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1 | General introduction and outline of the dissertation

Current status of cardiovascular diseases
Cardiovascular disease (CVD), such as heart disease (ischemic heart
disease, IHD; coronary heart disease, CHD) and cerebrovascular disease (mainly
1
ischemic stroke) collectively account for 45% and 31% of all deaths in Europe and
2
worldwide , respectively, and are the two most common single causes of death. Major
CVD risk factors fall into two groups: (I) behavioral risk factors (diet, low physical
activity, smoking, alcohol use), and (II) medical risk factors (high systolic blood
pressure, high total cholesterol, high fasting plasma glucose, and high body mass
1
index (BMI)) .
Atherosclerosis, a chronic inflammatory disease of large- to medium-sized
3
arteries, is the main underlying cause of CVD . Failure of lymphatics in the mediation
of drainage of interstitial fluids, the inflammatory response and in clearance of
4
cholesterol from the arterial intima, may contribute to atherosclerosis . In addition, the
5
hallmark of endothelial dysfunction is the impaired nitric oxide (NO) bioavailability ,
leading to increased expression of several inflammatory mediators and adhesion
6
molecules; these processes contribute to increased plaque vulnerability . The search
for novel and improved treatments for atherosclerosis-related CVD remain one of the
major challenges in the field of cardiology. To this end we need a better understanding
of the relevant pathomechanisms. Importantly, the abnormal development of
microvessels leads to their immaturity, fragility and leakage, and is associated with
7
CVD . This introduction will present a short overview on the role of microvessels and
lymphatics, as well as the regulation of their formation in CVD.
Atherosclerosis was first identified as a pathology of cholesterol storage,
leading to artery obstruction, however, it is now additionally recognized as a lipid8, 9
driven chronic inflammatory disease
. Atherosclerotic plaques are composed of
cholesterol, lipids and cellular debris, deposited in the artery walls, resulting in their
narrowing. Usually, atherosclerotic lesions affect large and medium-sized elastic and
muscular arteries and can lead to ischemia of the heart, brain, or extremities, resulting
10
in infarction . Thus, major manifestations of atherosclerosis include IHD, ischemic
11
stroke, and peripheral arterial disease (PAD) . Unlike IHD and stroke, PAD is rarely
11, 12
lethal and is a less prevalent complication of atherosclerosis
. Additionally,
stenotic coronary arteries with stable atherosclerosis may cause stable angina, but
this is rarely fatal. However, plaques that rupture play a major role in the pathogenesis
of life-threatening acute coronary syndromes (ACS) and its manifestations include
13
unstable angina, acute myocardial infarction (MI) and heart failure (HF) .
Plaque rupture leads to thrombus formation, which is considered the main
14, 15
cause of acute cardiovascular events
. It has been suggested that plaque rupture
16
occurs mainly in the weakest spots (i.e. the cap margin or shoulder region ) of
8
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lesions that contain a thin and inflamed fibrous cap covering the large necrotic
16
core (thin-cap fibroatheromas (TFCA) or vulnerable plaques ). Rupture-prone caps
are infiltrated by macrophage foam cells, and contain few smooth muscle cells (SMC),
16
which are indeed absent at the actual site of rupture . Notably, plaque macrophages
exhibit impaired migratory capacity, which contributes to their failure to resolve
17
inflammation within the plaque, and enhances lesion progression . Inflammatory
cells such as macrophages and T-cells are thought to be the main drivers of plaque
rupture, releasing proteolytic metalloproteinases that inhibit collagen synthesis;
18, 19
causing the weakening of the cap and reducing plaque mechanical stability
. The
continued inflammatory response ultimately leads to the destabilization of
atherosclerotic plaques via the action of proinflammatory cytokines such as interferon
gamma (IFNG/γ), tumor necrosis factor alpha (TNFA/α) and interleukin 1 beta (IL1B/β)
20
. Moreover, dying macrophages release their lipid contents, along with tissue factor,
leading to the formation of a pro-thrombotic necrotic core, a key component of
17
unstable plaques which contributes to their rupture . This process is even
augmented, due to the reduced capacity of plaque macrophages to perform
efferocytosis, the process of apoptotic cell internalization and degradation by
phagocytic cells (e.g. macrophages). As a result, non-engulfed apoptotic cells
eventually become leaky, resulting in secondary necrosis, which contributes to the
formation and expansion of the necrotic core, and in turn, increases plaque
21
vulnerability to rupture . The risk of plaque rupture is also associated with
14
angiogenesis and intraplaque haemorrhage (IPH) . Indeed, plaque angiogenesis
plays an important role in the pathogenesis of atherosclerosis. Plaque vasa vasorum
(VV) exhibit abnormal morphology, have aberrant endothelial cell junctions and show
increased leukocyte adherence; this immature microvascular network may contribute
to plaque progression and vulnerability. The disruption and leakiness of incompetent
VV is directly involved in leukocyte and erythrocyte extravasation and therefore in IPH
7, 22, 23
. Importantly, IPH plays a causal role in promoting the expansion of the necrotic
core and enhancing plaque progression via deposition of free cholesterol derived from
22
red blood cells . IPH can elicit oxidative stress responses through the release of
++
Fe from entrapped hemoglobin after red blood cell lysis. In parallel,
hemorrhages stimulate neutrophil recruitment. These neutrophils can then release
pro-oxidant enzymes into the plaque, causing endothelial cytotoxicity, subsequent
23
acceleration of disease progression, and ultimately plaque rupture .
Interestingly, recent observations suggest that multiple TCFA coexist in
patients, and that thrombotic rupture of TFCA is a rare event, especially in low risk
24, 25
subjects. This subsequently challenges the concept of the vulnerable plaque
. It
may also imply that rupture is not solely dependent on plaque morphology; other local
mechanical factors are probably involved. In this regard, wall (or endothelial) shear
stress (WSS) and plaque structural stress (PSS) may determine plaque development,
9

