originally

generated by Crossey et al®**

at King’s College London. A cosmid clone
was purified which encompassed the human IGFBP-1 structural gene
including all the cis sequences necessary for tissue specific regulation. Mice
with knockout of the insulin receptor were originally generated by Accili et
al®®* at the National Institute of Health, Bethesda, USA. Mice for use in this
project were supplied by the Medical Research Council Mammalian Genetics
Unit, Harwell, Oxfordshire and backcrossed to C57BL6 for 12 generations.
Mice with heterozygous knockout of the insulin receptor (IRKO) are viable,
however mice homozygous for the null allele (IR) die as neonates from
ketoacidosis. IGFBP-1 and IRKO mice were intercrossed to generate
offspring of the following 4 genotypes: WT, IRKO, IGFBP-1 and

IRKO*IGFBP-1.

3.3.3 Housing and experimental conditions

As mandated by the Experimental Animals (Scientific Procedures) Act 1988,
experiments were conducted in full compliance with Home Office UK
regulations. Experiments were sanctioned under personal licence PIL
40/9839 and project licence numbers 40/2988 up until 24/7/2011 and
40/3523 from 25/7/2011 onwards. Mice were housed in the University of
Leeds animal facility, under standard laboratory conditions in humidity (55%)

and temperature (21°C) controlled conditions with a 12-hour light-dark cycle,
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and free access to food and water. Offspring were weaned to standard
chow diet (B&K Universal Ltd, Hull) at age 3-4 weeks, at this point littermates
were separated by gender. Ear-notching by punch-biopsy in conscious mice
allowed numerical identification, the ear notches were subsequently used for
DNA analysis. Littermates were housed together with same sex siblings in
groups of up to four animals per cage. Housing of single animals was

avoided wherever possible.

Male mice aged 8-16 weeks were used for experimental procedures.
Oestrogen is well known to significantly affect APC biology, therefore female

mice were not studied due to their cyclical hormonal changes.

For animal euthanasia, mice were left unconscious by 4 minutes of CO,
exposure followed by blunt dislocation of the cervical spine, except in
endothelial regeneration studies where terminal anaesthesia with perfusion
fixation using paraformaldehyde was employed before femoral artery

extraction.

3.3.4 Breeding conditions

Breeding pairs or trios (1 male with up to 2 females on an IRKO background)
were established with only the male carrying the IGFBP-1 transgene. This
was to avoid the potentially confounding influence of maternal in utero
IGFBP-1 over-expression. Mating programmes required mice of at least 6
weeks of age and ideally less than 6 months of age. Mice were allowed free
access to standard chow diet and water, and offspring were separated from

parents after weaning.

3.4 Blood sampling from mice

3.4.1 Animal handling

Prior to experiments mice were acclimatised for at least 10 minutes in an

undisturbed quiet room at a controlled ambient temperature of 21°C.
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Conscious mice were gently placed in a restraining device that allowed free
air flow. If mice became unduly agitated during a blood testing session the

experiment was discontinued and repeated the next day.

3.4.2 Blood sampling

Blood was required from mice for flow cytometry and cell culture
experiments. For flow cytometry assessments, conscious mice were placed
in a cylindrical restraining device head-first, whilst the right leg was gripped
between the operator’s left thumb and index finger. Typically, mice had
already been acclimatised to restraining devices through prior training
sessions. The limb was removed of hair with hair removal cream, which
exposed the lateral saphenous vein, this was them lightly punctured using a
14G needle. Up to 200uL of blood was collected into capillary blood
collection tubes coated with powdered lithium heparin (Sarstedt, Numbrecht)
and stored on ice before further processing. Haemostasis at the puncture
site was achieved with light pressure. When repeated sampling was
required, light disturbance of thrombus at the puncture site was sufficient to
provide fresh whole blood. For cell culture experiments, up to 1mL was
obtained from the vena cava under terminal anaesthesia. Mice were
anaesthetised with isofluorane (see below) before a vertical abdominal
incision was made. The vena cava was exposed and up to 1mL of blood was

aspirated using a 29G needle.

3.5 General anaesthesia

Invasive murine studies (arterial injury, vessel harvest, blood collection for
APC culture) required a general anaesthetic (isoflurane). The anaesthetic
apparatus consists of tubes running from an isoflurane vaporiser to a carbon
filter with valves that either open or close the tube’s circulation. One tube
controls the flow of isoflurane and oxygen to the induction chamber unit of
the isoflurane set up (this is where the mouse is initially exposed to the

anaesthesia and is sedated) and another tube controls the flow of isoflurane
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and oxygen to the mask portion of the isoflurane set up, (this tubing has a

—_—

nose cone attached and is eventually fitted to the mouse) (Figure 3.1).
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Figure 3-1 Apparatus for general anaesthesia.
(With permission from Kahn MB PhD Thesis, University of Leeds).

Once the system is checked to ensure there are adequate amounts of O,
and isoflurane for the duration of the procedure, the system was set to flow
towards the induction chamber and the O, supply was turned on. The mouse
was placed into the induction chamber (this housing unit is ventilated with
oxygen and isoflurane) and the isoflurane vaporiser was turned on and
adjusted to 2.5-3.5%. The oxygen was then turned on and adjusted to at
least 1 litre per minute (this level of oxygen was maintained throughout the
entire procedure). Once unconscious, the system was switched to flow to
the nose cone, providing isoflurane to the mouse nose cone (at this point the
gas to the induction chamber was turned off). Tubing connected to the
isoflurane vaporiser and oxygen was taped to the operating table and the
mouse was then removed from the chamber and the head positioned in the
nosecone and the body of the mouse was secured to a warmed table pad
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(38°C) with tape. Maintenance anaesthesia was kept between 1.5-2.5%; if an
animal started responding, the mouse was gently restrained in the nosecone
until fully anesthetized again. Respiration and response to stimulation during
the procedure were monitored and the anaesthetic adjusted accordingly. On
completion of the procedure, the vaporiser was turned off and the mouse
was allowed to breathe O, until it awoke. The mouse was then placed in a
recovery area with thermal support until fully recovered. Mice received post-
operative analgesia (buprenorphine 0.25mg/kg s.c.).

3.6 PCR genotyping

3.6.1 DNA extraction

Mice were genotyped by amplification of DNA from ear notch digests by the
polymerase chain reaction (PCR). Ears were marked by cutting of small
notches in the periphery of the pinna according to a standardized numbering

protocol.

100pL of NaOH+EDTA was added to the sample and placed on heat block
(pre-heated to 95°C) for 20 minutes. After 20 minutes, samples were taken
off the heat block and 100uL of 40mM Tris-HCI were added. Samples were
then vortexed and placed in the fridge to cool down for 30 minutes to 1 hour

for immediate PCR or stored at 4'C until required.

3.6.2 Conventional polymerase chain reaction

PCR was performed in 25uL reaction volumes using a thermal cycler (MJ
Research). This was performed under a laminar flow hood to prevent any
contamination, with pipetting via DNAase-free tips. Oligonucleotide primers
were prepared commercially (Invitrogen), with sequences derived from
published literature. Sequences complementary to the human IGFBP-1
transgene were GCA TCA TGG GCA GCT GGT TTC AC (forward) and CAA
GGG TAG ACG CAC CAG CAG AG (reverse). The sequences
complementary to the alleles encoding InsR null and wildtype functional InsR
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were TTA AGG GCC AGC TCA TTC CT CC (forward, inside neomycin
cassette), AGC TCT GCA CTT CCC TGC TC AC (forward, inside
endogenous receptor allele) and TCT TTG CCT GTG CTC CAC TCT CA
The PCR products were

(reverse, inside endogenous receptor allele).

maintained at 4°C after thermal cycling was complete.

Table 1: Reagents quantities (ul) for 25ul reaction volumes and PCR

amplification profiles as optimised with specific primers
IGFBP-1 IRKO

Buffer 25 25

MgCI2 15 2

dNTPS 0.4 0.5

Primer 1 0.5 0.5

Primer 2 0.5 0.5

Primer 3 0.5

Taq polymerase 0.125 0.5

ddH20 18.475 17

DNA solution 1 1

Amplification profile (hold; 3-stage cycle; hold) 95°C 5 mins; 94°C 4 mins;
95°C 1 min, 94°C 1 min,
63°C 1 min, 62°C 1 min,
72°C 1 min; 72°C 1 min;
72°C 4 mins 72°C 4 mins

Cycles x 35 x 31

Band size (base-pairs)

197 (transgenic)

232 (wildtype)

255 (Insr null)

PCR product abundance was determined by electrophoresis on a 1.5%

agarose gel (with ethidium bromide). Under ultraviolet imaging bands were

detected and assessed using a software package (Chemilmager 5.5). PCR
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products molecular weight was estimated by running a 100 base pair ladder

on the same gel.

3.6.3 DNA gel-resolution and detection

Using a 1.2% agarose gel, PCR products were visualised by
electrophoresis. 1.2% agarose gel was made by denaturing 1.2g agarose
(Bioline, London) in 120mL TAE buffer (50X solution: 242g TRIS base,
750mL H»0, 57.1mL glacial acetic acid, 100mL 0.5M EDTA pH 8 made up to
1L with ddH,0 (diluted to a 1X solution with ddH,0)) in an 800W microwave
for 1 minute and 30 seconds, using an autoclaved beaker. 5uL ethidium
bromide (Sigma) was added after cooling to 40°C, and this viscous solution
was left to cool for 2-3 minutes and then poured into a running tray. A comb
was placed prior to setting in the running tray, to form indentations into which
21uL of each PCR reaction solution could subsequently be pipetted. PCR
product was then separated by electrophoresis by conducting 100V across
TAE buffer bathing the gel for 60 minutes. The PCR product was visualized
in a light cabinet using AlphaEase software (Alpha Innotech Corp, CA) and

identified by reference to a 100 base-pair ladder.

3.7 Statistical analysis and data presentation

Graphpad Prism v5 (Graphpad software, San Diego, CA, USA) was used to
perform statistical and graphical analysis. Unless stated otherwise,
continuous data are presented as arithmetic mean and standard error of the
mean and n is the number of replicates. 2-tailed unpaired t-test was used
for comparing continuous data for differences in means. Repeated
measures one-way ANOVA with post-hoc Newman-Keuls was used for
analysis for experiments with multiple treatments. p<0.05 was accepted as

statistically significant.
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4 The effects of IGFBP-1 on
endothelial regeneration
following vascular injury in

relation to Insulin resistance
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4.1 Introduction

Arterial wall injury following angioplasty, stent insertion and coronary artery
bypass surgery leads to loss of endothelial cells either through direct trauma,
apoptosis or necrosis and triggers a number of responses such as smooth
muscle proliferation and migration (resulting in neointimal hyperplasia)®® and
recruitment of leucocytes and platelets (resulting in inflammation and
thrombosis) Adverse arterial remodelling resulting from endothelial cell loss
contributes to atherosclerosis’®®, bypass graft failure!®*, restenosis'® and

stent thrombosis!®.

Endothelial repair following injury occurs through a series of interactions
between native EC (migration and proliferation of EC to sites of damage)
and circulating bone-marrow derived angiogenic progenitor cells
(APCs)™ which are recruited to the diseased vessel. Studies conducted
in the 1970s observed the dominant role of EC mitosis and migration in

110-112,115,116

endothelial regeneration after vascular damage Recent data

have shown that APCs promote endothelial regeneration after vascular
injury'®™ have an athero-protective effect'’* and prevent neointima
formation*’>.  Numerous human and animal studies have shown diabetes
and IR to be associated with reduced number and function of APCs with

delayed endothelial regeneration following arterial injury*’>296:265266

Interest in a potential role of IGFBP-1 in vascular physiology was prompted
by previous work in our laboratory, with the generation of a transgenic
mouse which over-expresses human IGFBP-1. In this model increased
circulating IGFBP-1 concentrations were associated with increased basal
vascular NO production and lower blood pressure®?. IGFBP-1 directly
upregulated NO generation in ECs independently of IGF-1, via a signalling
pathway comprising PI-3 kinase activation and eNOS phosphorylation®®’.
Because endothelial repair is critically dependant on NO bioavailability, one
may postulate that IGFBP-1 may have a positive role in endothelial repair

by increasing NO production.
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To assess the effects of IGFBP-1 on endothelial regeneration in an insulin
sensitive and insulin resistant setting, a well-established model of arterial
injury was performed. Several models of arterial injury have been described
including extra-luminal approaches such as simple arterial ligature®®,

269 270' A more

perivascular electric current™ and peri-arterial cuff placement
clinically relevant experimental model is endothelial denudation of the carotid
artery in mice. However, this experimental model is technically challenging
and can cause significant complications to the animal®’*. In this chapter, a
well-validated model of femoral arterial injury was used successfully in our
laboratory?®.  This model is clinically relevant and results in complete
endothelial denudation along with neointimal hyperplasia. Other advantages
of this technique include a short operative time, low morbidity and mortality
rates in comparison to the carotid artery injury technique, and the feasibility

of performing bilateral studies®’.
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4.2 Aims

The aims of the investigations described in this chapter were as follows:

1. To acquire skills in order to establish a reproducible murine model of
femoral arterial wire-injury which results in complete endothelial
denudation.

2. To assess if over-expression of human IGFBP-1 increases endothelial
regeneration after vascular injury in insulin sensitive (WT) and in
insulin resistant (IRKO) murine models in vivo.

3. To assess the regenerative capacity of human IGFBP-1 on murine
thoracic aorta samples using an aortic ring angiogenesis assay ex

Vivo.
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4.3 Methods

4.3.1 Breeding colonies and genotype

A breeding colony of IRKO*IGFBP-1 mice was established (as described in
section 3.3.2) and the genotype of male offspring was determined by
polymerase chain reaction of ear-notch tissue digests (as described in
section 3.6.2). Male IGFBP-1, IRKO, IRKO*IGFBP-1 mice aged 12-16
weeks were compared with age- and sex-matched wild-type littermate

controls.

4.3.2 Arterial injury technique

Two comparisons were performed in the arterial injury experiments, the first
investigating the effects of human IGFBP-1 over-expression in metabolically
healthy mice (i.e. WT vs IGFBP-1) and secondly, investigating the effects of
human IGFBP-1 over-expression in insulin-resistant mice (i.e. IRKO vs
IRKO*IGFBP-1). The above murine models were subjected to femoral artery

endothelial denuding wire-injury between 12-16 weeks of age.

Surgery was performed using a dissecting microscope (Zeiss OPMI 1-FC,
Germany). Mice were anaesthetised (isoflurane 2-3%) before being
positioned supine and secured to a table pad (warmed to 38°C) with tape (as
described in section 3.5). Mice were fixed in position with upper paws fixed
on the nosecone and lower extremities abducted and extended. Hair was
removed from the lower abdomen and groins with hair removal cream. The
lower abdomen and groins were cleaned with providone-iodine solution
(0.75%).

An incision was made in the mid-thigh and extending towards the midline.
After blunt dissection of the subcutaneous tissues, the fat pad across the
vessel (which marks the point of departure of the epigastric artery) was
identified. To avoid damage to the epigastric artery the fat pad was handled

carefully as this artery perfuses the limb when the main artery is ligated.
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Overlying fascia was removed which revealed the neurovascular bundle.
The femoral artery was carefully separated from the nerve and vein
immediately distal to the epigastric branch. An 8/0 suture was loosely tied
around the femoral artery at this point and a clamp placed across the
neurovascular bundle in the proximal operative field at the level of the
inguinal ligament. To prevent vasospasm, a drop of 1% lignocaine was
pipetted onto the artery. An arteriotomy was performed using iris scissors
(World Precision Instruments) and then advancing a 0.36mm angioplasty
guide wire with tapered tip (Hi-torque Cross-it 200XT, Abbott-Vascular,
lllinois, USA) into the femoral artery using an operating microscope. The
angioplasty wire was advanced 3cm (clamp being removed at this point). 3
passages in total were performed per mouse which resulted in complete
arterial denudation (confirmed using Evans blue staining as described
below). The angioplasty wire was removed completely and suture tightened
quickly. The vessel was tied off and skin closed with continuous sutures.
The contralateral artery underwent an identical operation without passage of

the wire, a ‘sham’ procedure.

The mouse was then placed in an incubator with thermal support until fully
recovered. Mice received post-operative analgesia (buprenorphine
0.25mg/kg s.c.) and were monitored for signs of distress. All surgical

operations were performed by Dr. Nadira Yuldasheva.
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Figure 4-1 Femoral artery denudation.
The angioplasty guide wire is advanced 3cm into the femoral artery. (With
permission from Kahn MB PhD Thesis, University of Leeds).

4.3.3 Endothelial Regeneration

After 5 days the mice were anaesthetised (this time point was selected
based on previous data from our laboratory)?®. 50 uL 5% Evans blue dye
was injected into the inferior vena cava. After 10 minutes, the mice were
perfusion fixed with formaldehyde before the femoral arteries were
harvested. Evans blue dye is an azo dye which has a very high affinity for
albumin. The dye binds only to exposed inter-cellular matrix when
endothelial cells are denuded because albumin cannot cross the endothelial
monolayer.  Therefore, absence of endothelium appears blue when
damaged and this marks the denuded area of the femoral artery. Perfusion
fixation was carried out via a 23G needle placed into the left ventricle under
physiological pressure with 4%  paraformaldehyde (pH 7.2).
Paraformaldehyde was infused until the efflux (from a small incision made in
the right atrium) ran less blue or the muscles began to fasciculate. Vessels
were excised of injured and non-injured femoral arteries up to level of the

aortic bifurcation and then stored in 4% paraformaldehyde.

Under a dissecting microscope (Olympus Dissecting Stereo Microscope
5761), the arteries were then cleaned from the overlying fascia and opened
up longitudinally and images obtained using a digital camera (QiCam
Olympus digital camera). The stained and unstained areas in blue were



79

measured microscopically in the injured area 5mm from the proximal suture
and the percentage areas were calculated using ImagePro Plus 6.2 software
(Media Cybernetics, Bethesda, USA). This was done automatically by the
program once the region of interest was outlined and any blue areas
identified (Figure 4.2). Endothelial regeneration was quantified separately by

two investigators blinded to genotype.
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Figure 4-2 Calculation of endothelial regeneration using ImagePro Plus
6.2 software.

The green border represents the region of interest. The red borders
represents patches of blue indicating denuded endothelium. Compare the 2
vessels and note the patches of blue present on the injured vessel indicating
denuded endothelium however the non-injured vessel is completely clear
indicating an intact endothelial monolayer.
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4.3.4 Aortic ring angiogenesis assay

An aortic ring angiogenesis assay was performed to assess the contribution
of native mature endothelial cells and surrounding non-endothelial cells to
angiogenesis in the absence of circulating progenitor cells. Immediately
after euthanasia of WT mice, the chest cavity was opened and overlying
organs excised. Using fine Vannas scissors (World Precision Instruments,
Sarasota), descending thoracic aortae were carefully excised, flushed with
ice-cold PBS until blood free. The thoracic aorta was then placed in cold
Krebs-Henselheit solution. Using a dissecting microscope, surrounding
fibroadipose tissue was dissected free and the aorta sectioned into 1-mm
rings. 24 well culture plates were then coated with 200 pL per well of
growth factor reduced Matrigel (BD Bioscience) and allowed to polymerize
for 30 minutes at 37°C. After 30 minutes, rings were then placed on growth
factor reduced Matrigel and incubated with control vehicle or IGFBP-1
(500ng/mL) in 10% FBS Endothelial Cell Growth Medium), which was
replaced on alternate days. Quantitative analysis of endothelial sprouting
was performed using images using an Olympus CKX-41 microscope from
day 7, sprouting analysis could occur up to 14 days from initial plating,
however it has been known that peak sprouting occurs at day 6 and by day 9

273

sprouts become variable“’*. The greatest distance from the aortic-ring body

to the end of the vascular sprouts was measured at 3 distinct points per ring

and in 3 different rings per mouse as described previously?".
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4.4 Results

4.4.1 Endothelial regeneration following vascular injury

4.4.1.1 Wildtype v. IGFBP-1 transgenic mice

In order to investigate the effects of IGFBP-1 over-expression on endothelial
repair in insulin sensitive animals, transgenic and WT mice underwent
femoral artery denuding wire injury. Evans blue staining of whole-mounted
femoral arteries demonstrated no significant difference in endothelial
regeneration between WT and IGFBP-1 mice. (Re-endothelialised area
61.65+/-3.87% vs. 56.16+/-3.08% at day 5 following injury, N=7, p=0.29)
(Figure 4.4A).

4.4.1.2 IRKO v IRKO*IGFBP-1

In order to investigate the effects of IGFBP-1 over-expression on endothelial
repair in insulin resistant animals, IRKO and IRKO*IGFBP-1 mice underwent
femoral artery denuding wire injury. In keeping with our previous
experience, endothelial regeneration was significantly impaired in IRKO mice
compared to WT mice (re-endothelialised area 47.38+/-2.56% vs. 61.19+/-
3.43% at day 5 following injury, p=0.03) (Figure 4.4B). Evans blue staining
of whole-mounted femoral arteries demonstrated significantly enhanced
endothelial regeneration in IRKO*IGFBP-1 mice compared to IRKO. (re-
endothelialised area 54.42+/-1.81% vs. 47.38+/-2.56% at day 5 following
injury, p=0.03) (Figure 4.4B).
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Figure 4-3 Endothelial regeneration following wire-injury of the femoral
artery.

Representative in situ Evans blue staining in vessels 5 days post vascular
injury (blue staining indicates denuded endothelium) in WT, IRKO and
IRKO*IGFBP-1 mice (magnification 20x).
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Figure 4-4 Endothelial regeneration from femoral artery denuding
injury.

(A) WT v. IGFBP-1 over-expression, ns=non-significant, unpaired t-test (two-
tailed), n=7. (B) WT (n=5) v. IRKO (n=7) v. IRKO*IGFBP-1 (n=10), **p<0.01,
*p<0.05, one-way ANOVA with Newman-Keuls post hoc test.
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4.4.2 Aortic ring angiogenesis assay

In order to investigate whether IGFBP-1 affects angiogenesis in the absence
of circulating endothelial progenitor cells, an aortic ring angiogenesis assay
was performed. This in-vitro assay is considered to come closest to
simulating in-vivo angiogenesis, because it includes the surrounding non-
endothelial cells and also the endothelial cells have not been preselected by
ex-vivo expansion®®. The results found no significant difference in the
length of aortic micro-vessel sprouting between aortic explants from WT
mice that were exposed to control or IGFBP-1 (500ng/mL). In conclusion,
IGFBP-1 did not modulate the angiogenic potential of native mature

endothelial cells in the vasculature of WT mice (Figure 4.5).
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Figure 4-5 Aortic ring angiogenesis assay.

A (WT) & B (IGFBP-1): Representative image demonstrating sprouting
microvessels from an aortic ring cultured in Matrigel (magnification 40x).

C: Quantification of microvessels sprouting from aortic rings from WT mice
treated either with control or IGFBP-1 (500ng/ml), ns=non-significant, paired
t-test, n=4 per group.
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45 Discussion

Defective endothelial repair mechanisms in the setting of IR are important
factors in the delayed and impaired endothelial regeneration following
vascular injury®®®, which leads to bypass graft failure'** following surgery and

> and stent thrombosis'® following angioplasty in the clinical

restenosis™
setting. IGFBP-1 overexpression has been shown to rescue endothelial
function and reduce CV risk factors in murine models of both obese and
non-obese IR. Over-expression of human IGFBP-1 in atherosclerosis-prone
mice protects against the development of atherosclerotic plaques, raising the
possibility that IGFBP-1 could constitute a novel treatment in the prevention

of cardiovascular disease®®’.

The present chapter provides new insights into the effect of over-expression
of human IGFBP-1 on endothelial regeneration in an insulin-sensitive
(healthy) and insulin resistant setting. Following endothelium denuding
arterial injury, over-expression of human IGFBP-1 had no effect on
endothelial regeneration in insulin-sensitive mice. In contrast, over-
expression of human IGFBP-1 restored endothelial regeneration to WT
levels in the insulin resistant setting (Figure 4.4B). These data represent the
first time IGFBP-1 has been investigated in its role in endothelial
regeneration and clearly support an in vivo modulatory role for IGFBP-1 in
endothelial repair in IR. The favourable effects of IGFBP-1 may be specific
to endothelial repair rather than angiogenesis, as no difference in angiogenic
sprouting was observed following acute ex vivo exposure of aortic segments
to IGFBP-1.

Surprisingly, no difference was observed between WT mice and mice over-
expressing IGFBP-1 in endothelial regeneration after denuding injury. A
possible explanation for this is that in ‘healthy’ animals the endothelial
reparative measures may already be sufficient and there may be no capacity
for IGFBP-1 to improve endothelial regeneration further. In support of this
argument, a study looking at over-expression of IGF-1 in healthy mice found
that IGF-1 did not enhance revascularisation and regeneration of skeletal
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muscle grafts®’®.

However, in insulin resistant IRKO mice, expression of
human IGFBP-1 clearly improved endothelial regeneration. It is not possible
to comment on whether the favourable effects of IGFBP-1 are truly specific
for insulin resistance, as it is possible that IGFBP-1 could enhance repair in
other settings in which endothelial regeneration is suboptimal. Similarly,
whether the favourable effects are recapitulated in other models of IR was
not investigated. IR is characterised by multiple biochemical and signalling
abnormalities, which impact on endothelial regeneration and could
potentially be reversed by IGFBP-1. Of these, the cellular effects of IGFBP-
1 in a biochemical milieu characterised by increased production of pro-

inflammatory cytokines will be explored further in vitro in Chapter 6.

Limitations of these data should be taken into account. During the vascular
injury experiments, endothelial regeneration was recorded at one time-point
only (5 days). Therefore possible effects of IGFBP-1 on endothelial repair
beyond 5 days cannot be excluded. Provisional experiments were
performed looking at 7 and 14 days, however due to time and resource
restraints, these were discontinued. Only one method of assessing
endothelial regeneration was used through Evan’s blue staining. Other
methods that could have been used include scanning electron microscopy,
or assessing endothelial function by assessing the production of NO.
However, Evans blue staining is a well-validated model of regeneration but

not function®’®.

This project’s main focus is to investigate endothelial regeneration rather
than angiogenesis, (defined as the formation of new blood vessels from
existing vascular networks). Even though both processes have similarities
involving endothelial cell migration and proliferation, angiogenesis and
endothelial regeneration are distinct processes and may be differentially
regulated. Therefore, the fact that no effect was observed with acute ex vivo
IGFBP-1 treatment in the aortic ring angiogenesis assay does not
necessarily detract from a favourable role for IGFBP-1 in vascular
regeneration. The aortic ring angiogenesis assay has many advantages

over other ex vivo angiogenesis assays such as proliferation or migration
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assays as the assay is seen to stimulate in vivo conditions as surrounding
non-endothelial cells (pericytes and smooth muscle cells) are present, which
are involved in the key steps of angiogenesis. Additionally, ECs are

d?’’. Limitations include

quiescent and have not been repeatedly passage
the fact that that this model does not represent the microvascular
environment, as angiogenesis occurs typically in microvessels and not major
arteries such as the aorta which was used in the assay. Also variation can
occur within one experiment due to inadequate dissection of surrounding
adventitia, and this in turn can influence microvessel growth. The presence
of endothelial cells in the angiogenic sprouts was not confirmed with an

273 One could have

immunofluorescence staining marker such as BS1 lectin
used tissue from IRKO mice rather than WT mice and therefore assessed
the effects of IGFBP-1 on IRKO endothelial cells; in addition one also could

have performed a concentration dependent experiment using IGFBP-1.

In summary, overexpression of IGFBP-1 enhanced endothelial regeneration
following arterial denuding injury in vivo. These effects were restricted to the
insulin resistant setting and were not observed in metabolically healthy,
insulin-sensitive mice. The findings suggest a favourable, pro-regenerative
effect of IGFBP-1 on endothelial repair, which may be specific to insulin
resistance. Endothelial regeneration at sites of damage is attributed to two
broad paradigms; native endothelial cells migrating and proliferating towards
sites of injury*®® and angiogenic progenitor cells migrating to sites of injury
and either releasing pro-angiogenic molecules which stimulate EC
proliferation or differentiating into mature ECs that integrate into damaged

166,172,174,278

vessels The effects of IGFBP-1 on these parameters are

investigated in Chapters 5 and 6.



5 The effects of IGFBP-1 on
Angiogenic Progenitor Cell

abundance and function
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5.1 Introduction

APCs are thought to exert their function by two main methods: release of
pro-angiogenic molecules which stimulate proliferation of ECs or other APCs
or differentiation into mature endothelial cells that integrate into the damaged
vessels. For these processes to occur, APCs must first “home” to sites of
endothelial damage and adhere to damaged/activated ECs or to the
extracellular matrix, therefore contributing to the endothelial repair

process®®’.

Animal studies have shown that APCs contribute to endothelial
regeneration following endothelium-denuding injury*’?, bypass grafting'”®
and hyperlipidaemia'™. Also, APC infusion reduces the development of
endothelial dysfunction*®® and neointima®®®. Taken together, the evidence
suggests a role for APCs in maintaining endothelial homeostasis and

preventing atherosclerosis and restenosis.

Human studies have shown that lower numbers of circulating APCs are
present in diabetic subjects compared to healthy subjects. In diabetes,
APCs exhibit functional defects which lead to impaired endothelial

regenerative capacity?3200:265279.280

Although hyperglycaemia may impair
APC function in diabetes, several abnormalities associated with IR, such as
reduced NO bioavailability, increased ROS production and down-regulation
of PI3-kinase/AKt signalling pathways, have the potential to disrupt APC
numbers and function®®'. Previous research carried out in our laboratory
clearly showed impaired endothelial regeneration in IRKO mice, indicating
that IR per se is sufficient to jeopardise endothelial repair®®. The defective
repair resulting from IR was attributed to a combination of impaired NO-
dependent APC mobilisation, reduced APC abundance, and dysfunctional

APCs in this study®®.

IGFBP-1 increases NO production through eNOS stimulation via the PI-3

kinase pathway in ECs?®’

. As NO bioavailability plays a critical role in APC
mobilisation and function, we hypothesised that IGFBP-1 over-expression

would lead to an increase in APC abundance and function in IRKO mice.
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Investigating the effects of IGFBP-1 on APC abundance and function forms

the focus of this chapter.
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5.2 Aims

The aims of the investigations described in this chapter were as follows:

1. To investigate, using flow cytometric enumeration of circulating APCs,
whether IGFBP-1 overexpression rescues APC abundance in IRKO
mice.

2. To investigate, through in vitro culture and expansion of APCs
derived from peripheral blood monocytes and storage depots, whether
IGFBP-1 overexpression rescues APC abundance and dysfunction in
IRKO mice.
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5.3 Methods

5.3.1 Breeding colonies and genotype

A breeding colony of IRKO*IGFBP-1 mice was established by mating male
IGFBP-1 mice with IRKO females (as described in section 3.3.4). Female
offspring were culled at weaning. The genotype of male offspring was
determined by polymerase chain reaction of ear-notch tissue digests (as
described in section 3.6.2). Animals were housed in a conventional animal
facility with a 12-hour light/dark cycle and received standard laboratory
chow. Male IRKO*IGFBP-1 mice aged 12-16 weeks were compared with
age- and sex-matched wild-type, IRKO and IGFBP-1 littermate controls.

5.3.2 Flow cytometry (FACS)

100pL of peripheral blood was taken from the saphenous vein of each non-
fasted mouse aged between 12-16 weeks (as described in section 3.4.2)
and collected into capillary blood collection tubes containing 150uL Heparin
(CP Pharmaceuticals Ltd, Wrexham UK). This was immediately added to
3mL of red blood cell lysis solution ‘PharmLyse’ (BD Biosciences) (diluted
1:10 with sterile water) and incubated for 10 minutes at room temperature.
The samples were then centrifuged for 10 minutes at 300g and the
mononuclear cells were resuspended in 1mL of FACS buffer (stock: 500mL
PBS; 2.5mL FCS; 0.25g BSA), divided into 2 microcentrifuge tubes per
sample and centrifuged once again. After pouring off the supernatant and
equilibrating to 100uL with FACS buffer, the samples were incubated with
10pL FcR blocker (BD Biosciences) for 10 minutes at 4°C to prevent non-
specific antibody binding. Appropriate volumes of the following antibodies, or
their respective isotype controls, were then added for 10 minutes at 4°C (in
darkness): FITC-anti mouse Sca-1 (BD Biosciences); PE-anti mouse Flk-1
(BD Biosciences). EPCs were enumerated using flow cytometry (Becton
Dickinson BD-LSRFortessa) to quantify dual stained Sca-1/Flk-1 cells in
accordance with other studies®®?. Isotype control specimens were used to

define the threshold for antigen presence and to correct for non-specific
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fluorescence. The cytometer was set to acquire 100,000 events within the

lymphocyte gate, defined by typical light scatter properties.

5.3.3 APC isolation and culture

Cell culture experiments were conducted using aseptic techniques. For cell
number quantification before cell culture, isolated mononuclear cells from
peripheral blood, spleen or bone marrow were mixed with an equal volume
of trypan blue. This cell suspension was then loaded onto a
haemocytometer and viable cells (i.e. did not stain with trypan blue) were
counted. A fixed number of peripheral blood- (1 million), bone marrow- (1
million) and spleen- (8 million) derived MNCs were seeded into 6-well plates
(spleen-derived MNCs) and 24-well plates (blood- and bone marrow derived-
MNCs). Investigations were restricted to ‘early outgrowth’ APCs due to
difficulties in culturing late outgrowth endothelial colony cells from the blood

of mice with insulin resistance®®*.

5.3.3.1 Peripheral blood

To prevent blood clotting, 50uL of Heparin was aspirated into a 1mL insulin
syringe (BD Micro-fine, BD Medical). From this syringe, 1mL of blood was
aspirated from the inferior vena cava under terminal anaesthesia (as
described in section 3.4.2) and immediately mixed with 3mL sterile PBS
(stored at 4°C). This mixed solution was then expelled into a 50mL falcon
tube via a 70um cell strainer (BD Falcon) to separate out any cell clumping
or clots and kept at 4°C. Blood samples were carefully layered on top of
5mL of Histopaque-1083 (Sigma) into 15mL centrifuge tubes. Density
gradient centrifugation at 400g for 30 minutes then took place as per
manufacturer’s instructions. After density gradient centrifugation, blood
mononuclear cells were aspirated from the buffy layer and re-suspended in
PBS before a re-centrifugation washing step at 400g for 10 minutes. After
removal of supernatant, the cells were re-suspended in 2mL of lysis buffer
(1:10) and 8 mL of PBS. A further re-centrifugation washing step at 400g for

10 minutes took place. Following purification, mononuclear cells were re-
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suspended in EGM-2 medium supplemented with EGM-2 Bullet kit (Lonza)
in addition to 20% FCS. Mononuclear cells were seeded on fibronectin
coated 24-well plates at a seeding density of 1x10° cells/well (suspended in
0.5mL medium).
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5.3.3.2 Spleen

Spleens obtained from mice via a left lateral incision under terminal
anaesthesia were immediately placed into 5mL of PBS in a 15mL centrifuge
tube and placed on ice. Spleen samples were mechanically minced through
a 70um cell strainer (BD Falcon) into a sterile petri dish containing 3mL PBS
using a syringe plunger. The suspension was then expelled into a 50mL
centrifuge tube through the cell strainer. The petri dish was then washed
with 2mL of PBS. The wash was then aspirated and added to the 50mL
centrifuge tube via the cell strainer (total of 5SmL Spleen + PBS) to ensure

any cellular debris was removed.

Spleen samples were carefully layered on top of 5mL of Histopaque-1083
(Sigma) into 15mL centrifuge tubes and underwent the same centrifugation,
aspiration and washing step as in the peripheral blood samples as
mentioned in the previous section. The spleen samples did not undergo a
lysis buffer step and had 2 further washing steps with PBS and mononuclear
cells were re-suspended in EGM-2 medium supplemented with EGM-2 Bullet
kit (Lonza) in addition to 20% FCS. Mononuclear cells were seeded on
fibronectin coated 24-well plates at a seeding density of 8x10° cells/well
(suspended in 2 mL medium).
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5.3.3.3 Bone marrow

Tibias and femurs were obtained from mice under terminal anaesthesia. To
obtain the bone marrow, the tibias and femurs were flushed 3x with 3mL
PBS using a 26G needle, and placed into a 15mL centrifuge tube and placed
on ice. The bone marrow suspension was mechanically minced through a
70um cell strainer (BD Falcon) into a petri dish using a syringe plunger. The
suspension was then expelled into a 50mL centrifuge tube through the cell
strainer. The petri dish was then washed with 2mL of PBS. The wash was
then aspirated and added to the 50mL centrifuge tube via the cell strainer to
ensure any cellular debris was removed. Marrow samples were carefully
layered on top of 5mL of Histopaque-1083 (Sigma) into 15mL centrifuge
tubes. Density gradient centrifugation, aspiration from the buffy layer and
washing steps as for Spleen samples took place for the bone marrow
samples and re-suspended in the same medium used. Mononuclear cells
were seeded on fibronectin coated 24-well plates at a seeding density of
1x10° cells/well (suspended in 0.5 mL medium).

5.3.4 APC characterisation

Following incubation for 4 days at 37°C in 5% CO,, non-adherent cells were
discarded by gentle washing with PBS and fresh medium was added to the
well containing the adherent cells. At day 7, the phenotype of APCs was
confirmed during an enumeration assay in which APCs were defined as
adherent cells co-staining for 1,1’-dioctadecy-3,3,3’,3'-
tetramethyllindocarbocyanine-labelled acetylated low-density lipoprotein (Dil-
Ac-LDL) (Life technologies, Paisley, UK) and lectin from Ulex europaeus
FITC conjugate (Sigma-Aldrich, Gilingham, UK). APCs from peripheral
blood, bone marrow and spleen were incubated with Dil-Ac-LDL (Molecular
Probes) diluted to 10pg/mL in supplemented EGM-2, at 37°C for 3 hours
prior to fixation in 4% paraformaldehyde for 10 minutes. Cells were next
washed with PBS twice and incubated with lectin from Ulex europaeus FITC
conjugate (Sigma), diluted to 10ug/mL in PBS, for a further hour. Cells were
finally washed thoroughly (3 times with PBS), prior to collecting multiple high
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power (100x) phase contrast images, along with corresponding red (Dil) and
green (FITC) fluorescent images using an Olympus CKX-41 fluorescence
microscope. Cells appearing yellow on overlaid fluorescence images (using
imageJ) were defined as EPCs in view of their co-staining for Dil-Ac-LDL
and lectin, as previously reported®®®. Cell counts were expressed as APCs

per high power field (Figure 5.1).

Figure 5-1 Representative image of APCs following cell culture from
spleen.
(100x magnification).
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5.3.5 In vitro APC functional assays

To assess functional capacity of APCs, spleen-derived APCs were cultured
as previously described in section 5.3.3.2 and harvested from the plate using
enzymatic digestion. Firstly, cells were washed with warm PBS (37°C) twice
to ensure removal of latent trypsinases present within FCS. Pre-warmed
trypsin/EDTA solution was added at a volume of 40uL/cm?  Following
incubation at 37°C for 2 minutes culture plates were forcefully agitated to
assist cellular detachment, then EGM-2 culture medium containing FCS was
added to deactivate trypsin. The resultant cell suspension was then
centrifuged at 400g for 10 minutes, washed with PBS and re-centrifuged.
The cell pellet was resuspended in culture medium according to the
functional assay being performed. For the adhesion assay APCs were used

at day 7.

5.3.5.1 APC Adhesion

For evaluation of APC adhesion, 50000 spleen-derived APCs were re-
suspended in EGM-2 medium, plated onto fibronectin 24-well plates and
incubated for 1 hour at 37°C. After washing 3 times with PBS, attached cells
were counted after collecting 5 high power (100x) phase contrast images
using an Olympus CKX-41 fluorescence microscope. Adhesion was then
evaluated as the mean number of attached cells per High Power Field
(100x).
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5.4 Results

5.4.1 Quantification of circulating APCs using flow cytometry

Cell identification by flow cytometry in terms of lymphocyte, monocyte and
granulocyte populations were defined on the basis of forward and side
scatter. This was also used to exclude necrotic cells and debris.
Investigation of cell structure and function was done through fluorescent
labelling. APCs were defined as cells that dual stained for phycoerythrin
labelled Flk-1 and fluorescein labelled Sca-1. Significantly reduced numbers
of Sca-1/FIk-1 positive APCs were observed in the IRKO mice compared to
WT littermate controls (Figure 5.2). Over-expression of human IGFBP-1 in
IRKO mice did not alter the number of APCs (Figure 5.2).
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Figure 5-2 Enumeration of APCs in blood using flow cytometry.
Numbers of Sca-1/Flk-1-positive cells in WT, IRKO, IGFBP-1 over-
expressing mice and IRKO mice with IGFBP-1 over-expression. (one-way
ANOVA with Newman-Keuls post hoc test, *P<0.05, n=6 per group).
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5.4.2 In vitro APC culture — phenotypic analysis

Dil-ac-LDL/lectin positive early-outgrowth APCs were quantified in cells
expanded from peripheral blood-, spleen- and bone-marrow-derived
mononuclear cells. On day 7, cultivated cells were incubated with Dil-ac-
LDL and lectin. Cells staining positive for both lectin and Dil-ac-LDL were
judged to be APCs and quantified in 10 randomly selected HPFs (100x)
(Figure 5.3). Significantly fewer APCs were cultured from peripheral blood of
IRKO mice compared to WT controls. There was no difference in APC yield
from blood of IRKO and IRKO*IGFBP-1 mice (Figure 5.4A). There were no
significant differences in the numbers of spleen or bone marrow derived-

APCs cultured from all four groups of mice (Figure 5.4B and 5.4C).
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Lectin bound

Dil-Ac-LDL Dual stained

Figure 5-3 Enumeration of APCs derived from blood, spleen and bone

marrow by cell culture.

Fluorescence microscopy revealing the spindle shaped APCs (Phase
contrast image), lectin bound (green), Dil-ac-LDL uptake (red) and dual
stained APCs (yellow), (100x magnification).
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Figure 5-4 Enumeration of APCs derived from cell culture.

Blood (A), spleen (B), and bone marrow (C) by cell culture after 7 days in
WT, IGFBP-1 over-expressing mice, IRKO and IRKO mice with IGFBP-1
over-expression. Numbers of peripheral blood (n=5-6), spleen (n=6) and
bone marrow (n=6-9) derived cultured APCs (one-way ANOVA with
Newman-Keuls post hoc test *P<0.05, n=6 mice per group). Data are
presented as mean and SEM.
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5.4.3 APC function: Adhesion capacity

To determine whether IGFBP-1 affects the adhesion capacity of APCs, an
APC adhesion assay was performed. After 7 days of culture, 50000 spleen-
derived early APCs from WT, IGFBP-1, IRKO and IRKO*IGFBP-1 mice were
re-suspended in EGM-2 medium and plated onto 24-well plates coated with
fibronectin (an important extracellular matrix component involved in the initial
steps of angiogenesis). Over-expression of human IGFBP-1 did not
modulate adhesive capacity to fibronectin in insulin-sensitive or insulin-

resistant mice (Figure 5.5).
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Figure 5-5 APC functional assay.

APCs were spleen-derived and cultured for 7 days. (A) Representative
image of APCs (10x magnification). (B). Adhesion capacity of spleen-derived
APCs cultured from WT, IGFBP-1, IRKO and IRKO*IGFBP-1 mice
expressed as number of cells adhering to fibronectin-coated plates (n=5-6
mice per group). Data are presented as mean and SEM. One way ANOVA
with Newman-Keuls post-hoc test.
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5.5 Discussion

The principal findings of this chapter may be summarised as follows: IRKO
mice had fewer circulating APCs compared to WT littermate controls in
keeping with a detrimental effect of IR on endothelial repair. Surprisingly,
similar circulating APC abundance was seen in WT and IGFBP-1 mice, and
in IRKO and IRKO*IGFBP-1 mice, indicating that the enhanced endothelial
regeneration observed in Chapter 4 is not explained by altered abundance of
APCs. Finally, no difference was seen between WT, IRKO, IGFBP-1,
IRKO*IGFBP-1 mice in APC adhesive capacity, suggesting that IGFBP-1
does not modulate APC reparative functions.

An era of APC-focussed research was born when Asahara’s landmark
180

study™" identified and isolated APCs from peripheral blood. Other findings
included CD34+ mononuclear blood cells acquiring endothelial-like qualities,
and homing into angiogenic sites when intravenously transfused into animals
with hind-limb ischaemia'®. However there is no clear consensus in the
scientific community over the identification and biological properties of APCs.
Two broad methods have been used to identify and characterise APCs,
namely flow cytometry assays and cell culture assays. With respect to flow
cytometry, there is no perfect marker to identify and quantify circulating
APCs, hence making it difficult to compare APC quantification in different
studies'®. APCs in mice are commonly classified as co-expressing the stem

cell marker Sca-1 and the endothelial marker KDR"?

, and these were the
markers used for flow cytometry studies in this thesis. However other

markers, such as c-kit" have been used by some groups®®*,

This chapter shows evidence (although non-significant) of reduced APC
numbers in the peripheral blood of IRKO mice — a finding which is in line with
published data from our group®®®. However there was no difference in the
number of spleen or bone-marrow derived APCs, suggesting an APC

mobilisation defect secondary to impaired NO bioavailability?*°

. Surprisingly,
IGFBP-1 over-expression did not affect APC numbers in the insulin-sensitive

or insulin resistant settings nor did it affect APC function as assessed
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through adhesion. Overall, this suggests that over-expression of IGFBP-1
did not rescue the mobilisation defect seen in peripheral blood APCs

observed in IRKO mice.

IGFBP-1 is known to increase NO production®’ in ECs and NO is believed
to play an important role in EPC mobilisation. Therefore, contrary to the
observations reported in this chapter, one would assume over-expression of
IGFBP-1 would reverse the APC mobilisation defect seen in IRKO mice.

Kahn et al®®

observed that eNOS expression was not detected in bone
marrow of IRKO but was present in WT mice. Because IGFBP-1 enhances
NO bioavailability by phosphorylating eNOS, it is likely that IGFBP-1
overexpression was unable to enhance bone marrow NO bioavailability in
IRKO mice in the absence of detectable eNOS. To investigate this
possibility, one could assess eNOS expression in the bone marrow in
IRKO*IGFBP-1 mice. Other important factors facilitating APC mobilisation
and homing to sites of injury include stromal cell-derived factor-1-alpha
(SDF-1a). In fact, reduced SDF-1a expression is observed in diabetic
wounds compared to non-diabetic wounds and exogenous administration of
SDF-1a increased APC numbers and improved wound repair®®®. Whether

IGFBP-1 influences expression of SDF-1a is worthy of investigation.

Results presented in chapter 4 indicate that over-expression of IGFBP-1
rescued endothelial repair in the insulin resistant setting in vivo. From the
results presented in this chapter, one can speculate that the effects of
IGFBP-1 on vascular endothelial repair are not mediated by alterations in
APCs but may be occurring at the level of native endothelial cells, perhaps
through enhancing cell migration and proliferation. It is interesting to note
that the trend of endothelial regeneration research may be shifting away
from APCs back towards the traditional paradigm of native endothelial cell
migration and proliferation. Recent research has suggested that endothelial
regeneration following vascular injury did not involve circulating APCs and

was mediated solely by EC migration from adjacent healthy endothelium?®®.
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Limitations of the data presented in this chapter should be acknowledged.
There is inconsistency over the identification and characterisation of APCs in
the published literature with limitations to the two common methods used for
isolation and enumeration of APCs. Flow cytometry cell counting is based
upon immunolabelling cells with antibodies directed against intracellular or
surface antigens'®?. There is no universally accepted antigenic phenotype to
identify APCs, because surface marker expression overlaps with other cell
lineages. In addition, the rarity of circulating APCs in peripheral blood
restricts detection to a limited number of surface antigens, which renders it a
difficult task to identify a pure cell population. Despite these limitations, flow
cytometry is considered the gold standard to obtain quantitative data on
APC8182'281.

APCs were also identified as Dil-Ac-LDL and lectin positive cells in culture
expanded mononuclear cells. These ‘early outgrowth’ APCs are not
identical to flow cytometrically defined APCs. However, using these two
techniques enables us to glean different biological information, even if they
have shown consistent variation in many studies'®?, In-vitro culture of APCs
requires cell expansion from their natural environment and is recognised to
change the phenotype of cells. Therefore, the results obtained in vitro may
not necessarily reflect closely endothelial repair mechanisms occurring in
vivo. Caution is therefore required when interpreting the functional assay

described in this chapter into APC function at the cellular level®®’.

Perhaps more importantly, during culture of APCs, there was no cell
exposure to IGFBP-1 in vitro. Cultured primary cells often retain a ‘metabolic
memory’ of the environment to which they were exposed in vivo. However,
experiments investigating the effects of acute and prolonged exposure of
APCs to IGFBP-1 in vitro would be required to fully exclude a modulatory
effect of IGFBP-1 on APC-mediated repair.

The investigations described involved cell culture of ‘early outgrowth’ APCs,
these cells form within 3 days and have an elongated and spindle shape and
die within 4 weeks. It is suggested that ‘early outgrowth’ APCs display
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features of myeloid cells which secrete angiogenic cytokines, rather than
integrating into neoendothelium to stimulate endothelial regeneration and do
not differentiate to form mature endothelial cells®®. It is possible that
IGFBP-1 in an insulin resistant setting can affect ‘late outgrowth’ APCs which
possess typical endothelial cell morphology, form a confluent cobblestone

| 182,289

layer and have a higher proliferative potentia , this would require further

study.