1 | General introduction and outline of the dissertation

progression and rupture. WSS is the parallel frictional force exerted by blood flow on
the endoluminal surface of the arterial wall. In principle, high (or physiological) WSS
exerts atheroprotective property. However, supraphysiological (or very high) WSS,
which occurs when blood flows through a stenotic atherosclerotic plaque, is
associated with endothelial cell injury, inflammation and vascular remodeling. This
further suggests that supraphysiological WSS is possibly involved with plaque rupture
or thrombus generation, and can induce the erosion of the plaque surface. In addition,
PSS is determined by plaque architecture and composition, as well as localisation,
extent, and size of individual calcium deposits within the plaque. Increased PSS is
associated with increased necrotic core thickness or size, as well as reduced fibrous
cap thickness. High PSS levels that exceed the plaque’s strength can damage fibrous
25
caps and thus cause plaque rupture (see review ). Upon rupture, a pro-thrombotic
necrotic core becomes exposed to circulating platelets, resulting in platelet
aggregation (thrombus). Moreover, proinflammatory cytokines can also increase the
expression of the potent procoagulant, tissue factor, which triggers thrombosis in the
26
ruptured plaque . Subsequently this leads to arterial blockage, which may result in
21
MI or stroke . The loss of cardiac function due to ACS can eventually lead to HF.
HF, a complex clinical syndrome, is defined by a heart’s inability to maintain
workload, leading to oxygen and nutrient delivery that is insufficient to meet the
27
requirements for tissue metabolism . HF is the final common stage of all cardiac
28
diseases and considerably increases the risk for morbidity and mortality . HF can be
categorized based on the left ventricular ejection fraction (LVEF), i.e. (I) HF with
preserved EF (HFpEF, diastolic HF; normal LVEF; typically considered as ≥50%), (II)
HF with mid-range (HFmrEF; LVEF 40-49%), and (III) HF with reduced EF (HFrEF,
29
systolic HF; typically considered as <40%) . There are three causes of HF:
dysfunctional myocardium (e.g. ischemic heart disease, drug-induced
cardiomyopathy), prolonged abnormal loading conditions (e.g. hypertension, volume
29
overload) and arrhythmias (e.g. tachyarrhythmia, bradyarrhythmias) . MI secondary
30
to ischemic heart disease is thought to be the most important risk factor for HF .
Although the risk of HF associated with hypertension is smaller than that associated
with MI, hypertension contributes considerably to the population burden of HF, as it is
31
much more frequent than MI . Left ventricular hypertrophy is both a major
maladaptive response to chronic pressure overload and an important risk factor in
32
patients with hypertension, which frequently progresses to HF . Importantly, cardiac
endothelial cells (EC) directly modulate performance of the subjacent cardiomyocytes,
resulting in control of the onset of ventricular relaxation, and rapid filling of the heart.
Thus, damage and/or dysfunction of the cardiac endothelium could have a serious
33, 34
impact on the development of cardiac diseases
.