In summary, the data presented in this chapter suggest that the enhanced
endothelial regeneration in IRKO mice over-expressing human IGFBP-1 is
not explained by modulation of APCs by IGFBP-1. Another possible
explanation for increased endothelial regeneration is a local effect of IGFBP-

1 on endothelial cell function. This will be examined in the next chapter.
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6 The effects of IGFBP-1 on
endothelial cell adhesion,

migration and proliferation



113

6.1 Introduction

Multiple studies of arterial injury have shown the central mechanism in
endothelial regeneration is through local endothelial cell migration and
proliferation from adjacent non-injured endothelium®®***18  Another
paradigm suggests APCs contribute to repair and could be exploited

therapeutically to enhance endothelial regeneration™®®+">17°,

However,
despite the large number of reports implicating APCs in endothelial repair
there is no clear evidence that APCs actually develop into ECs during re-
endothelialisation. Tsuzuki et al failed to demonstrate any bone-marrow
derived ECs in re-endothelialised areas following vascular injury in

animals®®,

A recent study by Hagensen et al®®® tested whether circulating
APCs contributed to endothelial repair and found that, contrary to current
theories, migration of arterial ECs from adjacent intact endothelium was the
only source of cells involved in endothelial regeneration after endovascular
injury in mice. Results presented in Chapter 5 of this thesis indicate that
over-expression of IGFBP-1 does not modulate the abundance of APCs or
their function. Therefore this chapter investigated potential effects of IGFBP-
1 on native endothelial cell function — in particular cell adhesion, migration

and proliferation.

Adhesion, migration and proliferation are the key attributes of ECs required
to mediate endothelial repair. IGFBP-1 has been shown to promote
migration in various cell types®*?** but has not until now been studied in
ECs. As described in this chapter, an ex-vivo model of EC adhesion was
developed, using denuded human saphenous vein to assess the ability of
IGFBP-1 to modulate the number of human ECs adhering to the saphenous
vein matrix. Two different methods of analysing EC migration were
employed; linear wound assay and modified Boyden Chamber. Finally, the
role of IGFBP-1 on EC proliferation was investigated. In healthy blood
vessels, the basal rate of EC proliferation is low as mature ECs are
terminally differentiated, however certain regions in the endothelium display
a higher rate of EC proliferation, for example, regions where there is
disturbed blood flow*'*. In addition, cardiovascular risk factors and age lead
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to increased EC proliferation**?2. Following arterial injury, the denuded
vessel is exposed to many circulating factors which can impede EC
proliferation and therefore regeneration, hence it is vital to investigate agents

to promote EC proliferation.



115

6.2 Aims

The aims of the investigation described in this chapter were as follows:

To assess the effects of IGFBP-1 on native human endothelial cell adhesion,

migration and proliferation.
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6.3 Methods

6.3.1 Adhesion Assay

The potential for IGFBP-1 to modulate EC adhesion was investigated in
adhesion assays performed with HCAECs. EC suspensions (100,000
cells/mL) were seeded onto sterile cover slips which were placed on the
surface of a culture well plate a well, 6 in total of a 12 well culture plate were
used. Vehicle-treated wells contained 1% FCS and treatment wells
contained 500ng/mL of IGFBP-1 in 1% FCS. One vehicle-treated well and
one corresponding IGFBP-1 well were fixed after 2 hours, 4 hours and 6
hours of incubation at 37°C in 4% paraformaldehyde and stained with
Haematoxylin & Eosin for 1 minute. Finally, the cover slips were mounted
onto microscope slides using glycerol gelatin and 10 random fields
containing the adherent cells were counted at 400x magnification.

6.3.2 Ex-vivo endothelial regeneration

To assess the effects of IGFBP-1 on EC adhesion and regeneration in
human vessels ex-vivo, | set-up and optimised an experiment in which
endothelial cell adhesion to the lumen of a human saphenous vein matrix
was quantified. This was to try and mimic an environment akin to that found
in vivo. Pilot studies looked at the feasibility of ECs adhering on the
saphenous vein assessed through confocal imaging. One of the first
problems encountered was that staining of ECs with CellTracker CM-Dil
(Lot:983910, Invitrogen, Oregon, USA) was not effectively staining cells.
The manufacturer’s protocol advised 1 hour of incubation with CellTracker,
however this was advised for non-endothelial cells. 1 then proceeded to

incubate the EC with CellTracker overnight, which proved to be successful.

Excess lengths of EC denuded human saphenous vein segments were
kindly provided by Mr. David O’'Regan (Consultant Cardiac Surgeon at
Leeds General Infirmary) from patients who were undergoing coronary artery

bypass graft surgery. Segments of human saphenous vein were placed and
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each corner of the segment pinned on to an organ culture plate, followed by
250pL (50,000 cells) of EC suspension (20% FCS ECGM) being placed onto
the segment. Following incubation at 37°C/5% CO. for indicated times, the
organ dish (Figure 6.1) was washed 3 times with PBS and full (20% FCS)
ECGM was added to cover the whole dish and segment. The saphenous
vein segments were imaged on a coverslip plate using confocal microscopy
(Zeiss LSM S10 META Upright Confocal). Once the technique was
optimised, the time course of EC adhesion was evaluated to determine the
most appropriate time point at which to investigate a potential effect of
IGFBP-1. 5 minutes of EC exposure to the vein matrix was felt to be ideal to

detect a difference using IGFBP-1.

i it s

Figure 6-1 Sample of human saphenous vein pinned to an organ
culture plate.

HCAECs stained with CellTracker CM-Dil (Lot:983910, Invitrogen, Oregon,
USA) were incubated at 37°C/5% CO, for 1 hour at a fixed density (250,000
cells/mL) in full (20%) ECGM suspension with either vehicle-treated or
IGFBP-1 (500ng/mL). 50,000 cells from each treatment group were seeded
onto a denuded segment of human saphenous vein, incubated at 37°C/5%
CO, for 5 minutes and the cell suspension was gently washed with PBS,
Hoecht stain (to identify cell nuclei) were added to the saphenous vein
segment and finally re-suspended in full (20%) ECGM. Images were
obtained by confocal microscopy (as mentioned) of the vein segments,
assessing the number of cells adhering to the saphenous vein matrix per
high powered field (100x magnification).
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6.3.3 Linear wound healing assay

Before plating ECs, the underside of the plates were marked with linear
reference points using a blade not more than 1mm apart (Figure 6.2). This
was used as a reference point for the linear wounds and imaging. ECs were
plated at 100,000 cells per well (12-well plate) in full ECGM. Once
confluent, they were serum depleted (1% FCS) overnight and the following
morning the cell layer was “scratched” using a sterile 10mL Gilson pipette
tip. The tip was used to scrape off the ECs in a straight line. The cells were
then washed with PBS, placed into appropriate media with treatment for
“time zero” images and incubated at 37°C/5% CO, with images taken at 24
hours and 48 hours. Observations were quantified by counting the number
of cells that had migrated more than 200 microns past the wounded edge at

the end of 48 hours. 4 fields per well were imaged and analysed®.

L/

Figure 6-2 Example of underside of culture well marked with reference
points for linear wound assay.

Preliminary studies were conducted to ascertain the optimum concentration
of FCS to use in subsequent experiments investigating the effects of IGFBP-
1 on migration. After selecting 5% and 10% serum growth media
concentrations as the baseline growth media concentration, comparisons
were made with vehicle-treated versus IGFBP-1 (500ng/mL) and finally
comparisons were made with co-incubation with TNF-a (Peprotech

Incorporated, Rocky Hill, New Jersey, USA) (10ng/mL).
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Figure 6-3 Representative image of linear wound assay.
(A) a linear wound is made initially, then a O hour time point image is
acquired. (B) Endothelial cells are seen migrating past the wound edge after

48 hours.
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6.3.4 Boyden Chamber

The modified Boyden chamber assay consists of two chambers, an upper
and a lower chamber that are separated by a porous membrane (pore size 8
um). ECs were seeded in the upper chamber and a chemotactic agent was
added to the lower chamber. The cells sense and migrate along the
chemotactic gradient. After six hours, cells that have crossed the membrane

are stained and counted.

Confluent 25cm? tissue culture flasks of EC were serum deprived in 1% FCS
for 12 hours. 750uL of chemoattractants was added to each of the lower
chambers and all migration assays were set up in triplicate. The
chemoattractants used were serum-containing growth media in different
concentrations, IGFBP-1 (500ng/mL), and Vascular Endothelial Growth
Factor (VEGF) (50ng/mL). Cells were prepared at 200,000 cells/mL in 1%
FCS and 500uL of cell solution were added to each of the upper Boyden
chambers. The cells were left to migrate for 6 hours in an incubator at
37°C/5% CO, then fixed overnight at -20°Celsius in 70% ethanol.

Each Boyden chamber was washed with tap water and using a cotton bud
non-migrated cells were removed from the upper surface of the membrane.
The chambers were Haematoxylin & Eosin stained for 30 seconds per stain
and the membrane of the Boyden chambers was then cut out using a small
surgical blade and mounted using glycerol gelatin on a microscope slide. 10
high-powered microscope fields were randomly selected and the migrated
cell nuclei were counted at 400x magnification. Migration was quantified as

the average number of cells per high-powered field for each condition.



121

/ Upper chamber

T\ [1—T Ec suspension
o p

t

Chemoattractant

———— Porous membrane

Lower chamber

Figure 6-4 Modified Boyden Chamber.
Modified Boyden chamber assay used to study EC migration. ECs are
loaded into the upper chamber and actively migrate towards a chemotactic
stimulus through the porous membrane.

6.3.5 Cell Proliferation Assay
HUVECs and HCAECs were seeded at 20,000 cells/well on a 24-well plate

and left to attach to the fibronectin coated surface for 24 hours. Cells were
then serum deprived overnight (16 hours) using 1% FCS to quiesce the
cells. The following morning (designated day 0), medium was removed from
the wells, cells were washed with PBS and were then treated accordingly in
triplicates. Day 0 counts of cells were also performed using a
haemocytometer. Following treatment, cells were incubated at 37°C and 5%
CO, and treatments were replaced every 2 days. On day 5, cells were
washed with PBS then 200puL of trypsin added, once cells were detached
800 pL of full ECGM were added to each well. The cell suspensions were
then centrifuged at 600g for 6 minutes in 1.5mL microcentrifuge tubes. The
supernatant was then aspirated off and the pellet was re-suspended in 50uL
of full ECGM. 50puL trypan blue were added and mixed to the suspension,

ready to be counted.

Initially, different FCS concentrations were compared to assess their effects
on cell proliferation and in order to find an optimal concentration whereby a

potential benefit of IGFBP-1 could be observed. After selecting 2.5% serum
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growth media concentration, proliferation was quantified in response to

IGFBP-1 (500ng/mL). Insulin (100ng/mL) was used as a positive control.

Finally, the ability of IGFBP-1 to rescue TNF-a (10ng/mL)-induced inhibition
of cell proliferation was investigated in (20% FCS) ECGM. 20% FCS was
chosen as lower concentrations of FCS would not have been conducive to
cell survival in the presence of TNF-a. Initial studies found 10ng/mL of TNF-
a led to marked inhibition of cell proliferation where no effects of co-
incubation of IGFBP-1 could be observed. A dose response assay was
subsequently performed comparing the inhibitory effects of 0.01ng/mL,
0.1ng/mL, 1ng/mL and 10ng/mL TNF-a on cell proliferation. From this set of
studies 0.1ng/mL of TNF-a was selected to investigate the effects of IGFBP-

1 on cell proliferation.
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6.4 Results

6.4.1 Adhesion on to a plastic surface

HCAECs were incubated with IGFBP-1 and the time course of adhesion of
ECs onto a plastic sterile cover slip was investigated. IGFBP-1 did not alter
adhesive capacity over the time course studied (Figure 6.5).

)

2@

©

(]

(]

2 801 p=0.50

(@] —

° e p=0.68 — EA 2 hours
< P=s — T E= 4 hours
2 60

< E 6 hours
5 -

. é

~ 404

v

o)

(@)

+~ 20+

c

(]

(]

e

- 0 T

m \ N \ N \ N

) \«0 Qo \‘\O Qo \\0 Q'

g o(\ QQ: 00 <<<27 Ok\ QQ)

; O R O RY (@] X¢

>

< Treatment

Figure 6-5 Time course Adhesion Assay - Control v. IGFBP-1 in
HCAECs.

No significant difference (paired t-test) was seen between control and
IGFBP-1 (500ng/ml) at 2, 4 and 6 hours (n=3).



124

6.4.2 Ex-vivo endothelial regeneration

6.4.2.1 Pilot studies

Pilot studies were performed to assess the feasibility of the experiment in
terms of labelling endothelial cells and ascertaining whether cells would
adhere to the saphenous vein matrix. Representative images of exposed
smooth muscle cells on the surface of endothelium-denuded human
saphenous vein (Figure 6.6A) and of endothelial cells labelled with
CellTracker adhering onto the saphenous vein matrix (Figure 6.6B) are
provided.

6.4.2.2 Time course experiments

Initial experiments investigated the effect of exposing the saphenous vein
matrix to HCAECs for 2 hours, then washing away the unattached cells in
the cell suspension and re-suspending the vein sample in full ECGM. The
vessel was imaged at the following time-points: O hours, 24 hours, 48 hours
and 72 hours. At 24 hours there was a peak in the number of cells adhering
and spreading towards each other but after this time point the EC tended to
detach (Figure 6.7A).

Subsequent studies investigated shorter time points of exposure and peak
cell exposure was found to occur at 30 minutes. Reproducible and sub-
maximal cell adhesion was observed after 5 minutes of exposure, which was
therefore selected to examine any potential effects of IGFBP-1 on cell
adhesion (Figure 6.7B).

6.4.2.3 IGFBP-1 enhances EC adhesion ex vivo
CellTracker-labelled HCAECs were pre-treated for 1 hour with IGFBP-1
(500ng/mL) at 37°C in 5% CO,. These cells were then placed onto denuded
saphenous vein for 5 minutes after which the cell suspension was washed

away and the vein was immediately imaged. There was a significant



125

increase in adhesion to saphenous vein of HCAECs co-incubated with

IGFBP-1 in comparison to untreated cells (Figure 6.8C).
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Figure 6-6 Representative images (200x magnification) of human
saphenous vein under confocal microscopy

(A) Nuclei of smooth muscle cells of endothelium-denuded human
saphenous vein (B) CellTracker-labelled endothelial cells adhering onto the
human saphenous vein matrix.
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(A) Time course of HCAEC retention to human saphenous vein

following 2 hour exposure
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(B) Acute exposure of HCAEC attachment to human saphenous vein
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Figure 6-7 Time course of re-endothelialisation of human saphenous
vein matrix by HCAECs.

(A) Time course imaging experiment where denuded saphenous vein
segments were imaged serially after 2 hours of incubation with endothelial
cell suspension. Images were taken immediately, then at 24, 48 and 72
hours after incubation with HCAECs. Data represent mean numbers of
adherent CellTracker +ve cells per high power field (n=5-6). (B) Re-
endothelialisation of saphenous vein segments following short term
incubation with HCAECs. Images were acquired immediately after incubation
of denuded saphenous vein with HCAECs for 5, 10, 15, 20 or 30 minutes.
Data represent mean numbers of adherent CellTracker +ve cells per high
power field, n=5-10.
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Average cell count/high powered field

Figure 6-8 Effects of IGFBP-1 on adhesion of HCAECs to human
saphenous vein.

Endothelium-denuded segments of human saphenous vein were imaged
after incubation with CellTracker-labelled HCAECs for 5 minutes.
Representative confocal microscopy images (100x magnification) of human
saphenous vein following incubation with vehicle treated HCAECs (A) or
IGFBP-1 (500ng/ml) treated HCAECs (B). Mean data are presented in (C)
***n<0.001, paired t-test; n=5.
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6.4.3 Linear Wound Assay

6.4.3.1 Concentration dependent effect of foetal calf serum

Initial experiments were performed to identify the optimal concentration of
FCS to use for studies of cell migration. In both HCAECs and HUVECS, a
significant concentration-dependent increase in cell migration was observed

at increasing FCS concentrations at 24 hours and 48 hours (Figure 6.9).

6.4.3.2 IGFBP-1 does not modulate EC migration

From the above experiments, 5% and 10% concentrations of ECGM were
selected for use in subsequent experiments to investigate whether IGFBP-1
has a pro-migratory effect on EC. We considered that higher concentrations
of serum growth media may mask any IGFBP-1 response. Incubation of
HUVEC or HCAEC with IGFBP-1 did not modulate migration in the linear
wound assay. (Figure 6.10)

6.4.3.3 In a pro-inflammatory setting IGFBP-1 reverses impaired

EC migration

Having observed no effect of IGFBP-1 on migration of ‘healthy’ ECs, we
speculated that any modulatory effect of IGFBP-1 of EC migration may be
restricted to an insulin resistant setting. This would parallel the
augmentation of endothelial regeneration by IGFBP-1 in vivo, described in
Chapter 4, which was only observed in insulin resistant mice. In order to
simulate insulin resistance in vitro, we incubated ECs with TNF-a, a pro-
inflammatory cytokine which is upregulated in insulin resistant states. In
HUVECSs, incubation with TNF-a significantly inhibited cell migration (Figure
6.11A). The addition of IGFBP-1 to TNF-a rescued cell migration to vehicle-
treated levels (Figure 6.11A). In HCAECSs, a trend to impaired migration was
observed in cells incubated with TNF-a (Figure 6.11B). Co-incubation of
TNF-a-treated HCAECs with IGFBP-1 significantly enhanced migration
(Figure 6.11B). It is interesting to note that overall fewer HCAECs migrated
compared to HUVECSs.
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Figure 6-9 Concentration dependent effect of Foetal calf serum (FCS)
on cell migration (linear wound assay).

(A) Concentration dependent effect of FCS on cell migration in HCAECSs.
**P<0.01, **P<0.001, ***P<0.0001, one-way ANOVA with Newman-Keuls
post hoc test. Comparisons are made with 1% ECGM. n=4. (B)
Concentration dependent effect of FCS on cell migration in HUVECs.
**P<0.01, **P<0.001, ***P<0.0001, one-way ANOVA with Newman-Keuls
post hoc test. Comparisons are made with 1% ECGM, n=3.
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Figure 6-10 Effect of IGFBP-1 on EC migration in a linear wound assay

(A) Effect of incubation with IGFBP-1 (500ng/ml) on cell migration in
HUVECSs at 48 hours, paired t-test, n=3. (B) Effect of incubation with IGFBP-
1 on cell migration in HCAECs at 48 hours, paired t-test, n=3.
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Figure 6-11 Effects of IGFBP-1 on migration of TNF-a-treated ECs in a
linear wound assay.

(A) Effect of TNF-a (10ng/ml) and IGFBP-1 (500ng/ml) on migration of
HUVECs at 48 hours, **p<0.01, *p<0.05; one-way ANOVA with Newman-
Keuls post hoc test (n=9). (B) Effect of TNF-a (10ng/ml) and IGFBP-1
(500ng/ml) on migration of HCAECs at 48 hours *p<0.05; one-way ANOVA
with Newman-Keuls post hoc test) (n=6).
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6.4.4 Boyden chamber Assay

6.4.4.1 Effects of IGFBP-1 on EC chemotaxis

Having shown that IGFBP-1 modulated migration in a scratch wound assay,
here whether IGFBP-1 acted as a chemotactic stimulus in a Boyden
chamber assay was investigated. When IGFBP-1 (500ng/mL) was present
in the lower chamber, a trend towards increased migration was seen in
HCAECs (P=0.07) but not in HUVECs (Figure 6.12A and B).

6.4.4.2 Effects of VEGF and IGFBP-1 on chemotaxis

Next, we investigated whether incubation with IGFBP-1 modulated the
chemotactic response of ECs to other agents. VEGF is a potent chemo-
attractant for endothelial cells and plays an essential role in angiogenesis.
When VEGF (50ng/mL) was in the lower chamber, a significant increase in
migration was observed (Figure 6.12C). When VEGF and IGFBP-1 were
placed in the lower chamber, no additional effect on migration was observed
(Figure 6.12C).
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Figure 6-12 Effects of IGFBP-1 and VEGF on cell migration in HCAECs
& HUVECs (Boyden Chamber).

(A) Effects of IGFBP-1 (500ng/ml) on cell migration in HCAECs P value
=0.07 paired t-test, n=5, (B) Effects of IGFBP-1 (500ng/ml) on cell migration
in HUVECs, P=0.99, paired t-test, n=3, (C) Effects of IGFBP-1 (500ng/ml)
and VEGF (50ng/ml) on cell migration in HCAECs, **P<0.01, One way
ANOVA with Newman-Keuls post hoc test, n=6.
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6.4.5 Cell Proliferation Assay

6.4.5.1 Concentration dependent effect of foetal calf serum

Initial experiments were performed to define a sub-maximal EC proliferative
response so either an increase or decrease could be detected when IGFBP-
1 was applied in subsequent experiments. In HUVECSs, an increase was
observed in cell proliferation at increasing FCS concentrations at day 2 and
day 5 (Figure 6.13). 2.5% FCS concentration was selected for subsequent

experiments with insulin and IGFBP-1,

6.4.5.2 Effects of IGFBP-1 on EC proliferation

A strong trend was seen toward IGFBP-1 promoting proliferation of both
HUVECs (P=0.076) and HCAECs (P=0.01). (Figure 6.14 and 6.15A)

6.4.5.3 In a pro-inflammatory setting IGFBP-1 reverses impaired

EC proliferation

As in the linear wound assay, TNF-a incubation was again used to assess
whether the modulatory effect of IGFBP-1 on cell proliferation was
exaggerated in a pro-inflammatory setting. In HCAECs incubated in full
(20%) ECGM, TNF-a (10ng/mL) significantly inhibited cell proliferation but
appeared to induce apoptosis (n=3). The addition of IGFBP-1 to TNF-a at
this concentration (10ng/mL) did not rescue cell proliferation (Figure 6.13A).
A concentration-response experiment was then performed to select the
optimum concentration of TNF-a at which to examine modulatory effects of
IGFBP-1 (n=3) (Figure 6.15B). A sub-maximal anti-proliferative
concentration of TNF-a (0.1ng/mL) was selected. At this lower concentration
of TNF-a, IGFBP-1 significantly improved cell proliferation on par with
vehicle-treated levels (n=6) (Figure 6.15C).
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Figure 6-13 Concentration dependent effect of Foetal calf serum (FCS)

on cell proliferation.

(A) Concentration dependent effect (5% vs 10% FCS) on cell proliferation in
HUVECSs, n=4 (B) Concentration dependent effect (2.5% vs 5% vs 10%) on

cell proliferation on HUVECs, n=2.
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Figure 6-14 Effect of IGFBP-1 on cell proliferation in HUVECs.

Effect of IGFBP-1 (500ng/ml) on cell proliferation in HUVECSs in (2.5% FCS)
ECGM, insulin was used as a positive control. *p<0.05, one-way ANOVA
with Newmans-Keul post hoc test, n=4.



138

(A) Effect of TNF-a (10ng/mL) on cell proliferation with and without
IGFBP-1 in HCAECs

(B) Concentration-dependent effect of TNF-a on cell proliferation in
HCAECs
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(C) Effects of TNF-a (0.1ng/mL) on cell proliferation with and without
IGFBP-1 in HCAECs
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Figure 6-15 Effects of IGFBP-1 and TNF-a on cell proliferation in
HCAECs.

(A) Initial experiment demonstrating the effect of TNF-a and IGFBP-1
(500ng/ml) on cell proliferation, n=3. (B) Concentration dependent effect of
TNF-a on cell proliferation. Cells were incubated with decreasing
concentrations of TNF-a, n=3 (except TNF-a = 0.01ng/ml, n=2). (C) Effect of
TNF-a and IGFBP-1 (500ng/ml) on cell proliferation, ****p<0.0001, ***p
<0.001, **p <0.01, *p <0.05. One-way ANOVA with Newmans-Keul post hoc

test, n=6.
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6.5 Discussion

The experiments conducted in this chapter provide a number of new insights
in to the modulatory effects of IGFBP-1 on the properties of EC pertinent to
endothelial regeneration. First, IGFBP-1 was shown to enhance
regeneration of human saphenous vein segments by augmenting the
adhesion of HCAECs to the denuded vein. Second, IGFBP-1 was shown to
rescue the impairment of endothelial cell migration induced by a pro-
inflammatory stimulus. Finally, IGFBP-1 was found to rescue the impairment

of endothelial cell proliferation induced by a pro-inflammatory setting.

Effective endothelial regeneration of injured vessels is dependent on ECs
adhering to the extra-cellular matrix. In this chapter, it was shown that pre-
treatment of cells with IGFBP-1 significantly enhanced adhesion onto a
native human saphenous vein matrix. The denuded vessel matrix consists of
vascular smooth muscle cells and the extra-cellular matrix to which the ECs
bind. The saphenous vein model is of particular interest as this correlates
with the clinical setting. It mimics the changes which happen following
coronary artery bypass graft surgery in humans, in which ECs in the vein are
damaged and then repopulated by neighbouring endothelial cells.
Identification of a pro-reparative effect of IGFBP-1 in this model supplements
the data derived in mice in chapter 3 and suggests the potential for
translation in to clinical studies. However, further studies using the
saphenous vein model could first be considered. For example, the rate of re-
endothelialisation by human ‘late-outgrowth’ APCs pre-treated with IGFBP-1
could be investigated with this model, as Xu et al successfully showed that
de-cellularised human internal mammary artery samples could be
transplanted into a murine model and are repopulated after 2-4 weeks by
cells expressing endothelial cell markers suggestive of angiogenic progenitor

cells®®?,

In the saphenous vein model, ECs adhere to denuded vascular matrix.
Although this is biologically relevant, adhesion to specific matrix components
(e.g. fibronectin and collagen) could also be investigated individually.
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Adhesion of ECs to extra-cellular matrices is dependent on the action of cell
surface integrins. Integrins are heterodimeric transmembrane adhesion
receptors comprising a and  subunits, which play an important role not only
in adhesion but also in migration®*°. Experiments investigating the effect of
IGFBP-1 on cell surface expression of integrins are presented in the next

chapter.

The in vitro studies assessed endothelial cell migration using a linear wound
assay and modified Boyden Chamber assay. HUVECs were used initially as
these are most widely studied ECs, are readily available and are relatively
simple to culture. However HUVECs are of foetal origin and are venous
cells, factors which may limit the translation of experiments conducted in
HUVECSs to arterial regeneration in adult humans. It is recognised that adult
ECs have a different phenotype to HUVECs due to exposure to hormones
and cytokines®®. In later experiments, HCAECs were employed as they are
adult cells which are derived from coronary arteries. HCAECs potentially
provide a more relevant insight into endothelial cell reparative functions as
endothelial dysfunction and atherosclerosis mainly affect arteries. It may be
considered good practice, as here, to replicate experiments in ECs derived
from more than one primary source, as ECs do differ widely in morphology
and function®*. From the results presented, it is interesting to note that in
the linear wound assay the HCAECs migrated at a slower rate compared to
HUVECSs, possible because HCAECs are mature cells and have less
regenerative capacity.

The experiments conducted in this chapter found that IGFBP-1 does not
modulate EC migration in healthy cells. In the modified Boyden Chamber
assay, IGFBP-1 did not promote EC migration. However, this finding should
be interpreted with caution as this assay investigates migration in response
to a chemotactic stimulus. One perhaps would not expect there to be a
chemotactic effect of IGFBP-1 as in vivo there is unlikely to be a natural
concentration gradient of IGFBP-1 in injured vessels. However, neither did
IGFBP-1 modulate EC migration to the known chemotactic stimulus VEGF.
Pre-incubation of IGFBP-1 was also investigated prior to seeding and was
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not found to modulate the migratory response of ECs in the Boyden

Chamber assay.

The linear ‘scratch’ wound assay is arguably a more appropriate assay as to
a degree the assay mimics cell migration in vivo. Here, ECs migrate to areas
of denuded endothelium to close the wound. In the linear wound assay,
there was no significant effect of IGFBP-1 on migration of ‘healthy’ cells,
perhaps because there was no ‘damaging’ stimulus similar to interpretation
of the in vivo studies comparing femoral arterial regeneration in WT and
IGFBP-1 mice described in Chapter 4. Another possibility could be that
IGFBP-1 binds to IGFs in the growth medium. IGF-1 on its own has been
shown to enhance endothelial cell migration®”. In this case, inhibition of IGF
bioavailability by IGFBP-1 could potentially counteract any IGF-independent
effects of IGFBP-1 on cell migration. To investigate this possibility further,
synergy studies with and without IGF-1 and IGFBP-1 would need to be
conducted.  Synergy studies using des-IGF-1?*® would be particularly
informative. Des-IGF-1 is an IGF-1 variant, which has a very low affinity for

binding proteins.

A potential limitation from the in vitro studies are the growth factors being
present in the Endothelial Cell Growth Media, especially whether IGF-1 or
IGFBP-1 are already present and whether the effects of IGFBP-1 being
applied are inhibited or enhanced. It was not known by the manufacturers
whether IGF-1 or IGFBP-1 were present in the growth media. One could
have performed ELISA studies assessing IGFBP-1 and IGF-1 levels of the
growth media used or could have added IGF-1 receptor antibodies to ensure
that adding IGFBP-1 would have not bound to IGF-1 and therefore inhibit the
actions of IGFBP-1.

Having observed no modulatory effect of IGFBP-1 on migration of ‘healthy’ or
‘insulin-sensitive’ EC, the linear wound assay was repeated following
incubation of ECs with TNF-a to compromise EC function and to induce a
pro-inflammatory stimulus characteristic of IR. As discussed in chapter 1,
pro-inflammatory cytokines such as TNF-a, Interleukin-1,-6,-8, are
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upregulated in IR and have been implicated in vascular pathology®*”. In

this chapter, TNF-a was shown to inhibit cell migration significantly in
HUVECSs with a trend to inhibition of migration observed in HCAEC. In both
types of primary cells, incubation with IGFBP-1 was found to rescue cell
migration to control levels. These findings suggest that IGFBP-1 exerts a
modulatory effect on EC migration which appears to be specific for a pro-

inflammatory state characteristic of IR.

Certain limitations from the studies reported in this chapter must be
acknowledged. TNF-a concentrations were not measured in IRKO mice in
Chapter 4. Such information would be useful to better correlate the in vitro
data generated in this chapter with the in vivo data in Chapter 4. However, it
has been shown that raised TNF-a levels are present in other insulin-

resistant mice3.

We selected incubation with TNF-a as this cytokine is increased in
individuals with IR, correlates with endothelial dysfunction and cardiovascular
events and is known to impair insulin signalling in EC®3°*. However, other
methods of inducing in vitro insulin resistance in ECs could have been
considered. For example, ECs could be pre-treated with insulin receptor
blocking antibodies or incubated with palmitate, a free fatty acid which is
increased in insulin resistant states in vivo. Other options include culturing
cells in high insulin or high glucose concentrations. Although time pressures
precluded these experiments being conducted in this thesis, ideally the in
vitro experiments should be repeated to confirm these effects in other

models of IR.

The linear wound assay is an inexpensive method and easy to perform,
however there is a limitation presented by the manual nature of the wound
formed. Other methods of cell migration are available — for example the
stamping assay, in which an EC monolayer is punched to form a
reproducible and consistent pattern of injury. Also, an optical method is
available in which a laser induces photomechanical effects on the cell
layer*®. This is computer controlled and has the advantages of consistency
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reproducibility, automatic analysis of wound healing and the ability to create

differing wound shapes®®.

The in vitro studies also assessed the effects of IGFBP-1 on cell proliferation
in ECs. There was a trend towards enhanced cell proliferation when ECs
were incubated with IGFBP-1. Having observed restoration of the inhibitory
effect of TNF-a on EC migration with the addition of IGFBP-1, the same
conditions were applied in the cell proliferation assay. TNF-a has also been
observed to inhibit cell proliferation in vitro in studies®®®. Using the same
concentration of TNF-a as in the linear wound assay (10ng/mL) provoked
toxicity in ECs, probably due to cells requiring continued exposure for 5 days
in proliferation assays rather than 48 hours in the linear wound assay. It is
likely that any potential benefits of IGFBP-1 on proliferation were masked at
this concentration of TNF-a. It was therefore necessary to perform a TNF-a
concentration-response experiment to select a concentration at which the
anti-proliferative effects of TNF-a were sub-maximal and apoptosis could be
avoided. From this set of studies, a TNF-a concentration of 0.1ng/mL was
chosen. The cell proliferation assay was then repeated to demonstrate that
impaired proliferation induced by TNF-a, was significantly enhanced by co-
incubation with IGFBP-1. Other proliferation assays are available, such as a
DNA synthesis cell proliferation assay where 5-bromo-2'-deoxyuridine (BrdU)
is applied to cells and the BrdU becomes incorporated into newly formed
DNA. However, the direct cell counts performed here are superior to DNA
synthesis assays because an assumption is made with the DNA assays that
cells have divided. In addition, effects of TNF-a may not have been apparent

at the shorter time points typically used with the DNA assay.

In summary, the data presented in this chapter demonstrate multiple effects
of IGFBP-1 on functional properties of ECs contingent with effective
endothelial repair, albeit apparently specific for a pro-inflammatory setting.
The potential mechanisms underpinning the effects of IGFBP-1 on
endothelial responses such as migration and adhesion will be investigated in

the next chapter.



/ Mechanistic pathways and
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7.1 Introduction

So far in this project IGFBP-1 has been demonstrated to enhance endothelial
regeneration in an insulin resistant setting in vivo, enhance endothelial cell
migration, proliferation in a pro-inflammatory environment in vitro and
augment EC adhesion ex vivo. The effects of IGFBP-1 on endothelial
regeneration are likely to be mediated by modulation of endothelial cells
rather than angiogenic progenitor cells. It is therefore important to determine
the underlying mechanistic basis by which IGFBP-1 improves endothelial

repair processes such as adhesion, migration and proliferation.

Cell migration is a coordinated process that involves rapid changes in actin
filament dynamics, together with the formation and disassembly of cell
adhesion sites**!. External stimuli that affect cell migration are transduced
into intracellular biochemical signals through the interaction of
transmembrane integrins which bind to the extra-cellular matrix (ECM).
Integrin activation allows the functional connection between focal adhesions

and actin cytoskeleton that is needed for cell migration®%*,

Remodelling of actin, the major cytoskeletal component, is seen as the
central factor involved in EC migration. Actin is composed of 43-kDa
monomeric subunits (G-actin) that polymerize into filaments (F-actin). The
actin cytoskeleton constantly remodels into filopodia, lamellipodia and stress
fibres, which are essential for cell migration. The Rho family GTPases
RhoA, Rac and Cdc42 are major regulators of the actin cytoskeleton and cell

O and are the most studied members®’. These members are

migration™*
molecular switches cycling between an inactive guanosine diphosphate
(GDP)-bound and an active guanosine triphosphate (GTP)-bound state to
activate the GTPase™®, RhoA induces the formation of actin stress fibres
and focal adhesions and stimulates cell contraction through downstream
effectors ROCK and mDia. Rho-kinase (ROCK) is an effector of GTPase
RhoA™®, whilst Rac and Cdc42 regulate the polymerisation of actin to form

peripheral lamellipodial and filopodial protrusions*?®.
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Integrins are a family of cell adhesion molecules, which interact with the

135

ECM or with adhesion molecules on other cells In all, 24 integrins have

been identified and each is a heterodimer of an a and a B subunit™*®.
Integrins exhibit both inside-out/outside-in (bidirectional) signalling, i.e.
signals within the cell cause integrins to change which leads to integrin
activation and therefore an increased affinity for extracellular ligands. In the
opposite direction, integrins binding to their ligands can initiate change to
their cytoplasmic domains and activate multiple signalling pathways**°. An
ECM protein such as fibronectin can engage several integrins, the most
commonly expressed fibronectin-binding integrins are ayBz and asB;, both

bind to the RGD sequence within fibronectin®*.

Focal adhesion kinase (FAK) was identified in 1992 in normal cells as a
highly tyrosine-phosphorylated protein that localised to integrin-enriched cell
adhesion sites known as focal adhesions'*'. Focal adhesions are formed at
ECMe-integrin junctions and bring together cytoskeletal and signalling
proteins during the processes of cell migration and adhesion. Early studies
showed that FAK could be activated by growth factors and phosphorylation
of FAK is a rapid event associated with focal adhesion formation'*®. FAK
regulates cell migration through a number of pathways but in particular
through affecting the Rho subfamily of small GTPases and the
assembly/disassembly of actin cytoskeleton'*®. It has also been shown that
FAK-deficient cells spread slower on ECM, exhibit an increased number of
prominent focal adhesions and migrate poorly in response to haptotactic and

chemotactic signals*** 4’

Data presented in this thesis show that IGFBP-1 enhances EC adhesion,
and promotes EC migration and proliferation in a pro-inflammatory setting.
IGFBP-1 has previously been shown to promote cell migration in non-
vascular cells independently of IGFs via the Arg-Gly-Asp (RGD) motif
present in its C-domain®®. This RGD motif is an integrin recognition
sequence and can bind to integrins such as asB; on the cell surface leading
to integrin-mediated signalling. Therefore a potential mechanism for the
findings reported in this thesis is that IGFBP-1 mediates its effects on
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endothelial cells via integrin signalling which in turn phosphorylates FAK. In
this chapter, the role of IGFBP-1 in modulating integrin expression, FAK
phosphorylation, RhoA activity and cytoskeletal rearrangement will be

examined.
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7.2 Aims

The aims of this chapter are to explore potential candidates by which IGFBP-

1 enhances adhesion, migration and proliferation.

The following will be investigated in detail:
1. The effects of IGFBP-1 on FAK phosphorylation and RhoA activity
2. The role of IGFBP-1 on the actin cytoskeleton in ECs and additionally

on integrin expression on the EC surface
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7.3 Methods

7.3.1 Western blot analysis of endothelial cells assessing FAK

phosphorylation

Western blot analysis, undertaken by Mrs Jessica Smith who had previously
optimised the experimental conditions in our laboratory, was used to quantify
FAK phosphorylation in HUVECs. After 4 hours of serum-starvation,
endothelial cells were treated with IGFBP-1 for 15 minutes. VEGF (10
minutes) served as a positive control. Vehicle treated cells were used as a
negative control. Protein was extracted in lysis buffer and quantified using
the protein Bicinchoninic Acid (BCA) assay (Sigma-Aldrich, Gillingham, UK).
Then, 30ug of protein were separated by electrophoresis through 4-12%
SDS-PAGE gels (Invitrogen Life Technologies, Carlsbad, CA) and
transferred onto polyvinylidene fluoride membranes. Membranes were
probed with primary antibodies (FAK antibody 1:1000 (#3285, Cell Signalling
technology, USA and phosphoFAK antibody 1:1000 (#8556S, Cell Signalling
technology, USA), and 1:3000 actin antibodies (BD Bioscience), as

previously described®*!. The steps are described in detail as follows:

7.3.1.1 Total protein quantification

Equal protein concentration was estimated using the Bicinchoninic Acid
assay (Pierce, Rockford, USA). Initially 12.5uL of each lysate sample were
diluted 12-fold in distilled water in a centrifuge tube. 25 uL of this solution
were then loaded onto a 96-well plate in duplicate. Standards were obtained
by serial dilution of 2mg/mL BSA (Sigma-Aldrich, Gillingham, UK) (0, 25,125,
250, 500, 750, 1000, 1500 and 2000ug/mL) and loaded in duplicate. 200uL
of 50:1 BCA:4% copper (ii) sulphate were then pipetted into each well. The
amount of copper reduced is proportional to the amount of protein present in
the solution, reduced copper is chelated by BCA to form a purple coloured
complex. After covering the plate with sealing foil, the plate was incubated at
37°C for 30 minutes. After this time period, absorption spectra were

measured by colorimetric assay at 562nm. Protein content was calculated
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by reference to the standard curve, with correction for the initial 5-fold
dilution. Co-efficient of variation between duplicates was only accepted at
<10%, and R? value of 0.99 for standards.

7.3.1.2 Protein gel-resolution transfer

Lysate sample volume containing 30ug of protein was calculated as above
and boiled for 5 minutes after mixing with appropriate volumes of 4X loading
buffer and 10X reducing agent (NuPage, Invitrogen, CA). Reduced samples
were chilled on ice, vortexed and then pulse-centrifuged, and finally loaded
onto 4-12% SDS-PAGE gels (Invitrogen). One well for reference was loaded
with a protein standard ladder. Samples were resolved through
electrophoresis at 160V for 60 minutes using a gel running system
(Invitrogen) bathed in running buffer (NUPAGE, Invitrogen). Next, the gel with
resolved protein was extracted from the gel-case and placed over a PVDF
membrane (Millipore, MA) soaked in methanol (15 seconds), distilled water
(2 minutes) and transfer buffer (2 minutes; see appendix). The gel /
membrane were then sandwiched between 3mm-thick filter papers with
sufficient pressure to ensure firm contact, and placed in a transfer-cassette
orientated to ensure correct direction of transfer. The cassette was bathed in

chilled transfer buffer conducting 90V for 90 minutes.

7.3.1.3 Western immunoprobe

Membranes were re-activated by immersing in methanol for 15 seconds and
then placing in water for 2 minutes and then TBS/Tween-20 (5 minutes; see
appendix). The membrane was then blocked for non-specific proteins by
washing in 10mL of 5% non-fat milk / TBS / Tween-20 solution for 1 hour,
using a container on a roller at room temperature. Blocked membranes were
then transferred to a new container with 5mL 5% milk / TBS / Tween-20
solution containing the primary antibody of interest (1:1000 FAK antibody,
1:1000 phospho-FAK antibody and 1:5000 actin antibodies). After being
probed overnight at 4°C by washing on a roller, the membrane was washed

in TBS / Tween solution on a rocking device for 3 cycles of 10 minutes each,
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with fresh solution at each cycle. Next, the membrane was probed by a
secondary rabbit anti-mouse antibody conjugated to HRP (1:5000) (Dako) in
fresh 5mL 5% milk / TBS / Tween solution for 1 hour at room temperature.
TBS / Tween washes were performed and repeated three times to remove
excess antibody. The membrane was then superficially covered with
chemiluminescent substrate solution (Millipore) for 5 minutes in darkness,
after which excess solution was allowed to run off and the membrane
sandwiched between 2 translucent acetate films. Fluorescence was then
detected by exposure of the sandwiched membrane to a Kodak Image
Station 2000R. The blot densities were analysed with Image J (version 1.47)
software (NIH, USA). Band densities were quantified and background signal
subtracted. Proteins of interest (FAK and phospho-FAK) were normalised to

same-sample actin density as a control.

7.3.2 RhoA Activity Assay

The RhoA activity assay was performed using a Rho G-LISA kit
(Cytoskeleton Inc., Denver, Colorado, USA) which contains a Rho-GTP-

binding protein linked to the wells of a 96-well plate.

Initially, HCAECs were seeded at 100,000 cells/well into a 6 well fibronectin-
coated plates. Once they achieved 80% confluence cells were serum
starved overnight and then treated with IGFBP-1 for different time points (0
minutes, 10 minutes, 20 minutes and 40 minutes). After treatment, the
medium was aspirated and washed thrice with ice-cold PBS being especially
careful to remove all residual PBS. Cells were then lysed with 120 uL of ice-
cold lysis buffer (1:100 of Protease inhibitor:lysis buffer), harvested and
transferred into microcentrifuge tubes on ice. The samples were centrifuged
at 10,000gq, 4 °C for 2 minutes. 20puL of lysate were taken off and stored at 4
°C for protein quantification and the remainder used for the RhoA activity
assay by the RhoA ELISA (Cytoskeleton, Inc., Denver, Colorado, USA).
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7.3.2.1 Total protein quantification

It is important to measure the total protein concentrations of the cell lysates
to ensure standardisation of results. Using a 96-well plate, 10uL of lysis
buffer were added into the top 2 wells, and then 10ul of each sample place in
duplicates. 300 pL of Precision RedTM Advanced Protein Assay Reagent
were added into each well and left to incubate for 1 minute at room
temperature. After this time period, absorbance was then measured at
595nm.

7.3.2.2 Running G-LISA Assay

The next step was to set up a standard curve, this consisted of a blank
sample (60pL lysis buffer and 60uL Binding buffer = lysis buffer solution),
sample 0.25 (15uL of a pre-made mix {24 uL Rho Control Protein + 96uL
lysis buffer} + 45 uL lysis buffer solution), sample 0.5 (30 pL pre-made mix +
30 pL lysis buffer solution) and sample 1 (60 pL of pre-made mix). Next, 60
uL of Binding buffer were added to each sample. Using the assay strips, the
powder in the wells was dissolved with 100uL of milliQ water, whilst the plate

with the strips was kept on ice.

Using the treated cell lysate samples, 60 puL were placed into a fresh
microcentrifuge tube and then 60 pL of binding buffer were added to each
sample. With the 96-well plate, water was completely removed by a series of
vigorous pats onto a paper towel. This is an important step as complete
removal of solution from the wells is required between steps of the G-LISA
as this avoids high background readings in the buffer only wells. 50 pL of
each sample in duplicate were added including the standard curve samples
onto each well and the plate placed on a cold orbital microplate reader
(200rpm) at 4°C for 30 minutes.

After 30 minutes, the solution was removed and washed twice with 200 pL of
wash buffer with vigorous removal after each wash. 200 pL of Antigen
Presenting Buffer were pipetted into each well and incubated at room

temperature for exactly 2 minutes, followed by vigorous removal and washed
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thrice with 200 pL of wash buffer. 50 pL of diluted anti-RhoA primary
antibody (1/250 ratio, 2 uL of anti-RhoA primary antibody to every 500 pL
Antibody Dilution buffer) were added to each well and the plate was placed
on the orbital microplate shaker (200rpm at room temperature) for 45

minutes.

Following this, the solution was removed vigorously, washed thrice with 200
puL of Wash Buffer and 50 pL of diluted secondary antibody (1/62.5 ratio, 8
uL of secondary HRP labelled antibody to every 500 puL Antibody Dilution
buffer) were added to each well and the plate was placed on an orbital
microplate shaker (200rpm at room temperature) for 45 minutes. Following
this, the secondary antibody solution was removed vigorously and the wells
washed thrice with 200uL of Wash Buffer. 50uL of HRP detection reagent
were added to each well and incubated at 37°C for 15 minutes. Then 50uL
of HRP Stop buffer were added to each well. The signal was immediately
read by measuring the absorbance at 490nm using a microplate

spectrophotometer.

7.3.3 Visualisation of cytoskeletal re-arrangement

HCAECs were seeded at 3000 cells/well into 1% gelatin-coated chamber
slides in full (20% FCS) ECGM for 48 hours. After gentle washing with PBS,
cells were treated in 10% FCS ECGM with IGFBP-1 (500ng/mL) or TNF-a
(10ng/mL). After treatment for 24 hours, HCAECs were washed with PBS
twice before fixation in 4% paraformaldehyde for 10 minutes and washed
with PBS twice again. The cells were permeabilised and blocked in PBS
containing 10% goat serum and 0.05% Triton X-100 (this allows the
rhodamine phalloidin to enter the cells but prevents non-specific binding).
After washing twice with PBS, fixed cells were treated with a fluorescent
marker to stain the F-actin cytoskeleton (rhodamine phalloidin, 1:40) in PBS
for 20 minutes in the dark. After 20 minutes the solution was removed and
the slide was then mounted on to a cover slip using ProLong Gold. The slide
was then left overnight in the dark and incubated at room temperature to

allow the ProLong Gold to set and therefore be able to obtain images.
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Stained cells were visualised using 20x objective on a LSM510 Axiovert
200M high throughput fluorescence microscope the following day.
Interpretation was assessed subjectively through observing cytoskeletal

arrangement.
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7.3.4 Integrin-mediated cell adhesion assay

Effects of IGFBP-1 on cell surface expression of subunit or heterodimer
integrins were quantified using an integrin-mediated cell adhesion array kit
(ECM532, Millipore, Billerica, Massachusetts, USA). In the assay, mouse
monoclonal antibodies directed against specific human subunit (ai, az, as, ag,
Os, Ay, B1, B2, B3, Ba, Bs) or heterodimer (avBs, avPs and asP;) integrins were
immobilised to the surface of the wells using goat anti-mouse antibody.
Negative wells were coated with the goat anti-mouse antibody only.
HCAECs were grown to confluence in 75cm?® flasks and harvested using
Gibco® Cell Dissociation Buffer. HCAECs were co-incubated with or without
IGFBP-1 for 1 hour before 100,000 cells were added to the integrin antibody-
coated and control wells and incubated for 2 hours at 37°C. Unbound cells
were then washed off and the adherent cells stained. The optical density of
nuclear stain extracts was measured at 540nm (OD540nm) on a MRX TC 2
microplate reader (DYNEX Technologies, U.K.).

Prior to starting the assay, the strips from the kit were rehydrated with 200 pL
of PBS per well for 10 minutes at room temperature. The PBS was removed
from the strip by turning over the plate and gently tapping out the PBS.
HCAECs were harvested using Gibco® Cell Dissociation Buffer and rinsed
twice with Gibco® Cell Dissociation Buffer. After re-suspension, cells were
re-suspended in Assay Buffer and aliquoted into 1,000,000 cells/mL and
were treated and incubated with vehicle or IGFBP-1 (500ng/mL) for 1 hour.
After 1 hour, the cell suspension was gently mixed and 100 uL applied to
each well of the mouse anti-a or anti- integrin capture and control wells in
duplicate. The plate was then incubated for 2 hours at 37°C in a CO;
incubator, followed by gentle aspiration and washed 3 times with 200 pL of
Assay Buffer. 100 pL of cell stain solution were added to each well and
allowed to incubate for 5 minutes at room temperature, followed by gentle
aspiration and washed 5 times with deionized water, aspirated, allowed to
dry and 100 pL of Extraction Buffer added to each well. The plate was

incubated on an orbital shaker at room temperature until the cell-bound stain
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was completely solubilised, which approximately took 5-10 minutes. The

absorbance was determined at 540-570 nm on a microplate reader.



157

7.4 Results

7.4.1 The role of IGFBP-1 in focal adhesion kinase phosphorylation

Because phosphorylation of FAK is critically implicated in integrin signalling
and EC migration, western blotting was employed to assess whether acute
exposure to IGFBP-1 induces FAK phosphorylation. There was a strong
trend towards IGFBP-1 induced FAK phosphorylation in HUVECs (Figure
7.1) suggesting that integrin-FAK signalling may contribute to the functional

effects on EC migration observed in Chapter 6.
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Figure 7-1 Evaluation of FAK phosphorylation in HUVECs.