10

General introduction and outline of the dissertation | 1

Together, the major cause of morbidity and mortality worldwide is
atherosclerotic vascular disease, leading to stroke, MI and HF. Importantly,
cardiovascular function is mediated by vascular endothelium. Endothelial cell
activation and dysfunction attribute to pathogenesis of cardiovascular diseases.
Vascular endothelium and cardiovascular diseases
EC form a continuous monolayer, lining the blood luminal surface of vessels.
This was originally thought to be an inert cellophane-like membrane in the vascular
35, 36
tree, with no function other than the maintenance of vessel wall permeability
.
However, EC are now recognized as a crucial player in maintaining a wide range of
cardiovascular homeostatic functions. Indeed, EC regulate vascular tone and blood
flow, through the release of vasodilators and vasoconstrictors;
modulate
hemostasis/thrombosis, through the secretion of pro- and anti-coagulant and
fibrinolytic agents; mediate inflammatory responses, via release and reaction with
various cytokines and adhesion molecules; generate angiogenic and angiostatic
37, 38
growth factors, and peptides, thus maintaining blood vessel homeostasis
.
In EC, endothelial nitric oxide synthase (eNOS) is the major source of NO, and
is an important regulator of cardiovascular homeostasis. Normal function of eNOS
requires dimerization of the enzyme and the presence of its cofactor
tetrahydrobiopterin (BH4). A functional eNOS oxidizes its substrate L-arginine to Lcitrulline and NO, the latter of which plays key role in cardiomyocyte contractility and
5, 39
. It is well documented that uncoupling eNOS is a prominent source
vascular tone
of myocardial reactive oxygen species (ROS), contributing to pathogenesis of
40, 41
pressure overload-induced ventricular remodeling and cardiac dysfunction
. When
eNOS uncouples and shifts from a dimer to a monomer state, it results in reduced
42
NO production and increased ROS generation . It has been suggested that BH4
43
deficiency is likely to represent the major cause for eNOS uncoupling . In addition,
the stoichiometry of intracellular BH4/eNOS interactions as well as the ratio of BH4
and its oxidized from, dihydrobiopterin (BH2), are the key determinants of eNOS
43
coupling .
Endothelial dysfunction is defined by EC losing their ability to maintain this
delicate balance, shifting the endothelium from an anti-thrombotic, anti-inflammatory,
and vasodilation-prone surface, to conditions inclined to coagulation, inflammation and
44
vasoconstriction . The mechanisms underlying endothelial dysfunction involve
decreased NO bioavailability, activation of the pathways of vascular smooth muscle
45, 46
contraction, vascular oxidative stress, and inflammation
. Additionally, decreased
endothelium-dependent vasodilator capacity of coronary arteries in part contributes to
47
reduced myocardial perfusion, and hence impaired ventricular function . Endothelial
dysfunction is associated with the process of plaque formation and atherosclerosis
11
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progression, resulting from increased vascular permeability, upregulation of adhesion
molecules, cytokine secretion, leukocyte adherence, elevated oxidized-low density
lipoprotein (oxLDL), platelet activation, and vascular smooth muscle cell (VSMC)
45
proliferation and migration . EC have a crucial role in the recruitment and adhesion
of leukocytes, whose infiltration into lesions is a prominent feature of atherosclerosis.
In response to normal laminar flow condition, EC generate low amounts of adhesion
molecules, such as vascular cell adhesion molecule-1 (VCAM-1) and intracellular
adhesion molecule-1 (ICAM-1). However, production of adhesion molecules is sharply
48
increased in non-laminar or turbulent flow . The flow disturbances that occur
naturally, or are associated with vascular diseases and interventions, can lead to
neointimal hyperplasia or thrombosis, causing pathological conditions, such as
38
atherosclerosis, in-stent restenosis, and bypass graft occlusion .
The hallmark of endothelial dysfunction is impairment of NO mediated
49
endothelium-dependent vasodilation . When endothelial dysfunction is present, the
35
ability of the blood vessels to dilate and/or constrict can be assessed . Although,
measuring a patient's endothelial function is not routinely done, assessments of
endothelial function is a good predictor of future cardiac events in individuals at risk of
50, 51
CVD and those with established CVD
. Endothelial function can be assessed by
measuring dilation in response to stimuli such as hyperemia or after pharmacological
51
stimuli. Impaired vasodilatation would be indicative of poor endothelial function . To
distinguish between endothelial dysfunction and SMC dysfunction as a cause for the
vasodilation impairment, endothelium-dependent and -independent vasodilatation (i.e.
52
acetylcholine and sodium nitroprusside , respectively) are typically assessed .
Several approaches can be used to evaluate endothelial function, including (I)
invasive macrovascular techniques (e.g. iontophoresis), (II) noninvasive
macrovascular techniques (e.g. flow-mediated dilatation and glyceryl trinitrate), or (III)
measurement of morphologic and mechanical characteristics of the vascular wall (e.g.
52, 53
carotid intima–media thickness)
.
General background of angiogenesis
As previously mentioned, EC function in maintaining blood vessel formation, is
characterized by four parameters; (I) de novo primary vessel formation involving the
migration, differentiation and incorporation of endothelial progenitors (vasculogenesis),
(II) the sprouting of new blood vessels from the pre-existing ones (angiogenesis), in
which endothelial cells are responsible for the capillary growth, migration and
organization of the vessel lumen, (III) the increase in the size of the lumen of preexisting arterioles by remodeling and growth (arteriogenesis), a process that is
controlled by mural cells (i.e. pericytes and VSMC, and (IV) recruitment of bone
marrow-derived cells and/or endothelial progenitor cells to the vascular wall for further
12
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incorporation into the endothelial lining during vascular repair or expansion of
54
pathological vessels in adult (postnatal vasculogenesis) .
When an existing vessel is stimulated with angiogenic signals, such as
hypoxia, angiogenic factors (e.g. vascular endothelial growth factor (VEFG) -A,
fibroblast growth factor (FGF)), or NO, it causes mural cells to detach from the
vascular wall, and junctions between EC to loosen, resulting in increased vascular
permeability. The extravasation of plasma protein allows the formation of a provisional
matrix, onto which endothelial cells migrate. The microvascular sprout is guided by a
specialized endothelial cell (tip cell), while the neighboring endothelial cell (stalk cell)
proliferates to elongate the stalk. Ultimately, a vessel lumen is established, and mural
54
cells are recruited to ensure neovessel stability . Once the new vessel sprout
matures, EC maintain in a quiescent, non-proliferative and non-migratory,
55
cobblestone-like phenotype, named phalanx cells . Subsequently, these EC become
covered with pericytes, which suppress endothelial cell proliferation and release cellsurvival signals such as VEGF-A and angiopoetin (Ang)-1. A basement membrane is
54
then established . High vascular endothelial growth factor receptor (VEGFR)-1 levels
and subsequent low VEGF-A responsiveness enable these cells to stay quiescent for
55
years . EC display the remarkable capability to switch rapidly from a quiescent state
to a highly migratory and proliferative state during vessel sprouting, in response to
55
injury or in pathological conditions . This switch is mediated by the Ang-Tie system
54
. Ang1 is predominantly expressed by mural cells, and in binding with its receptor
Tie2, it has a role in maintaining vascular stability, maturity, and integrity as well as
56, 57
inhibiting VEGF-A induced permeability
. In contrast, Ang2 is synthesized primarily
by EC, and is traditionally thought to antagonize Ang1 signaling. Ang2 binds Tie2,
allowing EC to respond to destabilizing and angiogenic signals. In addition, Ang2
generation is activated by hypoxia, VEGF-A, FGF, and various proinflammatory
endothelial activators, and its expression is mainly restricted to sites of vascular
56-58
remodeling
. Importantly, high levels of Ang2 have been observed in human
atherosclerotic plaques, and are associated with increased plaque angiogenesis and
59
potentially also with microvessel destabilization, suggesting increased leakage .
Angiogenesis is both an essential adaptive response to physiological stress
60
and an endogenous repair mechanism after ischemic injury . Under physiological
conditions, angiogenesis occurs during growth, physiological adaptation and tissue
repair (e.g. gestation, exercise-induced skeleton and cardiac muscle hypertrophy,
61
wound healing) . Pathological angiogenesis on the other hand, contributes to chronic
inflammation and cancer. Indeed, insufficient and excessive angiogenesis play
determinant roles in the pathogenesis of MI and atherosclerosis, respectively.