IGFBP-1 (100ng/ml and 500ng/ml) concentration-dependently
stimulated FAK phosphorylation in HUVECs, VEGF was used as a
positive control. (A) representative Western Blot showing FAK
phosphorylation in HUVECs in tyrosine 397 residue. Beta actin is
presented as a loading control. (B) mean data of FAK phosphorylation
(values normalised to beta actin), *p<0.05; one-way ANOVA with
Newman-Keuls post hoc test; n=3.
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7.4.2 IGFBP-1 activates RhoA

RhoA is a small GTP-binding protein which regulates actin cytoskeleton in
the formation of stress fibres and plays a role in cellular motility. HCAECs
were serum-starved overnight and exposed to IGFBP-1 for different time
intervals. A significant rapid yet transient activation of RhoA in HCAECs
(n=5) following exposure to IGFBP-1 (Figure 7.2) was observed, which
returned to baseline levels within 40 minutes. RhoA was activated within 10

minutes of exposure to IGFBP-1 and was maintained at 20 minutes.
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Figure 7-2 RhoA activation of HCAECs in response to IGFBP-1.
HCAECs were exposed to IGFBP-1 (500ng/ml) at different time points and
RhoA activity was measured at the times indicated (0 = serum starved cells
with no IGFBP-1 treatment). **p<0.01 vs unstimulated cells; one-way
ANOVA with Newman-Keuls post hoc test, n=5.



160

7.4.3 Rhodamine Phalloidin staining of endothelial cells

Having shown that IGFBP-1 improves EC migration, proliferation and
adhesion, cytoskeletal remodelling in response to IGFBP-1 was investigated
next. The clear effect on cell migration suggests a potential role for IGFBP-1
in modulating cyto-skeletal rearrangement. To investigate this, ECs were
stained with rhodamine phalloidin to visualise the F-actin cytoskeleton. Pilot
studies were performed investigating the correct density of cells to seed
initially as if the wells were too confluent it may not prove possible to
visualise individual cells completely. 5000 cells/well were used initially, this
led to a confluent well and therefore difficulty in visualising individual cells.
Cell density was then reduced to 3000 cells/well. Initial studies investigated
whether TNF-a disrupted the actin cytoskeleton of HCAECs after 24 hours of
incubation. TNF-a (10ng/mL, 24 hours) was qualitatively noted to induce

substantial disruption of the cytoskeleton (Figure 7.3B and 7.3C).

IGFBP-1 had no discernable effect on the cytoskeleton of quiescent cells
(Figure 7.4B). However, IGFBP-1 (500ng/mL, 24 hours) appeared to almost
completely ameliorate the cytoskeletal disruption induced by TNF-a (Figure
7.4D).
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Figure 7-3 Rhodamine Phalloidin staining of HCAECs with TNF-a.
Representative images (200x magnification) showing the actin cytoskeleton
of control HCAECs (A) and those exposed to TNF-a (10ng/ml) for 24 hours
(B). Possible TNF-a induced cytoskeletal disruption after 24 hours, n=3.
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(A) Control

(B) IGFBP-1

(C) TNF-a
Filament disruption

Figure 7-4 Rhodamine Phalloidin staining of HCAECs with TNF-a and
IGFBP-1.

Representative images (200x magnification) showing the actin cytoskeleton
of (A) control HCAECs and those exposed to (B) IGFBP-1 (500ng/ml) (C)
TNF-a and (D) TNF-a + IGFBP-1 (500ng/ml) for 24 hours. IGFBP-1
(500ng/ml) alone seemed to have no effect on cytoskeletal rearrangement.
TNF-a appears to have caused disruption of the cytoskeleton which then
appeared to be partially restored with co-incubation of IGFBP-1 (500ng/ml),
n=4.

(D) TNF-a + IGFBP-1
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7.4.4 IGFBP-1 increases cell-surface expression of asp; and ayBs
integrins

In the previous chapter, IGFBP-1 was shown to increase endothelial cell
adhesion. This raises the possibility that IGFBP-1 may increase cell-surface
availability of integrins capable of binding extra-cellular matrix. Here,
incubation of HCAEC with IGFBP-1 (500ng/mL) for 1 hour significantly
increased cell-surface expression of asBi, a», ay (Figure 7.5A) and ayB3
integrins (Figure 7.5B) (n=6).
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Figure 7-5 Effects of IGFBP-1 on cell surface integrin expression in
HCAECs.

HCAECs were incubated with IGFBP-1 (500ng/mL) for 1 hour before
guantifying cell-surface expression of a panel of integrins (A) Effects of
IGFBP-1 on cell surface a integrin expression in HCAECs (B) Effects of
IGFBP-1 on cell surface B integrin expression in HCAECs, *p<0.05 and
**p<0.01; Paired t-test; n=6.



165

7.5 Discussion

This chapter extends the functional insights reported in the preceding
chapters by providing a number of key mechanistic insights into the
influence of IGFBP-1 on key signalling nodes and cytoskeletal changes in
ECs. First, IGFBP-1 was shown to potentially phosphorylate the signalling
node FAK which plays a critical role in cell proliferation and migration.
Second, IGFBP-1 was found to activate RhoA which mediates cytoskeletal
rearrangements necessary for EC motility. Third, IGFBP-1 was seen to
potentially restore partial disruption of actin remodelling induced by the pro-
inflammatory cytokine TNF-a. Finally, IGFBP-1 was noted to increase cell
surface expression of integrins recognised to mediate adhesion to

extracellular matrices.

Since the 1960s and 1970s it has been long thought that endothelial
regeneration in response to arterial injury is a local process involving cell
migration and proliferation of EC adjacent to the site of injury. In the present
chapter the mechanisms by which IGFBP-1 exerts its effects on EC
adhesion, migration and proliferation were elucidated. IGFBP-1 was found
to modulate multiple processes involved in EC responses, including actin

cytoskeletal remodelling and the upregulation of cell surface integrins.

The findings of this chapter lead to a proposed mechanism by which IGFBP-
1 promotes functional responses in ECs (Figure 7.6). First, the RGD-domain
of IGFBP-1 binds to integrins such as asp; and ayp3; on the cell surface of
ECs. This in turn induces FAK phosphorylation, which leads to assembly
and disassembly of focal adhesions permitting increased cell adhesion and
proliferation. A separate pathway is transduced by FAK phosphorylation,
where the Rho-Family GTPases are activated and interact with downstream
targets. In particular, RhoA is activated, targeting ROCK, which in turn
activates actin:myosin filament assembly, ultimately leading to increased cell

contraction and migration.
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This is the first demonstration of these effects of IGFBP-1 in ECs and is
supportive of a modulatory role of IGFBP-1 in vascular regeneration. The
findings are consistent with previously reported data on IGFBP-1 actions in
non-vascular cells, reflecting the recognised roles of IGFBP-1 in other organ
systems — for example the central nervous system and reproductive system.
IGFBP-1 migration in oligodendrocytes by activating integrin-mediated intra-
cellular signalling®®. IGFBP-1 interaction with asp; integrin has been shown

to be responsible for enhancing migration in Chinese hamster ovary cells®®,

307 308 These actions

smooth muscle cells®" and extra-villous trophoblast cells
of IGFBP-1 proved to be independent of IGF-1. It has also been
demonstrated that members of the RHO GTPase family, such as RHO
kinase, RHOC and RAC1, are essential for IGFBP-1 induced migration in

309 " In schwannoma cells, enhanced adhesion and

extravillous trophoblasts
proliferation were shown to be elicited by IGFBP-1-induced FAK

phosphorylation®*,

The increased cell surface expression of certain integrins in cells incubated
with IGFBP-1 is intriguing, as it is assumed that interaction of IGFBP-1 itself
with asfB; integrin is the mechanism by which IGFBP-1 can signal
independently of IGF-1. The short duration of IGFBP-1 incubation used in
these experiments is unlikely to be sufficient for integrins to be
transcriptionally and translationally upregulated. Instead, it is likely that
IGFBP-1 incubation promotes recycling of integrins from intra-cellular stores
and increase their availability for binding extra-cellular matrices at the cell

311,312

surface Elucidation of the mechanism by which IGFBP-1 facilitates

integrin expression requires further study.

Although the finding of FAK phosphorylation in ECs is likely, in keeping with
other studies, to have been mediated through interaction of IGFBP-1 with
integrins, it must be acknowledged that IGFBP-1-integrin interactions were
not specifically investigated in this thesis. One could demonstrate that
enhancement of cell migration/proliferation/adhesion by IGFBP-1 is integrin-
mediated by pre-incubating ECs with anti-as3; or ayfs integrin-blocking
antibodies and repeating the endothelial cell functional assays with IGFBP-1.
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Another potential limitation is that the effects of IGFBP-1 on cytoskeletal
rearrangement were seen only after TNF-a incubation, whereas the RhoA
activity assay was performed in quiescent ECs unstimulated by TNF-a. The
benefit of investigating IGFBP-1 in isolation, allowed us to elucidate the role
of IGFBP-1 without confounding factors such as TNF-a. Nevertheless, the
data confirming that IGFBP-1 activates RhoA are supportive of these
mechanisms being implicated in the modulatory effects of IGFBP-1 on cell

migration.

In summary, the studies reported in this chapter have uncovered important
mechanisms by which IGFBP-1 stimulates cell proliferation, adhesion and
migration. Understanding the mechanistic basis of the actions of IGFBP-1 in
ECs is an essential step for IGFBP-1 to be considered as a potential

therapeutic to enhance endothelial repair in an insulin resistant setting.
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Figure 7-6 Proposed mechanistic pathway by which IGFBP-1
modulates adhesion, migration and proliferation in ECs.

This schematic summarises the proposed signalling pathways by which
IGFBP-1 increases proliferation, cell-matrix adhesion and migration through
interaction of its RGD domain and asBi/ayvB3 integrins on endothelial cells.
IGFBP-1 binds to integrins on the cell membrane, which activates focal
adhesion kinase (FAK) by promoting its phosphorylation. The effects of FAK
on formation of focal adhesions leads to enhanced cell adhesion, increased
cell migration and cell proliferation. FAK activates the Rho GTPase family
(RhoA, Rac, Cdc42) which regulates cytoskeletal arrangement (actin
organisation) and thus cell migration.
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8 General Discussion
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8.1 Summary of key findings

The investigations into the vascular role of IGFBP-1 and in particular
endothelial regeneration described in this thesis were prompted by a
considerable body of epidemiological data inversely associating IGFBP-1
with IR and CVD. Our laboratory has shown previously that IGFBP-1 directly
upregulates NO generation in ECs, independently of IGF-1, via PI-3 kinase
activation and eNOS activation. Also, in an insulin resistant murine model,
overexpression of human IGFBP-1 rescued endothelial function and

endothelial insulin sensitivity”®’.

During the course of this research project, in vivo studies were first carried
out investigating the effects of over-expression of human IGFBP-1 on
endothelial regeneration following arterial injury in insulin sensitive mice and
in a murine model of IR. IGFBP-1 was found to enhance endothelial
regeneration, although this effect was specific for the insulin resistant

setting.

Secondly, in vitro studies examined the effect of IGFBP-1 on the functional
properties of APCs and human ECs implicated in endothelial repair.
Impaired APC abundance and mobilisation, as a consequence of reduced
NO bioavailability, are known to be responsible for the delayed endothelial
regeneration resulting from IR in IRKO mice®®®, IGFBP-1 has been shown to
enhance NO bioavailability and therefore might have been expected to
improve APC abundance and function in IR mice. However, surprisingly flow
cytometry and cell culture analyses did not show an improvement in APC
abundance in IRKO mice when IGFBP-1 was over-expressed. Furthermore,
no improvement in APC function was elicited by IGFBP-1 over-expression.
EC functional studies investigated the effects of IGFBP-1 on EC adhesion,
migration and proliferation. IGFBP-1 enhanced endothelial cell adhesion on
a human saphenous vein matrix, although no direct effect of IGFBP-1 was
observed on migration or proliferation in ‘metabolically healthy’ ECs.

However, in ECs exposed to the pro-inflammatory cytokine TNF-a
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(mimicking IR), co-incubation of IGFBP-1 significantly improved migration

and proliferation.

Finally, studies probed the effects of IGFBP-1 on intracellular signalling
pathways and cytoskeletal rearrangements necessary for endothelial repair.
Mechanistically, IGFBP-1 was shown to increase expression of asf; and
ayfBs integrins on the surface of ECs, phosphorylate FAK, activate RhoA and
improve cytoskeletal arrangement in a compromised setting. A proposed
mechanism is that IGFBP-1 through its RGD domain binds to asB; and ayps
integrins on the EC surface, activating ‘outside-in’ integrin signalling, and
phosphorylating FAK. FAK phosphorylation leads to increased EC
adhesion, migration and proliferation. In addition to this direct effect, the
Rho GTPase family is activated which regulates cytoskeletal arrangement

and therefore cell migration.

Endothelial regeneration is vital in a clinical setting, e.g. post-angioplasty
and stent insertion to prevent neointima formation and thrombosis and to

restore vascular homeostasis expediently?>33,

Through this project,
IGFBP-1 has been identified as an endogenous protein which enhances
endothelial regeneration in an insulin resistant setting and exhibited multiple
favourable effects on EC function in vitro. These results have been
demonstrated for the first time and show that not only is IGFBP-1 a
biomarker of CVD, but plays an important role in endothelial repair especially

in a diseased setting.

8.2 Differential effects of IGFBP-1 on endothelial cells and
angiogenic progenitor cells

There has been a considerable shift in focus of vascular biology research

over the last twenty years. Asahara’s'®

landmark study identifying
angiogenic progenitor cells stimulated intense interest in investigating APCs
and their involvement in endogenous regenerative mechanisms and

maintenance of endothelial integrity. However, more recent reports draw
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286,290 and

into question the contribution of APCs to endothelial regeneration
the tide may now be turning back towards recognition that native ECs hold

the key towards endothelial repair.

Data presented in this thesis show that over-expression of IGFBP-1 has no
effect on the abundance of APCs or their function. In contrast, the results
from this thesis suggest that IGFBP-1 mediates its effects in vivo through
modulating the reparative function of endothelial cells rather than through

APCs which is consistent with Hagensen’s findings®°.

8.3 Selective effects of IGFBP-1 on endothelial regeneration
in the insulin resistant setting

Another intriguing finding was that in a ‘healthy’ or a normal metabolic
setting, whether in vivo or in vitro, IGFBP-1 had no effect on endothelial
regeneration or EC function. However, in an insulin resistant setting, IGFBP-
1 enhanced endothelial regeneration, and in a pro-inflammatory setting,
migration and proliferation were enhanced. The observation of a more
pronounced effect of IGFBP-1 in IR is not unexpected, given the
epidemiological links between IR, CVD and low circulating concentrations of
IGFBP-12542%6:29.314315 | g\ |GFBP-1 concentrations in individuals with IR
may be permissive for the development of CVD. Based on the findings of
this thesis, one could argue that increasing IGFBP-1 concentrations could

have a prominent effect in these individuals.

Finding that favourable effects of a protein under investigation are specific
for IR is not exclusive to IGFBP-1. A study in the literature, for example,
investigated the effects of interferon tau (an anti-inflammatory agent) on IR
in an obesity-induced mouse model, reversal of IR (decreased
hyperglycaemia and decreased blood insulin levels) was observed with
lower levels of pro-inflammatory cytokines such as TNF-a, however no effect

of interferon tau was found in insulin sensitive mice'®.
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TNF-a was chosen in this thesis to induce a pro-inflammatory state in vitro
characteristic of the altered biochemical milieu in individuals with IR. TNF-a
is known to induce impaired insulin signalling in ECs®*°* however, this was
not confirmed in experiments reported here. TNF-a is also known to induce
endothelial dysfunction through other mechanisms including increased ROS
formation®*” and to have a direct effect on the p38 MAP kinase pathway>°.
Further studies could look into whether IGFBP-1 has a direct effect on ROS
production through inhibition of the p38 MAP kinase pathway.

8.4 Future studies

8.4.1 Therapeutic strategy

The in vivo studies reported in Chapter 4 demonstrate a favourable effect of
IGFBP-1 on endothelial regeneration following arterial injury in insulin
resistant mice. Although these data were corroborated by the experiments
conducted in primary ECs and reported in chapters 6-7, potential limitations
of data generated from gene-modified mice should be acknowledged.
IGFBP-1 was expressed using conventional transgenic techniques under the
control of its native promoter. Whilst this permits regulation of IGFBP-1 in
response to physiological cues, animals will have been exposed to
increased IGFBP-1 concentrations throughout their development. It cannot,
therefore, necessarily be inferred that the enhanced endothelial regeneration
observed would be translated to a favourable effect if IGFBP-1
concentrations were to be increased acutely at the time of injury. This is an
important question if IGFBP-1 is to be exploited as a therapeutic target. To
address this issue, a gene-modified mouse in which IGFBP-1 is expressed
conditionally would be preferable. A number of approaches are available to
regulate transgene expression in a temporal fashion in mice - e.g.
tamoxifen-inducible  cre-lox  technology®'®; or tetracycline-inducible
systems®°. Alternatively, IGFBP-1 could be expressed transiently in mice

using adenoviral transduction.
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A perhaps more attractive approach from the translational/therapeutic
perspective would be to investigate short term administration of IGFBP-1 to
mice following arterial injury. This would necessitate parenteral
administration and the short half-life of IGFBP-1 in the circulation may
present challenges in achieving consistently elevated plasma
concentrations. Reassuringly, however, other investigators have
successfully employed parenteral administration of IGFBP-1 with favourable

effects in other organ systems®34,

8.4.2 Integrin signalling as a therapeutic target

The findings reported in chapter 7 suggest that the functional effects of
IGFBP-1 in EC may be mediated through outside-in integrin signalling.
Further studies are now required to confirm that interaction of the RGD
domain of IGFBP-1 with integrins on the EC surface is required for IGFBP-1
effects. This could be achieved by repeating the signalling studies using
antibodies to block integrin binding or following knock-down of integrin sub-
units in ECs. Additionally, a recombinant IGFBP-1 protein in which the RGD
motif has been mutated has recently been generated in our laboratory.
Unfortunately this only became available after the experimental work
reported here had been completed. This would be ideal to determine
whether an intact RGD domain is required to mediate the functional effects
of IGFBP-1 on ECs.

Pending the findings of these further studies, as@3; mediated signalling may
be confirmed as a potential target to increase endothelial regeneration.
However, there will then be the question of whether the entire IGFBP-1
protein is required to mediate modulatory effects on ECs, or whether these
could be reproduced by shorter peptides able to activate integrin signalling.
Small hexapeptides such as Gly-Arg-Gly-Asp-Thr-Pro which activate
integrins are already available and could be used to investigate their effects
on cell migration and proliferation in vitro, and on endothelial regeneration in

Vivo.
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8.4.3 IGF-independent effects of IGFBP-1
Although it is likely that the effects of IGFBP-1 on EC signalling and

functional properties reported in this thesis were IGF-independent, a
contribution to the findings through modulation of IGF bioavailability by
IGFBP-1 cannot be fully excluded. IGF-1 was not added in any of the in-
vitro experiments, however IGF-1 will have been present in vivo and small
amounts of IGF-1 are produced by cultured cells. Synergistic studies could
be performed with IGF-1, des-IGF-1 and IGFBP-1 to evaluate the relative
contributions of IGF-1 and IGFBP-1 to EC responses in vitro. A perhaps
more attractive approach is to repeat the in vitro experiments with a
recombinant form of IGFBP-1 in which the IGF-binding domain of the protein
has been mutated. This has recently become available in our laboratory but
not whilst this project was being undertaken.

Determining whether the favourable effects of IGFBP-1 are independent of
IGF-1 binding is also highly relevant to exploiting IGFBP-1 as a potential
therapeutic target. If IGF-1 interaction is not required, a mutated IGFBP-1
protein able to interact with cell surface integrins but unable to alter IGF-1
bioavailability may offer the attraction of favourable vascular effects without

off-target effects.

8.4.4 APC studies

Although the results of chapter 5 suggest that a modulatory effect of IGFBP-
1 on APCs is unlikely, this possibility has not been fully discounted. Further
studies could investigate whether addition of IGFBP-1 to cells directly
modulates the phenotype or expansion of early outgrowth APCs in vitro.
Future studies could also look at whether IGFBP-1 modulates the properties
of human ‘late outgrowth’ APCs. Such experiments may be productive, as

the phenotype of late outgrowth APCs is close to that of native ECs.

Finally the findings of this project require human translation, the rationale for
phase one human trials of IGFBP-1 are strengthened by the findings of this
project, especially as IGFBP-1 is an endogenously expressed protein.
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8.4.5 Mechanistic studies

Chapter 7 provided evidence of some of the molecular mechanisms by
which IGFBP-1 modulates EC responses. For example, IGFBP-1 was
shown to activate RhoA in EC. It would be interesting to further investigate
this link by repeating functional endothelial cell assays such as cell migration
by using the Rho kinase inhibitor Y-27632. Further western blot analyses
could be conducted investigating downstream Rho-kinase signalling, probing
ROCK1 and ROCK2 using available primary antibodies. Finally,
investigating RhoA activity in an insulin resistant setting in animal and
cellular models would help deepen our understanding of the apparent
specificity of the functional responses to IGFBP-1 to insulin resistant or pro-

inflammatory environments.

8.5 Conclusions

The experiments reported in this thesis have yielded intriguing and novel
results which could play a key role in the development of potential new
therapies to augment vascular repair. IGFBP-1 has been shown in this
project to enhance endothelial regeneration in an insulin resistant setting.
These reparative effects are mediated through multi-factorial influences of
IGFBP-1 on EC function associated with enhanced FAK-RhoA signalling and
cytoskeletal modulation. IGFBP-1 was thus shown to be a vasculo-
protective agent and relative IGFBP-1 deficiency has already been
implicated in the increased CV risk in individuals with low plasma IGFBP-1.
Further investigations are now required to corroborate understanding of the
mechanistic basis for IGFBP-1 effects, before considering therapeutic
studies looking at the translational effects of IGFBP-1. IGFBP-1 or EC FAK
signalling could be targeted therapeutically to enhance repair in insulin

resistance.



Appendix

Endothelial Cell (20% FCS) Growth Medium (for cell culture):

380 mL Basal Medium M199 (Sigma)

100 mL FCS 20%

10 mL 1M HEPES

5 mL Antibiotic Anti-mycotic solution (Penicillin 10,000 units/mL,
Streptomycin 10,000 pug/mL, Fungizone 25 pg/mL)

2.5 mL ECGS (3 mg/mL)

1 mL Sodium Pyruvate (55 mg/mL)

2.5 mL Heparin (1,000 units/mL)

Serum Free Media:

500 mL M199

10 mL 1M HEPES

5 mL Antibiotic Anti-mycotic solution (Penicillin 10,000 units/mL,
Streptomycin 10,000 pg/mL, Fungizone 25 pg/mL)

2.5 mL ECGS (3 mg/mL)

1 mL Sodium Pyruvate (55 mg/mL)

2.5 mL Heparin (1,000 units/mL)

Endothelial Cell Basal Medium-2 plus Clonetics EGM-2 Bulletkit CC-3162
(for APC culture): Commerical kit, medium was made according to

manufacturer’s instructions
500 mL Endothelial Cell Basal Medium-2
50 mL FCS 20%
Hydrocortisone 0.2mL
hFGF-B 2mL

VEGF 0.5mL

R3-IGF-1 0.5mL

Ascorbic acid 0.5mL

hEGF 0.5mL

GA-1000 0.5mL

Heparin 0.5mL

Transfer Buffer (Western Blot)
70.5g Glycine (Sigma)

159 Tris-Base (Sigma)

1000mL methanol

Then made up to 5L with ddH»0

10x TBS/Tween

12.1g Tris-base (Sigma)

87.65g NaCl (VWWR)

Made up to 1L with ddH»0, pH to 7.4
20uL Tween added to 1L of 1 x TBS

177



178

Publication list

Publications arising from this project:

1. Aziz A, Wheatcroft S.

Insulin resistance in Type 2 diabetes and obesity: implications for
endothelial function.
Expert Rev Cardiovasc Ther. 2011 Apr;9(4):403-7. doi:
10.1586/erc.11.20.

Abstracts arising from this project:

1. Aziz A, Yuldasheva N, Smith J, Haywood N, Cordell P, Cubbon R,

4.

Porter KE, Kearney MT, Wheatcroft SB.

Insulin-like Growth Factor Binding Protein (IGFBP)-1 enhances
vascular endothelial regeneration in the setting of insulin resistance
American Diabetes Association, June 2014, San Francisco, USA

Aziz A, Yuldasheva N, Smith J, Riches KE, Gage M, Mughal R,
Mercer BN, Sengupta A, Ali N, Cordell P, Haywood N, Cubbon RM,
Kearney MT, Porter KE, Wheatcroft SB.

Insulin-like Growth Factor Binding Protein (IGFBP)-1 enhances
vascular endothelial regeneration in the setting of insulin resistance
British Cardiac Society, June 2014, Manchester, UK

Aziz A, Yuldasheva N, Smith J, Haywood N, Cordell P, Cubbon R,
Porter KE, Kearney MT, Wheatcroft SB.

The effects of Insulin-like Growth Factor Binding Protein-1 on
endothelial repair in the insulin resistant setting.

International Congress of Physiological Sciences. July, 2013
Birmingham, UK. — Winner ESM/EVBO Poster award

Aziz A, Yuldasheva N, Smith J, Haywood N, Cordell P, Cubbon R,
Porter KE, Kearney MT, Wheatcroft SB.

Enhancing vascular endothelial repair in the setting of insulin
resistance: effects of insulin-like growth factor binding protein-1.
British Cardiac Society. June 2013 London, UK.


http://www.ncbi.nlm.nih.gov/pubmed/21517723
http://www.ncbi.nlm.nih.gov/pubmed/21517723

179

Other publications arising during this project:

1.

Yuldasheva NY, Rashid ST, Haywood NJ, Cordell P, Mughal
R, Viswambharan H, Imrie H, Sukumar P, Cubbon RM, Aziz A, Gage
M, Mbonye KA, Smith J, Galloway S, Skromna A, Scott DJ, Kearney
MT, Wheatcroft SB.

Haploinsufficiency of the Insulin-Like Growth Factor-1 Receptor
Enhances Endothelial Repair and Favorably Modifies Angiogenic
Progenitor Cell Phenotype.

Arterioscler Thromb Vasc Biol. 2014 Jul 10. pii:
ATVBAHA.114.304121. [Epub ahead of print].

Aziz A, Aziz S, Wheatcroft SB.
Novel anti-thrombotic therapy in acute coronary syndromes.
Cor et Vasa published online 18 February 2013.

Rajwani A, Ezzat V, Smith J, Yuldasheva NY, Duncan ER, Gage M,
Cubbon RM, Kahn MB, Imrie H, Abbas A, Viswambharan H, Aziz A,
Sukumar P, Vidal-Puig A, Sethi JK, Xuan S, Shah AM, Grant PJ,
Porter KE, Kearney MT, Wheatcroft SB.

Increasing circulating IGFBP1 levels improves insulin sensitivity,
promotes nitric oxide production, lowers blood pressure, and protects
against atherosclerosis.

Diabetes. 2012 Apr;61(4):915-24. doi: 10.2337/db11-0963.

Kahn MB, Cubbon RM, Mercer B, Wheatcroft AC, Gherardi G, Aziz A,
Baliga V, Blaxill IM, McLenachan JM, Blackman DJ, Greenwood JP,
Wheatcroft SB.

Association of diabetes with increased all-cause mortality following
primary percutaneous coronary intervention for ST-segment elevation
myocardial infarction in the contemporary era.

Diab Vasc Dis Res. 2012 Jan;9(1):3-9. doi:
10.1177/1479164111427752.

Kahn MB, Yuldasheva NY, Cubbon RM, Smith J, Rashid ST,
Viswambharan H, Imrie H, Abbas A, Rajwani A, Aziz A, Baliga V,
Sukumar P, Gage M, Kearney MT, Wheatcroft SB.

Insulin resistance impairs circulating angiogenic progenitor cell
function and delays endothelial regeneration.

Diabetes. 2011 Apr;60(4):1295-303. doi: 10.2337/db10-1080.

Other abstracts arising during this project:

1.

Haywood N, Yuldasheva N, Aziz A, Smith J, Cordell P, Kearney MT,
Wheatcroft SB.

Insulin-like growth factor binding protein (IGFBP)-1 and its RGD
domain: favourable in vivo actions in glucose regulation.

International congress of the GRS and IGF Society, Singapore
October 2014.


http://www.ncbi.nlm.nih.gov/pubmed?term=Yuldasheva%20NY%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Rashid%20ST%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Haywood%20NJ%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Cordell%20P%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Mughal%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Mughal%20R%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Viswambharan%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Imrie%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Sukumar%20P%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Cubbon%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Aziz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Gage%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Gage%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Mbonye%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Galloway%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Skromna%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Scott%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Kearney%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Kearney%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Wheatcroft%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=25012136
http://www.ncbi.nlm.nih.gov/pubmed/25012136
http://www.ncbi.nlm.nih.gov/pubmed?term=Rajwani%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Ezzat%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Yuldasheva%20NY%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Duncan%20ER%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Gage%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Cubbon%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Kahn%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Imrie%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Abbas%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Viswambharan%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Aziz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Sukumar%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Vidal-Puig%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Sethi%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Xuan%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Shah%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Grant%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Porter%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Kearney%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Wheatcroft%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=22357965
http://www.ncbi.nlm.nih.gov/pubmed/22357965
http://www.ncbi.nlm.nih.gov/pubmed?term=Kahn%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Cubbon%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Mercer%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Wheatcroft%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Gherardi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Aziz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Baliga%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Blaxill%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=McLenachan%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Blackman%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Greenwood%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed?term=Wheatcroft%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=22067723
http://www.ncbi.nlm.nih.gov/pubmed/22067723
http://www.ncbi.nlm.nih.gov/pubmed/21317296
http://www.ncbi.nlm.nih.gov/pubmed/21317296

180

. Haywood N, Yuldasheva N, Aziz A, Smith J, Cordell P, Kearney MT,
Wheatcroft SB.

Insulin-like Growth Factor Binding Protein (IGFBP)-1: Favourable In
Vivo Actions in Glucose Regulation.

American Diabetes Association, June 2014, San Francisco, USA.

. Mughal RS, Haywood N, Kahn MB, Aziz A, Smith J, Wheatcroft ACG,
Rakobowchuk M, Harris E, Birk G, Cubbon RM, Birch KM, Witte KKA,
Kearney MT, Wheatcroft SB.

Pentoxifylline improves endothelial function and increases circulating
angiogenic progenitor cells in obesity.

American Diabetes Association, June 2014, San Francisco, USA.

. Haywood N, Yuldasheva N, Aziz A, Smith J, Cordell P, Kearney MT,
Wheatcroft SB.

Alpha-5 Beta-1 integrin: A promising therapeutic target in the field of
insulin resistance and cardiovascular disease.

British Cardiac Society, June 2014, Manchester, UK.

. Mercer BN, Yuldasheva N, Skromna A, Galloway S, Makava N,
Sengupta A, Aziz A, Ali N, Gatenby K, Walker A, Wheatcroft SB,
Kearney MT, Cubbon R. Vascular regeneration is impaired in the
setting of systemic insulin resistance.

British Cardiac Society, June 2014, Manchester, UK.

. Sengupta A, Viswambharan H, Yuldasheva N, Mercer B, Ali N,
Walker A, Galloway S, Aziz A, Gage M, Imrie H, Gatenby K, Skromna
A, Wheatcroft SB, Kearney MT, Mughal R, Cubbon R.

Endothelial insulin sensitisation enhances vascular repair and aortic
vasomotor function in systemic insulin resistance.

British Cardiac Society, June 2014, Manchester, UK

. Sengupta A, Viswambharan H, Yuldasheva N, Mercer B, Aziz A,
Imrie H, Gage M, Gatenby V, Skromna A, Wheatcroft SB, Kearney
MT, Cubbon R.

Vascular endothelial insulin sensitisation reduces blood pressure and
promotes endothelial repair in the context of global insulin resistance.

British Cardiac Society, June 2013 London, UK.

. Gage MC, Yuldasheva NY, Jackson C, Kearney MT, Imrie H,
Viswambharan H, Rajwani A, Kahn MB, Smith J, Abbas A, Galloway
S, Sukumar P, Cubbon RM, Rashid ST, Baliga V, Aziz A, Skromna A,
Futers S, Gatenby K, Wheatcroft SB.

Endothelial Specific Insulin Resistance Promotes Atherosclerosis.
Diabetes UK. London, October 2011.



181

9. Yuldasheva NY, Aziz A (Presenting author), Rajwani A, Smith J,
Sukumar P, Kearney MT, Porter KE, Wheatcroft SB.
Insulin-like growth factor binding protein-1 is a protective factor in
atherosclerosis.
British Atherosclerosis Society. Cambridge, England. September 2011.

10.Rajwani A, Surr J, Aziz A, Yuldasheva N, Porter K, Viswambharan H,
Imrie H, Gage M, Ezzat V, Kearney MT, Wheatcroft S.
IGFBP-1 Increases Endothelial Nitric Oxide via PI-3-K Activation and
Rescues Vascular Function in Murine Models of Endothelial
Dysfunction.
American Heart Association Annual Conference 2010 Chicago, USA.



182

Reference list

10.

11.

12.

ADA. Diagnosis and Classification of Diabetes Mellitus. Diabetes Care
33, 62-9 (2010).

Chen, Y. I., Jeng, C., Hollenbeck, C. B., Wu, M. & Reaven, G. M.
Relationship Between Plasma Glucose and Insulin Concentration ,
Glucose Production , and Glucose Disposal in Normal Subjects and
Patients with Non-Insulin-dependent Diabetes. J. Clin. Invest. 82, 21—
25 (1988).

Duckworth, W. et al. Glucose control and vascular complications in
veterans with type 2 diabetes. N. Engl. J. Med. 360, 129-39 (2009).

Davidson, N. K. & Moreland, P. http://www.mayoclinic.org/diseases-
conditions/diabetes/expert-blog/types-of-diabetes/bgp-20056516.
Mayo Clin. (2013).

Gardner, D. S. & Tai, E. S. Clinical features and treatment of maturity
onset diabetes of the young (MODY). Diabetes. Metab. Syndr. Obes.
5, 101-8 (2012).

Laakso, M. & Kuusisto, J. Insulin resistance and hyperglycaemia in
cardiovascular disease development. Nat. Rev. Endocrinol. (2014).
doi:10.1038/nrendo.2014.29

Hex, N., Bartlett, C., Wright, D., Taylor, M. & Varley, D. Estimating the
current and future costs of Type 1 and Type 2 diabetes in the UK,
including direct health costs and indirect societal and productivity
costs. Diabet. Med. 29, 855-62 (2012).

Wheatcroft, S. B., Williams, I. L., Shah, A. M. & Kearney, M. T.
Pathophysiological implications of insulin resistance on vascular
endothelial function. Diabet. Med. 255 —268 (2003).

Lebovitz, H. E. Insulin resistance — a common link between type 2
diabetes and cardiovascular disease. Obesity 237-249 (2006).
doi:10.1111/j.1463

Reaven, G. M. Banting lecture 1988. Role of insulin resistance in
human disease. Diabetes 37, 1595-607 (1988).

Laakso, M. Perspectives in Diabetes. Diabetes 48, 937-942 (1965).
DeFronzo, R. Insulin resistance, lipotoxicity, type 2 diabetes and

atherosclerosis: the missing links. The Claude Bernard Lecture 20009.
Diabetologia 53, 1270-87 (2010).



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

183

Rajwani, A., Cubbon, R. M. & Wheatcroft, S. B. Cell-specific insulin
resistance: implications for atherosclerosis. Diabetes Metab Res Rev
28, 627—-634 (2012).

Pyorala, M., Miettinen, H., Halonen, P., Laakso, M. & Pyorala, K.
Insulin Resistance Syndrome Predicts the Risk of Coronary Heart
Disease and Stroke in Healthy Middle-Aged Men : The 22-Year
Follow-Up Results of the Helsinki Policemen Study. Arterioscler.
Thromb. Vasc. Biol. 20, 538-544 (2000).

Kahn, R., Buse, J., Ferrannini, E. & Stern, M. The Metabolic
Syndrome: Time for a Critical Appraisal. Diabetes Care 28, 2289-2304
(2005).

Kannel, W. B. & McGee, D. L. Diabetes and Cardiovascular Disease
The Framingham Study. JAMA 241, 2035-2038 (1979).

Haffner, S. M., Lehto, S., Ronnemaa, T., Pyorala, K. & Laakso, M.
Mortality from coronary heart disease in subjects with type 2 diabetes
and in non-diabetic subjects with and without prior myocardial
infarction. N. Engl. J. Med. 339, 229-234 (1998).

Haffner, S. M., Stern, M. P., Hazuda, H. P., Mitchell, B. D. & Patterson,
J. K. Cardiovascular risk factors in confirmed prediabetic individuals.
Does the clock for coronary heart disease start ticking before the onset
of clinical diabetes? JAMA 263, 2893-8 (1990).

Mainous, A. G., Tanner, R. J., Baker, R., Zayas, C. E. & Harle, C. A.
Prevalence of prediabetes in England from 2003 to 2011: population-
based, cross-sectional study. BMJ Open 4, e005002—e005002 (2014).

Hanley, A. J. G., Williams, K., Stern, M. P. & Haffner, S. M.
Homeostasis model assessment of insulin resistance in relation to the
incidence of cardiovascular disease: the San Antonio Heart Study.
Diabetes Care 25, 1177-84 (2002).

Isomaa, B. et al. Cardiovascular Morbidity and Mortality Associated
With the Metabolic Syndrome. Diabetes Care 24, 683—-689 (2001).

Gast, K. B., Tjeerdema, N., Stijnen, T., Smit, J. W. A. & Dekkers, O. M.
Insulin resistance and risk of incident cardiovascular events in adults
without diabetes: meta-analysis. PLoS One 7, 1-8 (2012).

Esper, R. J. et al. Endothelial dysfunction: a comprehensive appraisal.
Cardiovasc. Diabetol. 18, 1-18 (2006).

Ross R. The pathogenesis of atherosclerosis: a perspective for the
1990s. Nature 362, 801-809 (1993).



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

184

Sitia, S. et al. From endothelial dysfunction to atherosclerosis.
Autoimmun. Rev. 9, 830-4 (2010).

Ross R. Atherosclerosis - an inflammatory disease. N. Engl. J. Med.
340, 115-126 (1999).

Wheatcroft, S. B., Williams, I. L., Shah, a M. & Kearney, M. T.
Pathophysiological implications of insulin resistance on vascular
endothelial function. Diabet. Med. 20, 255-68 (2003).

Schachinger, V., Britten, M. B. & Zeiher, A. M. Clinical Investigation
and Reports Adverse Long-Term Outcome of Coronary Heart Disease.
Circulation 1899-1906 (2011).

Deanfield, J. E., Halcox, J. P. & Rabelink, T. J. Endothelial function
and dysfunction: testing and clinical relevance. Circulation 115, 1285—
95 (2007).

Libby, P. Inflammation in atherosclerosis. Nature 420, 868—-874
(2002).

Furchgott, R. F. & Zawadzki, J. V. The obligatory role of endothelial
cells in the relaxation of arterial smooth muscle by acetylcholine.
Nature 288, 373—6 (1980).

Hutchinson, P. J., Palmer, R. M. & Moncada, S. Comparative
pharmacology of EDRF and nitric oxide on vascular strips. Eur. J.
Pharmacol. 141, 445-51 (1987).

Moncada, S., Palmer, R. M. & Higgs, E. a. The discovery of nitric oxide
as the endogenous nitrovasodilator. Hypertension 12, 365-372 (1988).

Nathan, C. Natural Resistance and Nitric Oxide Minireview. 82, 873—
876 (1995).

Nathan, C. Nitric oxide. FASEB J. 6, 3051-3064 (1992).

Kearney, M. T., Duncan, E. R., Kahn, M. & Wheatcroft, S. B. Insulin
resistance and endothelial cell dysfunction: studies in mammalian
models. Exp. Physiol. 93, 158—-63 (2008).

Harrison, D. G. Cellular and Molecular Mechanisms of Endothelial Cell
Dysfunction. J Clin Invest 100, 2153-2157 (1997).

Arnold, W. P., Mittal, C. K., Katsuki, S. & Murad, F. Nitric oxide
activates guanylate cyclase and increases guanosine 3 ’: 5 ' -cyclic
monophosphate levels in various tissue preparations Biochemistry :
74, 3203-3207 (1977).



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

185

Qian, J. & Fulton, D. Post-translational regulation of endothelial nitric
oxide synthase in vascular endothelium. Front. Physiol. 4, 1-11
(2013).

Fleming, I. & Busse, R. Signal transduction of eNOS activation.
Cardiovasc. Res. 43, 532-41 (1999).

Xia, Y., Dawsontt, V. L., Dawsontt, T. E. D. M., Snydert, S. H. &
Zweier, J. A. Y. L. arginine-depleted peroxynitrite-mediated. 93, 6770—
6774 (1996).

Wever, R. M. F., Luscher, T. F., Cosentino, F. & Rabelink, T. J.
Atherosclerosis and the Two Faces of Endothelial Nitric Oxide
Synthase. Circulation 97, 108-112 (1998).

Cai, H. & Harrison, D. G. Endothelial Dysfunction in Cardiovascular
Diseases: The Role of Oxidant Stress. Circ. Res. 87, 840-844 (2000).

Laight, D. W., Carrier, M. J. & Anggard, E. E. Antioxidants, diabetes
and endothelial dysfunction. Cardiovasc. Res. 47, 457—64 (2000).

Wheatcroft, S. B., Williams, I. L., Shah, a M. & Kearney, M. T.
Pathophysiological implications of insulin resistance on vascular
endothelial function. Diabet. Med. 20, 255-68 (2003).

White, C. R. et al. Superoxide and peroxynitrite in atherosclerosis.
Proc. Natl. Acad. Sci. U. S. A. 91, 1044-8 (1994).

Salvemini, D. et al. Diphenylene iodonium, an inhibitor of free radical
formation, inhibits platelet aggregation. Eur. J. Pharmacol. 199, 15-8
(1991).

Chatterjee, S. Sphingolipids in Atherosclerosis and Vascular Biology.
Arterioscler. Thromb. Vasc. Biol. 18, 1523-1533 (1998).

Weber, C. et al. Antioxidants inhibit monocyte adhesion by
suppressing nuclear factor-kappa B mobilization and induction of
vascular cell adhesion molecule-1 in endothelial cells stimulated to
generate radicals. Arterioscler. Thromb. 14, 1665-73 (1994).

Griendling, K. K., Sorescu, D. & Ushio-Fukai, M. NAD(P)H Oxidase :
Role in Cardiovascular Biology and Disease. Circ. Res. 86, 494-501
(2000).

Mohazzab, K. M., Kaminski, P. M. & Wolin, M. S. NADH
oxidoreductase is a major source of superoxide anion in bovine
coronary artery endothelium. Am. J. Physiol. 266, H2568—72 (1994).



52.

53.

4.

55.

56.

S57.

58.

59.

60.

61.

62.

63.

186

Kashiwagi, A. et al. Free radical production in endothelial cells as a
pathogenetic factor for vascular dysfunction in the insulin resistance
state. Diabetes Res. Clin. Pract. 45, 199-203 (1999).

Fatehi-Hassanabad, Z., Chan, C. B. & Furman, B. L. Reactive oxygen
species and endothelial function in diabetes. Eur. J. Pharmacol. 636,
8-17 (2010).

Montagnani, M., Ravichandran, L. V, Chen, H., Esposito, D. L. &
Quon, M. J. Insulin receptor substrate-1 and phosphoinositide-
dependent kinase-1 are required for insulin-stimulated production of
nitric oxide in endothelial cells. Mol. Endocrinol. 16, 1931-42 (2002).

Montagnani, M., Chen, H., Barr, V. a & Quon, M. J. Insulin-stimulated
activation of eNOS is independent of Ca2+ but requires
phosphorylation by Akt at Ser(1179). J. Biol. Chem. 276, 30392-8
(2001).

Zeng, G. & Quon, M. J. Insulin-stimulated Production of Nitric Oxide Is
Inhibited by Wortmannin. J Clin Invest 98, 894—-898 (1996).

Zeng, G. et al. Roles for Insulin Receptor, PI3-Kinase, and Akt in
Insulin-Signaling Pathways Related to Production of Nitric Oxide in
Human Vascular Endothelial Cells. Circulation 101, 1539-1545
(2000).

Avruch, J. Insulin signal transduction through protein kinase cascades.
Mol. Cell. Biochem. 182, 31-48 (1998).

Jiang, Z. Y. et al. Characterization of selective resistance to insulin
signaling in the vasculature of obese Zucker (fa/fa) rats. J. Clin. Invest.
104, 447-57 (1999).

Cusi, K. et al. Insulin resistance differentially affects the Pl 3-kinase-
and MAP kinase-mediated signaling in human muscle. J. Clin. Invest.
105, 311-20 (2000).

Kim, J., Montagnani, M., Koh, K. K. & Quon, M. J. Reciprocal
relationships between insulin resistance and endothelial dysfunction:
molecular and pathophysiological mechanisms. Circulation 113, 1888—
904 (2006).

Virkaméaki, a, Ueki, K. & Kahn, C. R. Protein-protein interaction in
insulin signaling and the molecular mechanisms of insulin resistance.
J. Clin. Invest. 103, 931-43 (1999).

Greene, M. W. & Garofalo, R. S. Positive and negative regulatory role
of insulin receptor substrate 1 and 2 (IRS-1 and IRS-2)
serine/threonine phosphorylation. Biochemistry 41, 7082-91 (2002).



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

187

Laine, H. et al. Insulin resistance of glucose uptake in skeletal muscle
cannot be ameliorated by enhancing endothelium-dependent blood
flow in obesity. J. Clin. Invest. 101, 115662 (1998).

Steinberg, H. O. et al. Obesity/insulin resistance is associated with
endothelial dysfunction. Implications for the syndrome of insulin
resistance. J. Clin. Invest. 97, 2601-10 (1996).

Williams, S. B., Cusco, J. a, Roddy, M. a, Johnstone, M. T. & Creager,
M. a. Impaired nitric oxide-mediated vasodilation in patients with non-
insulin-dependent diabetes mellitus. J. Am. Coll. Cardiol. 27, 567-74
(1996).

Murphy, C. et al. Vascular dysfunction and reduced circulating
endothelial progenitor cells in young healthy UK South Asian men.
Arter. Thromb. Vasc. Biol. 27, 936942 (2007).

Stern, M. P. Diabetes and cardiovascular disease. The “common soil”
hypothesis. Diabetes 44, 369-74 (1995).

Aziz, A. & Wheatcroft, S. Insulin resistance in Type 2 diabetes and
obesity: implications for endothelial function. Expert Rev. Cardiovasc.
Ther. 9, 403-7 (2011).

Duncan, E. R. et al. Accelerated endothelial dysfunction in mild
prediabetic insulin resistance: the early role of reactive oxygen
species. Am. J. Physiol. Endocrinol. Metab. 293, E1311-9 (2007).

Wheatcroft, S. B. et al. Preserved glucoregulation but attenuation of
the vascular actions of insulin in mice heterozygous for knockout of the
insulin receptor. Diabetes 53, 2645-52 (2004).

Symons, J. D. et al. Contribution of Insulin and Aktl Signaling to
Endothelial Nitric Oxide Synthase in the Regulation of Endothelial
Function and Blood Pressure. Circ. Res. 104, 105-1094 (2009).

Duncan, E. R. et al. Effect of Endothelium-Specific Insulin Resistance
on Endothelial Function In Vivo. Diabetes 57, 3307-3314 (2008).

Vicent, D. et al. The role of endothelial insulin signaling in the
regulation of vascular tone and insulin resistance. J Clin Invest 111,
1373-1380 (2003).

Alp, N. J. & Channon, K. M. Regulation of endothelial nitric oxide
synthase by tetrahydrobiopterin in vascular disease. Arterioscler.
Thromb. Vasc. Biol. 24, 413-20 (2004).

Alp, N. J. et al. Tetrahydrobiopterin-dependent preservation of nitric
oxide — mediated endothelial function in diabetes by targeted



7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

188

transgenic GTP — cyclohydrolase | overexpression. 112, 725-735
(2003).

Montagnani, M. & Quon, M. J. Insulin action in vascular endothelium:
potential mechanisms linking insulin resistance with hypertension.
Diabetes. Obes. Metab. 2, 285-92 (2000).

Eringa, E. C. et al. Vasoconstrictor effects of insulin in skeletal muscle
arterioles are mediated by ERK1 / 2 activation in endothelium. Am J
Physiol Hear. Circ Physiol 287, 2043—-2048 (2004).

Hsueh, W. A. & Law, R. E. Insulin signaling in the arterial wall. Am. J.
Cardiol. 84, 21J-24J (1999).

Montagnani, M. et al. Inhibition of phosphatidylinositol 3-kinase
enhances mitogenic actions of insulin in endothelial cells. J. Biol.
Chem. 277, 1794-9 (2002).

Steinberg, H., Brechtel, G., Johnson, A., Fineberg, N. & Baron, A. D.
Insulin-mediated Skeletal Muscle Vasodilation Is Nitric Oxide
Dependent A Novel Action of Insulin to Increase Nitric Oxide Release.
J. Clin. Invest. 94, 1172-1179 (1994).

Després, J. P. et al. Hyperinsulinemia as an independent risk factor for
ischemic heart disease. N. Engl. J. Med. 334, 952—7 (1996).

Huang, A. L. & Vita, J. A. Effects of systemic inflammation on
endothelium-dependent vasodilation. Trends Cardiovas Med 16, 15—
20 (2006).

Verma, S. et al. A Self-Fulfilling Prophecy: C-Reactive Protein
Attenuates Nitric Oxide Production and Inhibits Angiogenesis.
Circulation 106, 913-919 (2002).

Zhang, H. et al. Role of TNF-alpha in vascular dysfunction. Clin. Sci.
(Lond). 116, 219-30 (2009).

Borst, S. E. The role of TNF-alpha in insulin resistance. Endocrine 23,
177-82 (2004).

Zhang, J., Patel, J. M., Li, Y. D. & Block, E. R. Proinflammatory
cytokines downregulate gene expression and activity of constitutive
nitric oxide synthase in porcine pulmonary artery endothelial cells.
Res. Commun. Mol. Pathol. Pharmacol. 96, 71-87 (1997).

Mohamed-Ali, V. et al. Subcutaneous adipose tissue releases
interleukin-6, but not tumor necrosis factor-alpha, in vivo. J. Clin.
Endocrinol. Metab. 82, 4196—200 (1997).



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

189

Hotamisligil, G. S., Arner, P., Caro, J. F., Atkinson, R. L. &
Spiegelman, B. M. Increased adipose tissue expression of tumor
necrosis factor-alpha in human obesity and insulin resistance. J Clin
Invest 95, 2409-2415 (1995).

Heitzer, T., Krohn, K., Albers, S. & Meinertz, T. Tetrahydrobiopterin
improves endothelium-dependent vasodilation by increasing nitric
oxide activity in patients with Type Il diabetes mellitus. Diabetologia
43, 1435-1438 (2000).

Yoshizumi, M., Perrella, M., Burnett, J. J. & Lee, M. Tumor necrosis
factor downregulates an endothelial nitric oxide synthase mRNA by
shortening its half-life. Circ. Res. 73, 205-9 (1993).

Laight, D. W., Kengatharan, K. M., Gopaul, N. K., Anggard, E. E. &
Carrier, M. J. Investigation of oxidant stress and vasodepression to
glyceryl trinitrate in the obese Zucker rat in vivo. Br. J. Pharmacol. 125,
895-901 (1998).

Paolisso, G. & Giugliano, D. Oxidative stress and insulin action: is
there a relationship? Diabetologia 39, 357-63 (1996).

Tesfamariam, B. & Cohen, R. A. Free radicals mediate endothelial cell
dysfunction caused by elevated glucose. Am. J. Physiol. 263, H321-6
(1992).

Davda, R. K. et al. Oleic acid inhibits endothelial nitric oxide synthase
by a protein kinase C-independent mechanism. Hypertension 26, 764—
70 (1995).

Duncan, E. R. et al. Accelerated endothelial dysfunction in mild
prediabetic insulin resistance: the early role of reactive oxygen
species. Am. J. Physiol. Endocrinol. Metab. 293, E1311-9 (2007).

Peters, K., Unger, R. E., Brunner, J. & Kirkpatrick, C. J. Molecular
basis of endothelial dysfunction in sepsis. Cardiovasc. Res. 60, 49-57
(2003).

Werner, N., Wassmann, S., Ahlers, P., Kosiol, S. & Nickenig, G.
Circulating CD31+/annexin V+ apoptotic microparticles correlate with
coronary endothelial function in patients with coronary artery disease.
Arterioscler. Thromb. Vasc. Biol. 26, 112—6 (2006).

Roque, M. et al. Mouse Model of Femoral Artery Denudation Injury

Associated With the Rapid Accumulation of Adhesion Molecules on
the Luminal Surface and Recruitment of Neutrophils. Arter. Thromb.
Vasc. Biol. 20, 335-342 (2000).



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

190

Liu, M. W., Roubin, G. S. & King, S. B. Restenosis after coronary
angioplasty. Potential biologic determinants and role of intimal
hyperplasia. Circulation 79, 1374-1387 (1989).

Schwartz, S. M., Campbell, G. R. & Campbell, J. H. Replication of
smooth muscle cells in vascular disease. Circ. Res. 58, 427-444
(1986).

Lam, J. Y. et al. Deep arterial injury during experimental angioplasty:
relation to a positive indium-111-labeled platelet scintigram,
guantitative platelet deposition and mural thrombosis. J. Am. Coll.
Cardiol. 8, 13806 (1986).

Davignon, J. & Ganz, P. Role of endothelial dysfunction in
atherosclerosis. Circulation 109, 11127-32 (2004).

Manchio, J. V et al. Disruption of graft endothelium correlates with
early failure after off-pump coronary artery bypass surgery. Ann.
Thorac. Surg. 79, 1991-8 (2005).

Kipshidze, N. et al. Role of the endothelium in modulating neointimal

formation: vasculoprotective approaches to attenuate restenosis after
percutaneous coronary interventions. J. Am. Coll. Cardiol. 44, 733-9

(2004).

Finn, A. V et al. Pathological correlates of late drug-eluting stent
thrombosis: strut coverage as a marker of endothelialization.
Circulation 115, 2435-41 (2007).

Austin, G. E., Ratliff, N. B., Hollman, J., Tabei, S. & Phillips, D. F.
Intimal proliferation of smooth muscle cells as an explanation for
recurrent coronary artery stenosis after percutaneous transluminal
coronary angioplasty. J. Am. Coll. Cardiol. 6, 369—-75 (1985).

Van Belle, E., Bauters, C., Asahara, T. & Isner, J. M. Endothelial
regrowth after arterial injury: from vascular repair to therapeutics.
Cardiovasc. Res. 38, 54—-68 (1998).

Haudenschild, C. C. & Schwartz, S. M. Endothelial regeneration. II.
Restitution of endothelial continuity. Lab. Invest. 41, 407-18 (1979).

Schwartz, S. M., Haudenschild, C. C. & Eddy, E. M. Endothelial
regneration. I. Quantitative analysis of initial stages of endothelial
regeneration in rat aortic intima. Lab. Invest. 38, 568-80 (1978).

Schwartz, S. M. & Benditt, E. P. Clustering of replicating cells in aortic
endothelium. Proc. Natl. Acad. Sci. U. S. A. 73, 651-3 (1976).



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

191

Schwartz, S. M., Gajdusek, C. M., Reidy, M. A., Selden, S. C. &
Haudenschild, C. C. Maintenance of integrity in aortic endothelium.
Fed. Proc. 39, 2618-25 (1980).

Dimmeler, S. & Zeiher, A. M. Vascular repair by circulating endothelial
progenitor cells: the missing link in atherosclerosis. J. Mol. Med. 82,
671-677 (2004).

Urbich, C. & Dimmeler, S. Endothelial progenitor cells: characterization
and role in vascular biology. Circ. Res. 95, 343-53 (2004).

Schwartz, S. M., Gajdusek, C. M. & Selden, S. C. Vascular wall growth
control: the role of the endothelium. Arterioscler. Thromb. Vasc. Biol.
1, 107-126 (1981).

Clopath, P., Mdller, K., Staubli, W. & Birk, R. R. In vivo and in vitro
studies on endothelial regeneration. Haemostasis 8, 149-57 (1979).

Itoh, Y., Toriumi, H., Yamada, S., Hoshino, H. & Suzuki, N. Resident
endothelial cells surrounding damaged arterial endothelium
reendothelialize the lesion. Arterioscler. Thromb. Vasc. Biol. 30, 1725—
32 (2010).

Fishman, J. A., Ryan, G. B. & Karnovsky, M. J. Endothelial
regeneration in the rat carotid artery and the significance of endothelial
denudation in the pathogenesis of myointimal thickening. Lab. Invest.
32, 339-51 (1975).

Clowes, A. W., Collazzo, R. E. & Karnovsky, M. J. A morphologic and
permeability study of luminal smooth muscle cells after arterial injury in
the rat. Lab. Invest. 39, 141-50 (1978).

Krasinski, K. et al. Estradiol Accelerates Functional Endothelial
Recovery After Arterial Injury. Circ. 95, 1768-1772 (1997).

Reidy, M. A., Standaert, D. & Schwartz, S. M. Inhibition of endothelial
cell regrowth. Cessation of aortic endothelial cell replication after
balloon catheter denudation. Arterioscler. Thromb. Vasc. Biol. 2, 216—
220 (1982).

Reidy, M. A., Clowes, A. W. & Schwartz, S. M. Endothelial
regeneration. V. Inhibition of endothelial regrowth in arteries of rat and
rabbit. Lab. Invest. 49, 569-75 (1983).

Spagnoli, L. G., Pietra, G. G., Villaschi, S. & Johns, L. W.
Morphometric analysis of gap junctions in regenerating arterial
endothelium. Lab. Invest. 46, 139-48 (1982).



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

192

Weidinger, F. F. et al. Persistent dysfunction of regenerated
endothelium after balloon angioplasty of rabbit iliac artery. Circulation
81, 1667-1679 (1990).

Van Belle, E., Bauters, C., Asahara, T. & Isner, J. M. Endothelial
regrowth after arterial injury: from vascular repair to therapeutics.
Cardiovasc. Res. 38, 54-68 (1998).

Brogi, E. et al. Distinct Patterns of Expression of Fibroblast Growth
Factors and Their Receptors in Human Atheroma and
Nonatherosclerotic Arteries. J Clin Invest 92, 2408-2418 (1993).

Hughes, S. E., Crossman, D. & Hall, P. A. Expression of basic and
acidic fibroblast growth factors and their receptor in normal and
atherosclerotic human arteries. Cardiovasc. Res. 27, 1214-9 (1993).

Gospodarowicz, D., Ferrara, N., Haaparanta, T. & Neufeld, G. Basic
fibroblast growth factor: expression in cultured bovine vascular smooth
muscle cells. Eur. J. Cell Biol. 46, 144-51 (1988).

Schweigerer, L. et al. Capillary endothelial cells express basic
fibroblast growth factor, a mitogen that promotes their own growth.
Nature 325, 257-9

Lindner, V., Olson, N. E., Clowes, A. W. & Reidy, M. A. Inhibition of
smooth muscle cell proliferation in injured rat arteries. Interaction of
heparin with basic fibroblast growth factor. J. Clin. Invest. 90, 2044-9
(1992).

Lindner, V. & Reidy, M. A. Proliferation of smooth muscle cells after
vascular injury is inhibited by an antibody against basic fibroblast
growth factor. Proc. Natl. Acad. Sci. U. S. A. 88, 3739-43 (1991).

Leung, D. W., Cachianes, G., Kuang, W. J., Goeddel, D. V & Ferrara,
N. Vascular endothelial growth factor is a secreted angiogenic
mitogen. Science 246, 1306-9 (1989).

Hutter, R. et al. Vascular endothelial growth factor regulates
reendothelialization and neointima formation in a mouse model of
arterial injury. Circulation 110, 2430-5 (2004).

Lawson, C. D. & Burridge, K. The on-off relationship of Rho and Rac
during integrin-mediated adhesion and cell migration. Small GTPases
5, (2014).

Hynes, R. O. Integrins: versatility, modulation, and signaling in cell
adhesion. Cell 69, 11-25 (1992).

Srichai, M. B. & Zent, R. Cell-Extracellular Matrix Interactions in
Cancer. (2010). doi:10.1007/978-1-4419-0814-8



137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

193

Ruoslahti, E. RGD and other recognition sequences for integrins.
Annu. Rev. Cell Dev. Biol. 12, 697-715 (1996).

Buul, J. D. Van, Geerts, D. & Huveneers, S. Controling switches in
endothelial cell adhesion Rho GAPs and GEFs. Cell Adhes. Migr. 8,
1-17 (2014).

Lamalice, L., Le Boeuf, F. & Huot, J. Endothelial cell migration during
angiogenesis. Circ. Res. 100, 782-94 (2007).

Li, S., Huang, N. F. & Hsu, S. Mechanotransduction in endothelial cell
migration. J. Cell. Biochem. 96, 1110-26 (2005).

Mitra, S. K., Hanson, D. a & Schlaepfer, D. D. Focal adhesion kinase:
in command and control of cell motility. Nat. Rev. Mol. Cell Biol. 6, 56—
68 (2005).

Wary, K. K., Kohler, E. E. & Chatterjee, |. Focal adhesion kinase
regulation of neovascularization. Microvasc. Res. 83, 64—70 (2012).

Parsons, J. T. Focal adhesion kinase: the first ten years. J. Cell Sci.
116, 1409-1416 (2003).

Owen, J. D., Ruest, P. J., Fry, D. W. & Hanks, S. K. Induced focal
adhesion kinase (FAK) expression in FAK-null cells enhances cell
spreading and migration requiring both auto- and activation loop
phosphorylation sites and inhibits adhesion-dependent tyrosine
phosphorylation of Pyk2. Mol. Cell. Biol. 19, 4806—18 (1999).

Sieg, D. J. et al. FAK integrates growth-factor and integrin signals to
promote cell migration. Nat. Cell Biol. 2, 249-56 (2000).

Sieg, D. J., Hauck, C. R. & Schlaepfer, D. D. Required role of focal
adhesion kinase (FAK) for integrin-stimulated cell migration. J. Cell
Sci. 112 (Pt 1, 2677-91 (1999).

lli¢, D. et al. Reduced cell motility and enhanced focal adhesion
contact formation in cells from FAK-deficient mice. Nature 377, 539-44
(1995).

Zhao, X. & Guan, J.-L. Focal adhesion kinase and its signaling
pathways in cell migration and angiogenesis. Adv. Drug Deliv. Rev. 63,
610-5 (2011).

Ren, X. D. et al. Focal adhesion kinase suppresses Rho activity to
promote focal adhesion turnover. J. Cell Sci. 113 ( Pt 2, 3673-8
(2000).

Chen, B.-H., Tzen, J. T. C., Bresnick, A. R. & Chen, H.-C. Roles of
Rho-associated kinase and myosin light chain kinase in morphological



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

194

and migratory defects of focal adhesion kinase-null cells. J. Biol.
Chem. 277, 33857-63 (2002).

Hsia, D. a et al. Differential regulation of cell motility and invasion by
FAK. J. Cell Biol. 160, 753—-67 (2003).

Eilken, H. M. & Adams, R. H. Dynamics of endothelial cell behavior in
sprouting angiogenesis. Curr. Opin. Cell Biol. 22, 617-25 (2010).

Benedito, R. et al. The notch ligands DIl4 and Jaggedl have opposing
effects on angiogenesis. Cell 137, 1124-35 (2009).

Phng, L.-K. et al. Nrarp coordinates endothelial Notch and Wnt
signaling to control vessel density in angiogenesis. Dev. Cell 16, 70—
82 (2009).

Jakobsson, L. et al. Endothelial cells dynamically compete for the tip
cell position during angiogenic sprouting. Nat. Cell Biol. 12, 943-53
(2010).

Ridley, A. Rho GTPases and cell migration. J. Cell Sci. 114, 2713-22
(2001).

Bryan, B. & D’Amore, P. What tangled webs they weave: Rho-GTPase
control of angiogenesis. Cell. Mol. life Sci. 64, 2053-65 (2007).

Raftopoulou, M. & Hall, A. Cell migration: Rho GTPases lead the way.
Dev. Biol. 265, 23-32 (2004).

Surma, M., Wei, L. & Shi, J. Rho kinase as a therapeutic target in
cardiovascular disease. Future Cardiol. 7, 657-671 (2011).

Nobes, C. D. & Hall, A. Rho, rac, and cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with actin
stress fibers, lamellipodia, and filopodia. Cell 81, 53-62 (1995).

Small, J. V., Stradal, T., Vignal, E. & Rottner, K. The lamellipodium:
where motility begins. Trends Cell Biol. 12, 112—-20 (2002).

Small, J. V. & Resch, G. P. The comings and goings of actin: coupling
protrusion and retraction in cell motility. Curr. Opin. Cell Biol. 17, 517—
23 (2005).

Wassmann, S., Werner, N., Czech, T. & Nickenig, G. Improvement of
endothelial function by systemic transfusion of vascular progenitor
cells. Circ. Res. 99, E74-E83 (2006).

Umemura, T. & Higashi, Y. Current Perspective Endothelial Progenitor
Cells : Therapeutic Target for Cardiovascular Diseases. 6, 1-6 (2008).



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

195

Kawamoto, A. & Asahara, T. Role of progenitor endothelial cells in
cardiovascular disease and upcoming therapies. Catheter.
Cardiovasc. Interv. 70, 477-84 (2007).

Werner, N. et al. Intravenous transfusion of endothelial progenitor cells
reduces neointima formation after vascular injury. Circ. Res. 93, 17-24
(2003).

Anténio, N. et al. Stimulation of endothelial progenitor cells: a new
putative effect of several cardiovascular drugs. Eur. J. Clin.
Pharmacol. 66, 219-30 (2010).

Takahashi T, Kalka C, Masuda H, Chen D, Silver M, ... Kearney M,
Magner M, Isner JM, A. T. Ischemia- and cytokine-induced
mobilization of bone marrow-derived endothelial progenitor cells for
neovascularization. Nat. Med. 5, 434—-438 (1999).

Werner, N. et al. Circulating Endothelial Progenitor Cells and
Cardiovascular Outcomes. Coron. Artery Dis. 999-1007 (2005).

Aicher, A., Zeiher, A. M. & Dimmeler, S. Mobilizing Endothelial
Progenitor Cells. October 45, 321-325 (2005).

Yamahara, K. & Itoh, H. Therapeutic Advances in Cardiovascular
Disease for regeneration of the vasculature. Ther. Adv. Cardiovasc.
Dis. 3, 17-27 (2009).

Urao, N. et al. Erythropoietin-mobilized endothelial progenitors
enhance reendothelialization via Akt-endothelial nitric oxide synthase
activation and prevent neointimal hyperplasia. Circ. Res. 98, 1405—
1413 (2006).

Xu Q, Zhang Z, Davison F, H. Y. Circulating Progenitor Cells
Regenerate Endothelium of Vein Graft Atherosclerosis, Which Is
Diminished in ApoE-Deficient Mice. Circ. Res. 93, 76—86 (2003).

Rauscher, F. M. et al. Aging, progenitor cell exhaustion, and
atherosclerosis. Circulation 108, 457-463 (2003).

li, M. et al. Endothelial progenitor thrombospondin-1 mediates
diabetes-induced delay in reendothelialization following arterial injury.
Circ. Res. 98, 697-704 (2006).

Werner, N. et al. Bone Marrow-Derived Progenitor Cells Modulate
Vascular Reendothelialization and Neointimal Formation: Effect of 3-
Hydroxy-3-Methylglutaryl Coenzyme A Reductase Inhibition.
Arterioscler. Thromb. Vasc. Biol. 22, 1567-1572 (2002).

Iwakura, A. et al. Estrogen-mediated, endothelial nitric oxide synthase-
dependent mobilization of bone marrow-derived endothelial progenitor



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

196

cells contributes to reendothelialization after arterial injury. Circulation
108, 3115-21 (2003).

Lin, H.-H., Chen, Y.-H., Yet, S.-F. & Chau, L.-Y. After vascular injury,
heme oxygenase-1/carbon monoxide enhances re-endothelialization
via promoting mobilization of circulating endothelial progenitor cells. J.
Thromb. Haemost. 7, 1401-8 (2009).

Walter, D. H. et al. Statin Therapy Accelerates Reendothelialization: A
Novel Effect Involving Mobilization and Incorporation of Bone Marrow-
Derived Endothelial Progenitor Cells. Circulation 105, 3017-3024
(2002).

Asahara, T. et al. Isolation of Putative Progenitor Endothelial Cells for
Angiogenesis. Science (80-.). 275, 964-966 (1997).

Hagensen, M. K., Vanhoutte, P. M. & Bentzon, J. F. Arterial
endothelial cells: still the craftsmen of regenerated endothelium.
Cardiovasc. Res. 95, 281-9 (2012).

Fadini, G. P. et al. Technical notes on endothelial progenitor cells:
ways to escape from the knowledge plateau. Atherosclerosis 197,
496-503 (2008).

Mobius-Winkler, S., Hollriegel, R., Schuler, G. & Adams, V. Endothelial
progenitor cells: implications for cardiovascular disease. Cytometry. A
75, 25-37 (2009).

Yoder, M. C. et al. Redefining endothelial progenitor cells via clonal
analysis and hematopoietic stem/progenitor cell principals. Blood 109,
1801-1809 (2007).

Hur, J. et al. Characterization of two types of endothelial progenitor
cells and their different contributions to neovasculogenesis.
Arterioscler. Thromb. Vasc. Biol. 24, 288-93 (2004).

Sieveking, D. P., Buckle, A., Celermajer, D. S. & Ng, M. K. C.
Strikingly different angiogenic properties of endothelial progenitor cell
subpopulations: insights from a novel human angiogenesis assay. J.
Am. Coll. Cardiol. 51, 660-8 (2008).

Hill, J. M. et al. Circulating Endothelial Progenitor Cells, Vascular
Function, and Cardiovascular Risk. N. Engl. J. Med. 348, 593-600
(2003).

Yoder, M. C. & Ingram, D. a. The definition of EPCs and other bone
marrow cells contributing to neoangiogenesis and tumor growth: is
there common ground for understanding the roles of numerous
marrow-derived cells in the neoangiogenic process? Biochim. Biophys.
Acta 1796, 50—4 (2009).



189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

197

Mund, J., Estes, M., Yoder, M., Ingram, D. & Case, J. Flow Cytometric
Identification and Functional Characterization of Immature and Mature
Circulating Endothelial Cells. Arter. Thromb. Vasc. Biol. 32, 1045—
1053 (2012).

Prokopi, M. et al. Proteomic analysis reveals presence of platelet
microparticles in endothelial progenitor cell cultures. Blood 114, 723—
32 (2009).

Somani, A. et al. The establishment of murine blood outgrowth
endothelial cells and observations relevant to gene therapy. Transl.
Res. 150, 30-9 (2007).

George, J. et al. Number and adhesive properties of circulating
endothelial progenitor cells in patients with in-stent restenosis.
Arterioscler. Thromb. Vasc. Biol. 23, e57-60 (2003).

Fadini, G. P. et al. Number and function of endothelial progenitor cells
as a marker of severity for diabetic vasculopathy. Arterioscler. Thromb.
Vasc. Biol. 26, 2140-6 (2006).

Chironi, G. et al. Decreased number of circulating CD34+KDR+ cells in
asymptomatic subjects with preclinical atherosclerosis. Atherosclerosis
191, 115-20 (2007).

Simper, D. et al. Endothelial progenitor cells are decreased in blood of
cardiac allograft patients with vasculopathy and endothelial cells of
noncardiac origin are enriched in transplant atherosclerosis.
Circulation 108, 143-9 (2003).

Vasa, M. et al. Number and Migratory Activity of Circulating
Endothelial Progenitor Cells Inversely Correlate With Risk Factors for
Coronary Artery Disease. Circ. Res. 89, el—e7 (2001).

Rozenman, Y., Sapoznikov, D. & Gotsman, M. S. Restenosis and
Progression of Coronary Disease after Balloon Angioplasty in Patients
with Diabetes Mellitus. Clin. Cadiology 23, 890-894 (2000).

Singh, S. K. et al. The impact of diabetic status on coronary artery
bypass graft patency: insights from the radial artery patency study.
Circulation 118, S222-5 (2008).

Van Belle, E. et al. Restenosis Rates in Diabetic Patients: A
Comparison of Coronary Stenting and Balloon Angioplasty in Native
Coronary Vessels . Circ. 96 , 1454-1460 (1997).

Badillo, A. T., Chung, S., Zhang, L., Zoltick, P. & Liechty, K. W.
Lentiviral Gene Transfer of SDF-1 to Wounds Improves Diabetic
Wound Healing. J. Surg. Res. 42, 35— 42 (2007).



201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

198

Egan, C. G., Lavery, R., Caporali, F. & Fondelli, C. Generalised
reduction of putative endothelial progenitors and CXCR4-positive
peripheral blood cells in type 2 diabetes. Diabetologia 1296-1305
(2008).

Sorrentino, S. a et al. Oxidant stress impairs in vivo
reendothelialization capacity of endothelial progenitor cells from
patients with type 2 diabetes mellitus: restoration by the peroxisome
proliferator-activated receptor-gamma agonist rosiglitazone.
Circulation 116, 163-73 (2007).

Tepper, O. M. Human Endothelial Progenitor Cells From Type II
Diabetics Exhibit Impaired Proliferation, Adhesion, and Incorporation
Into Vascular Structures. Circulation 106, 2781-2786 (2002).

Aicher, A. et al. Essential role of endothelial nitric oxide synthase for
mobilization of stem and progenitor cells. Nat. Med. 9, 1370-1376
(2003).

Hristov, M., Erl, W. & Weber, P. C. Endothelial progenitor cells:
mobilization, differentiation, and homing. Arter. Thromb. Vasc. Biol. 23,
1185-1189 (2003).

Kahn, M. B. et al. Insulin Resistance Impairs Circulating Angiogenic
Progenitor Cell Function and Delays Endothelial Regeneration.
Diabetes 60, 1295-1303 (2011).

Dimmeler, S. et al. increase endothelial progenitor cells via the PI 3-
kinase / Akt pathway. J. Clin. Invest. 108, 365-366 (2001).

Fu, Y., Duru, E. a & Davies, M. G. Effect of metabolic syndrome on the
response to arterial injury. J. Surg. Res. 1-9 (2014).
doi:10.1016/j.jss.2014.05.051

Abbas, A., Grant, P. J. & Kearney, M. T. Role of IGF-1 in glucose
regulation and cardiovascular disease. Expert Rev. Cardiovasc. Ther.
6, 1135-49 (2008).

Muniyappa, R. & Sowers, J. R. Endothelial insulin and IGF-1
receptors: when yes means NO. Diabetes 61, 2225-7 (2012).

Imrie, H. et al. Vascular Insulin-Like Growth Factor-I Resistance and
Diet-Induced Obesity. Diabetes 150, 4575— 4582 (2009).

Bak, J. F., Mgller, N. & Schmitz, O. Effects of growth hormone on fuel
utilization and muscle glycogen synthase activity in normal humans.
Am. J. Physiol. 260, E736—42 (1991).

Kaplan, R. C. et al. Association of Total Insulin-Like Growth Factor-I ,
Ischemic Stroke. J. Clin. Endocrinol. Metab. 92, 1319 —1325 (2007).



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

199

Juul, a. Low Serum Insulin-Like Growth Factor | Is Associated With
Increased Risk of Ischemic Heart Disease: A Population-Based Case-
Control Study. Circulation 106, 939-944 (2002).

Juul, A. Serum levels of insulin-like growth factor | and its binding
proteins in health and disease. Growth Horm. IGF Res. 13, 113-170
(2003).

Sakai, K., Busby, W. H., Clarke, J. B. & Clemmons, D. R. Tissue
transglutaminase facilitates the polymerization of insulin-like growth
factor-binding protein-1 (IGFBP-1) and leads to loss of IGFBP-1’s
ability to inhibit insulin-like growth factor-I-stimulated protein synthesis.
J. Biol. Chem. 276, 8740-5 (2001).

Jones, J. I. & Clemmons, D. R. Insulin-like growth factors and their
binding proteins: biological actions. Endocr. Rev. 16, 3-34 (1995).

Rajaram, S., Baylink, D. J. & Mohan, S. Insulin-like growth factor-
binding proteins in serum and other biological fluids: regulation and
functions. Endocr. Rev. 18, 801-31 (1997).

Bayes-Genis, a., Conover, C. a. & Schwartz, R. S. The Insulin-Like
Growth Factor Axis : A Review of Atherosclerosis and Restenosis.
Circ. Res. 86, 125-130 (2000).

Firth, S. M. & Baxter, R. C. Cellular actions of the insulin-like growth
factor binding proteins. Endocr. Rev. 23, 824—-854 (2002).

Rosenzweig, S. A. What’s new in the IGF-binding proteins. Growth
Horm. IGF Res. 14, 329-336 (2004).

Forbes, B. E., McCarthy, P. & Norton, R. S. Insulin-like growth factor
binding proteins: a structural perspective. Front. Endocrinol.
(Lausanne). 3, 38 (2012).

Rosenfeld, R. O. N. G. The Insulin-Like Growth Factor-Binding Protein
(IGFBP) Superfamily. 20, 761-787 (1999).

Clemmons, D. R. Use of mutagenesis to probe IGF-binding protein
structure/function relationships. Endocr. Rev. 22, 800-17 (2001).

Jones, J. I., Gockerman, a, Busby, W. H., Wright, G. & Clemmons, D.
R. Insulin-like growth factor binding protein 1 stimulates cell migration
and binds to the alpha 5 beta 1 integrin by means of its Arg-Gly-Asp
sequence. Proc. Natl. Acad. Sci. U. S. A. 90, 10553-7 (1993).

Binkert, C., Landwehr, J., Mary, J. L., Schwander, J. & Heinrich, G.
Cloning, sequence analysis and expression of a cDNA encoding a
novel insulin-like growth factor binding protein (IGFBP-2). EMBO J. 8,
2497-502 (1989).



227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

200

Wheatcroft, S. B. & Kearney, M. T. IGF-dependent and IGF-
independent actions of IGF-binding protein-1 and -2: implications for
metabolic homeostasis. Trends Endocrinol. Metab. 153-162 (2009).

Bach, L. A., Headey, S. J. & Norton, R. S. IGF-binding proteins--the
pieces are falling into place. Trends Endocrinol. Metab. 16, 228-34
(2005).

Wetterau, L. A., Moore, M. G, Lee, K. W., Shim, M. L. & Cohen, P.
Novel aspects of the insulin-like growth factor binding proteins. Mol.
Genet. Metab. 68, 161-81 (1999).

Hu, D. et al. Serum Insulin-Like Growth Factor-1 Binding Proteins 1
and 2 and Mortality in Older Adults: The Health, Aging, and Body
Composition Study. Am. Geriatr. Soc. 57, 1213-1218 (2009).

Heald, A. H. et al. Low Circulating Levels of Insulin-Like Growth Factor
Binding Protein-1 (IGFBP-1) Are Closely Associated With the
Presence of Macrovascular Disease and Hypertension in Type 2
Diabetes. Diabetes 51, 2629-2636 (2002).

Wheatcroft SB, Kearney MT, Shah AM, Grieve DJ, W. IL & Miell JP, C.
P. Vascular endothelial function and blood pressure homeostasis in
mice overexpressing IGF binding protein-1. Diabetes 52, 2075-2082
(2003).

Rajwani, A. et al. Increasing circulating IGFBP1 levels improves insulin
sensitivity, promotes nitric oxide production, lowers blood pressure,
and protects against atherosclerosis. Diabetes 61, 915-24 (2012).

Crossey, P. a, Jones, J. S. & Miell, J. P. Dysregulation of the
insulin/IGF binding protein-1 axis in transgenic mice is associated with
hyperinsulinemia and glucose intolerance. Diabetes 49, 457—65
(2000).

Borai, A. et al. Serum insulin-like growth factor binding protein-1 (
IGFBP-1 ) phosphorylation status in subjects with and without
ischaemic heart disease. Atherosclerosis 208, 593-598 (2010).

Baxter, R. C. Insulin-like growth factor binding proteins in the human
circulation: a review. Horm. Res. 42, 140-4 (1994).

Baxter, R. C. Insulin-like growth factor (IGF)-binding proteins:
interactions with IGFs and intrinsic bioactivities. Am J Physiol
Endocrinol Metab 278, E967—-E976 (2000).

Clemmons, D. R. Role of insulin-like growth factor binding proteins in
controlling IGF actions. Mol. Cell. Endocrinol. 140, 19-24 (1998).



239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

201

Mortensen, D. L. et al. Insulin-like growth factor binding protein-1
induces insulin release in the rat. Endocrinology 138, 2073-80 (1997).

Pathway, K., Lala, P. K., Anatomy, D., G, C. B. L. M. & Pathology, C.
C. Insulin-Like Growth Factor-Binding Protein 1 Stimulates Human
Trophoblast Migration by Signaling through. 86, 24842493 (2001).

Perks, C. M., Newcomb, P. V, Norman, M. R. & Holly, J. M. Effect of
insulin-like growth factor binding protein-1 on integrin signalling and
the induction of apoptosis in human breast cancer cells. J. Mol.
Endocrinol. 22, 141-50 (1999).

Chesik, D., De Keyser, J., Bron, R. & Fuhler, G. M. Insulin-like growth
factor binding protein-1 activates integrin-mediated intracellular
signaling and migration in oligodendrocytes. J. Neurochem. 113,
1319-30 (2010).

Guilherme, A., Torres, K. & Czech, M. P. Cross-talk between Insulin
Receptor and Integrin a5b1l Signaling Pathways. J. Biol. Chem. 273,
22899-2290 (1998).

Huang, D., Cheung, A. T., Parsons, J. T. & Bryer-Ash, M. Focal
adhesion kinase (FAK) regulates insulin-stimulated glycogen synthesis
in hepatocytes. J. Biol. Chem. 277, 18151-60 (2002).

Kaushal K, Heald AH, Siddals KW, Sandhu MS, Dunger DB, Gibson
JM, W. N. The Impact of Abnormalities in IGF and Inflammatory
Systems on the Metabolic Syndrome. Diabetes Care 27, 2682—2688
(2004).

Mogul, H. R. et al. Insulin like growth factor-binding protein-1 as a
marker for hyperinsulinemia in obese menopausal women. J. Clin.
Endocrinol. Metab. 81, 4492-5 (1996).

Buyalos, R. P., Pekonen, F., Halme, J. K., Judd, H. L. & Rutanen, E.
M. The relationship between circulating androgens, obesity, and
hyperinsulinemia on serum insulin-like growth factor binding protein-1
in the polycystic ovarian syndrome. Am. J. Obstet. Gynecol. 172, 932—
9 (1995).

Frystyk, J., Skjaerbaek, C., Vestbo, E., Fisker, S. & Orskov, H.
Circulating levels of free insulin-like growth factors in obese subjects:
the impact of type 2 diabetes. Diabetes. Metab. Res. Rev. 15, 314-22
(1999).

Saitoh, H., Kamoda, T., Nakahara, S., Hirano, T. & Nakamura, N.
Serum concentrations of insulin, insulin-like growth factor(IGF)-1, IGF
binding protein (IGFBP)-1 and -3 and growth hormone binding protein
in obese children: fasting IGFBP-1 is suppressed in normoinsulinaemic
obese children. Clin. Endocrinol. (Oxf). 48, 487-92 (1998).



250.

251.

252.

253.

254.

255.

256.

257.

258.

2509.

202

Travers, S. H. et al. Insulin-like growth factor binding protein-I levels
are strongly associated with insulin sensitivity and obesity in early
pubertal children. J. Clin. Endocrinol. Metab. 83, 1935-1939 (1998).

Petersson, U., Ostgren, C. J., Brudin, L., Brismar, K. & Nilsson, P. M.
Low levels of insulin-like growth-factor-binding protein-1 (IGFBP-1) are
prospectively associated with the incidence of type 2 diabetes and
impaired glucose tolerance (IGT): the Soderakra Cardiovascular Risk
Factor Study. Diabetes Metab. 35, 198-205 (2009).

Yeap, B. B. et al. IGF1 and its binding proteins 3 and 1 are
differentially associated with metabolic syndrome in older men. Eur. J.
Endocrinol. 1, (2010).

Kalme, T. et al. Sex hormone-binding globulin and insulin-like growth
factor-binding protein-1 as indicators of metabolic syndrome,
cardiovascular risk, and mortality in elderly men. J. Clin. Endocrinol.
Metab. 90, 1550-6 (2005).

Liew, C. F., Wise, S. D., Yeo, K. P. & Lee, K. O. Insulin-like growth
factor binding protein-1 is independently affected by ethnicity, insulin
sensitivity, and leptin in healthy, glucose-tolerant young men. J. Clin.
Endocrinol. Metab. 90, 1483-8 (2005).

Sandhu, M. S. et al. Mechanisms of disease Circulating concentrations
of insulin-like growth factor-1 and development of glucose intolerance:
a prospective observational study. Lancet 359, 1740-1745 (2002).

Heald, A H, Cruickshank JK, Riste LK, Cade JE, Anderson S,
Greenhalgh A, Sampayo J, Taylor W, Fraser W, White A, G. J. Close
relation of fasting insulin-like growth factor binding protein-1 (IGFBP-1)
with glucose tolerance and cardiovascular risk in two populations.
Diabetologia 44, 333—-339 (2001).

Heald, A. H. et al. C-reactive protein and the insulin-like growth factor
(IGF)-system in relation to risk of cardiovascular disease in different
ethnic groups. Atherosclerosis 170, 79-86 (2003).

Lewitt, M. S. et al. Insulin-like growth factor-binding protein-1 in the
prediction and development of type 2 diabetes in middle-aged
Swedish men. Diabetologia 51, 1135-45 (2008).

Laughlin GA, Barrett-Connor E, Criqui MH, K.-S. D. The Prospective
Association of Serum Insulin-Like Growth Factor | (IGF-I) and IGF-
Binding Protein-1 Levels with All Cause and Cardiovascular Disease
Mortality in Older Adults: The Rancho Bernardo Study. J. Clin.
Endocrinol. Metab. 89, 114-120 (2004).



260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

203

Tabit, C. E., Chung, W. B., Hamburg, N. M. & Vita, J. a. Endothelial
dysfunction in diabetes mellitus: molecular mechanisms and clinical
implications. Rev. Endocr. Metab. Disord. 11, 61-74 (2010).

Williams, 1. L., Wheatcroft, S. B., Shah, A. M. & Kearney, M. T. Obesity
, atherosclerosis and the vascular endothelium: mechanisms of
reduced nitric oxide bioavailability in obese humans. Int. J. Obes. 754—
764 (2002).

M, W. et al. IGF binding protein 1 predicts cardiovascular morbidity
and mortality in patients with acute myocardial infarction and type 2
diabetes. Diabetes Care 30, 2343-2348 (2007).

Mellbin, L. G. et al. Copeptin, IGFBP-1, and Cardiovascular Prognosis
in Patients With Type 2 Diabetes and Acute Myocardial Infarction.
Diabetes Care 33, 1604-1606 (2010).

Accili, D. et al. Early neonatal death in mice homozygous for a null
allele of the insulin receptor gene. Nat. Genet. 12, 106—-109 (1996).

Sorrentino, S. a et al. Oxidant stress impairs in vivo
reendothelialization capacity of endothelial progenitor cells from
patients with type 2 diabetes mellitus: restoration by the peroxisome
proliferator-activated receptor-gamma agonist rosiglitazone.
Circulation 116, 163-73 (2007).

Tepper, O. M. Human Endothelial Progenitor Cells From Type II
Diabetics Exhibit Impaired Proliferation, Adhesion, and Incorporation
Into Vascular Structures. Circulation 106, 2781-2786 (2002).

Rajwani, A. et al. Increasing Circulating IGFBP1 Levels Improves
Insulin Sensitivity, Promotes Nitric Oxide Production, Lowers Blood
Pressure, and Protects Against Atherosclerosis. Diabetes 61, 915-924
(2012).

Kumar, A. & Lindner, V. Remodeling with neointima formation in the
mouse carotid artery after cessation of blood flow. Arterioscler.
Thromb. Vasc. Biol. 17, 2238-44 (1997).

Carmeliet, P., Moons, L., Stassen, J. & Moi, M. De. Animal Model
Vascular Wound Healing and Neointima Formation Induced by
Perivascular Electric Injury in Mice. Am. J. Pathol. 150, 761-776
(2997).

Moroi, M. et al. Interaction of genetic deficiency of endothelial nitric
oxide, gender, and pregnancy in vascular response to injury in mice. J.
Clin. Invest. 101, 1225-32 (1998).

Lindner, V., Fingerle, J. & Reidy, M. A. Mouse model of arterial injury.
Circ. Res. 73, 792—796 (1993).



272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

204

Roque, M. et al. Mouse Model of Femoral Artery Denudation Injury
Associated With the Rapid Accumulation of Adhesion Molecules on
the Luminal Surface and Recruitment of Neutrophils. Arterioscler.
Thromb. Vasc. Biol. 20, 335-342 (2000).

Baker, M. et al. Use of the mouse aortic ring assay to study
angiogenesis. Nat. Protoc. 7, 89-104 (2012).

Auerbach, R., Lewis, R., Shinners, B., Kubai, L. & Akhtar, N.
Angiogenesis assays: a critical overview. Clin. Chem. 49, 32-40
(2003).

Shavlakadze, T., Davies, M., White, J. D. & Grounds, M. D. Early
regeneration of whole skeletal muscle grafts is unaffected by
overexpression of IGF-1 in MLC/mIGF-1 transgenic mice. J.
Histochem. Cytochem. 52, 873—-83 (2004).

Barone, G. W., Farley, P. C., Conerly, J. M., Flanagan, T. L. & Kron, I.
L. Morphological and functional techniques for assessing endothelial
integrity: the use of Evans blue dye, silver stains, and endothelial
derived relaxing factor. J. Card. Surg. 4, 140-8 (1989).

Staton, C. a, Reed, M. W. R. & Brown, N. J. A critical analysis of
current in vitro and in vivo angiogenesis assays. Int. J. Exp. Pathol. 90,
195-221 (2009).

Xu, Q., Zhang, Z., Davison, F. & Hu, Y. Circulating progenitor cells
regenerate endothelium of vein graft atherosclerosis, which is
diminished in ApoE-deficient mice. Circ. Res. 93, e76—-86 (2003).

Segal, M. S. et al. Nitric oxide cytoskeletal-induced alterations reverse
the endothelial progenitor cell migratory defect associated with
diabetes. Diabetes 55, 102—9 (2006).

Caballero, S., Sengupta, N. & Afzal, A. Ischemic vascular damage can
be repaired by healthy, but not diabetic, endothelial progenitor cells.
Diabetes 56, 960-967 (2007).

Cubbon, R. M., Kahn, M. B. & Wheatcroft, S. B. Effects of insulin
resistance on endothelial progenitor cells and vascular repair. Clin.
Sci. 190, 173-190 (2009).

Laufs, U. et al. Physical training increases endothelial progenitor cells,
inhibits neointima formation, and enhances angiogenesis. Circulation
109, 220-6 (2004).

Galasso, G. et al. Impaired angiogenesis in glutathione peroxidase-1-
deficient mice is associated with endothelial progenitor cell
dysfunction. Circ. Res. 98, 254-61 (2006).



284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

205

Timmermans, F. et al. Endothelial progenitor cells: identity defined? J.
Cell. Mol. Med. 13, 87-102 (2009).

Gallagher, K. A. et al. Diabetic impairments in NO-mediated
endothelial progenitor cell mobilization and homing are reversed by
hyperoxia and SDF-1 a. J Clin Invest 117, 1249-1259 (2007).

Hagensen, M. K. et al. Circulating endothelial progenitor cells do not
contribute to regeneration of endothelium after murine arterial injury.
Cardiovasc. Res. 93, 223-31 (2012).

Fadini, G. P. & Avogaro, A. Cell-based methods for ex vivo evaluation
of human endothelial biology. Cardiovasc. Res. 87, 12—-21 (2010).

Yoder, M. C. et al. Redefining endothelial progenitor cells via clonal
analysis and hematopoietic stem/progenitor cell principals. Blood 109,
1801-9 (2007).

Ingram, D. a et al. Identification of a novel hierarchy of endothelial
progenitor cells using human peripheral and umbilical cord blood.
Blood 104, 2752—-60 (2004).

Tsuzuki, M. Bone marrow-derived cells are not involved in
reendothelialized endothelium as endothelial cells after simple
endothelial denudation in mice. Basic Res. Cardiol. 104, 601-11
(2009).

Gao, Z. et al. Deletion of the PDGFR-beta gene affects key fibroblast
functions important for wound healing. J. Biol. Chem. 280, 9375-89
(2005).

Jones, S. G., Hu, Y., Xu, Q. & Jahangiri, M. Stem Cells Accumulate on
a Decellularized Arterial Xenograft In Vivo. Ann. Thorac. Surg. (2014).
doi:10.1016/j.athoracsur.2014.02.023

Tan, P. H. et al. Phenotypic and functional differences between human
saphenous vein (HSVEC) and umbilical vein (HUVEC) endothelial
cells. Atherosclerosis 173, 171-83 (2004).

Dela Paz, N. G. & D’Amore, P. a. Arterial versus venous endothelial
cells. Cell Tissue Res. 335, 5-16 (2009).

Shigematsu, S. et al. IGF-1 Regulates Migration and Angiogenesis of
Human Endothelial Cells. Endocr. J. 46, 59-62 (1999).

Guan, J., Williams, C. E., Skinner, S. J., Mallard, E. C. & Gluckman, P.
D. The effects of insulin-like growth factor (IGF)-1, IGF-2, and des-
IGF-1 on neuronal loss after hypoxic-ischemic brain injury in adult rats:
evidence for a role for IGF binding proteins. Endocrinology 137, 893-8
(1996).



297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

206

Lang, C. H., Dobrescu, C. & Bagby, G. J. Tumor Necrosis Factor
Impairs Insulin Action on Peripheral Glucose Disposal and Hepatic
Glucose Output. Endocrinology 130, 43-52 (1992).

Cheung, A. T. et al. An in vivo model for elucidation of the mechanism
of tumor necrosis factor-alpha (TNF-alpha)-induced insulin resistance:
evidence for differential regulation of insulin signaling by TNF-alpha.
Endocrinology 139, 4928-4935 (1998).

Goldberg, R. B. Cytokine and Cytokine-Like Inflammation Markers,
Endothelial Dysfunction, and Imbalanced Coagulation in Development
of Diabetes and Its Complications. J. Clin. Endocrinol. Metab. 94,
3171-3182 (2009).

Boden, G. Role of Fatty Acids in the Pathogenesis of Insulin
Resistance and NIDDM. Diabetes 45, 3—10 (1996).

Li, G., Barrett, E. J., Barrett, M. O., Cao, W. & Liu, Z. Tumor necrosis
factor-alpha induces insulin resistance in endothelial cells via a p38
mitogen-activated protein kinase-dependent pathway. Endocrinology
148, 3356—-63 (2007).

Riahi, R., Yang, Y., Zhang, D. D. & Wong, P. K. Advances in wound-
healing assays for probing collective cell migration. J. Lab. Autom. 17,
59-65 (2012).

Frater-Schroder, M., Risau, W., Hallmann, R., Gautschi, P. & Bdhlen,
P. Tumor necrosis factor type alpha, a potent inhibitor of endothelial
cell growth in vitro, is angiogenic in vivo. Proc. Natl. Acad. Sci. U. S. A.
84, 5277-81 (1987).

Lamalice, L., Le Boeuf, F. & Huot, J. Endothelial cell migration during
angiogenesis. Circ. Res. 100, 782-94 (2007).

Jones, J. |., Gockerman, a, Busby, W. H., Wright, G. & Clemmons, D.
R. Insulin-like growth factor binding protein 1 stimulates cell migration
and binds to the alpha 5 beta 1 integrin by means of its Arg-Gly-Asp
sequence. Proc. Natl. Acad. Sci. U. S. A. 90, 10553-7 (1993).

Chesik, D., De Keyser, J., Bron, R. & Fuhler, G. M. Insulin-like growth
factor binding protein-1 activates integrin-mediated intracellular
signaling and migration in oligodendrocytes. J. Neurochem. 113,
1319-30 (2010).

Gockerman, A., Prevette, J., Jones, J. & Clemmons, D. R. Insulin-Like
Growth Factor (IGF)-Binding Proteins Inhibit the Smooth Muscle Cell
Migration Responses to IGF-1 and IGF-Il. Endocrinology 136, 4168—
4173 (1995).



308.

3009.

310.

311.

312.

313.

314.

315.

316.

317.

318.

3109.

207

Chakraborty, C., Gleeson, L. M., McKinnon, T. & Lala, P. K.
Regulation of human trophoblast migration and invasiveness. Can. J.
Physiol. Pharmacol. 80, 116—24 (2002).

Saso, J., Shields, S.-K., Zuo, Y. & Chakraborty, C. Role of Rho
GTPases in human trophoblast migration induced by IGFBPL1. Biol.
Reprod. 86, 1-9 (2012).

Ammoun, S. et al. Insulin-like growth factor-binding protein-1 (IGFBP-
1) regulates human schwannoma proliferation, adhesion and survival.
Oncogene 31, 1710-22 (2012).

Irving, J. & Lala, P. Functional Role of Cell Surface Integrins on
Human Trophobast Cell Migration: Regulation of TGF-Beta, IGF-II,
and IGFBP-1. 419-427 (1995).

Sun, Y. et al. Expression and Activation of a v b 3 Integrins by SDF-1 /
CXC12 Increases the Aggressiveness of Prostate Cancer Cells. 73,
(2007).

Libby, P., Schwartz, D., Brogi, E., Tanaka, H. & Clinton, S. K. A
cascade model for restenosis. A special case of atherosclerosis
progression. Circulation 86, 11147-52 (1992).

Maddux, B. A., Chan, A., Mandarino, L. J., Goldfine, I. D. & De Filippis,
E. A. IGF-binding protein-1 levels are related to insulin-mediated
glucose disposal and are a potential serum marker of insulin
resistance. Diabetes Care 29, 1535 (2006).

Rajpathak, S. N. et al. Insulin-like growth factor-(IGF)-axis,
inflammation, and glucose intolerance among older adults. Growth
Horm. IGF Res. 18, 166—73 (2008).

Ying, W. et al. Interferon Tau Alleviates Obesity-Induced Adipose
Tissue Inflammation and Insulin Resistance by Regulating
Macrophage Polarization. PLoS One 9, 98835 (2014).

Chen, X. et al. Role of Reactive Oxygen Species in Tumor Necrosis
Factor-alpha Induced Endothelial Dysfunction. Curr Hypertens Rev 4,
245-255 (2008).

Sohal, D. S. et al. Temporally Regulated and Tissue-Specific Gene
Manipulations in the Adult and Embryonic Heart Using a Tamoxifen-
Inducible Cre Protein. Circ. Res. 89, 20-25 (2001).

Jin, Y.-X. et al. Production of pigs expressing a transgene under the
control of a tetracycline-inducible system. PLoS One 9, e86146
(2014).



208

320. Cingel-Ristic, V., Van Neck, J. W., Frystyk, J., Drop, S. L. S. &
Flyvbjerg, A. Administration of human insulin-like growth factor-binding
protein-1 increases circulating levels of growth hormone in mice.
Endocrinology 145, 4401-7 (2004).

321. Tsuboi, R., Shi, C. M., Sato, C., Cox, G. N. & Ogawa, H. Co-
administration of insulin-like growth factor (IGF)-1 and IGF-binding
protein-1 stimulates wound healing in animal models. J. Invest.
Dermatol. 104, 199-203 (1995).