13
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The role of angiogenesis in myocardial infarction
In the healthy heart, a dense network of capillaries ensures sufficient oxygen
supply to meet the high energy demand of properly contracting myocytes. During
physiological (adaptive) cardiac growth, myocytes release angiogenic growth factors
in response to hypertrophic stimuli, which in part regulate the balance between cardiac
hypertrophy and angiogenesis. Disruption of coordinated myocyte growth and
angiogenesis, leads to contractile dysfunction, and promotes the progression from
62
adaptive cardiac hypertrophy to heart failure . This suggests that heart growth and
function are angiogenesis dependent. Interestingly, it has been reported that newly
formed blood vessels may secrete factors that promote the growth of cardiomyocytes
63
. Taken together, this suggests the crosstalk between the myocardium and the
vasculature functions to promote the growth of each, in a paracrine fashion.
Myocardial ischemia is a primary cause for the loss of vital components such
as cardiomyocytes in the heart, leading to MI and eventually cardiac dysfunction or HF
64
. In addition, endothelial dysfunction and/or decreased angiogenesis cause
inadequate oxygen supply. Subsequently, this can result in progressive myocyte loss,
replacement fibrosis and infarct extension, as well as hypertension, due to increased
65, 66
systemic resistance
. Early after MI, cardiomyocytes, EC and inflammatory cells
express hypoxia-inducible transcription factors, such as hypoxia-inducible factor 1
67
alpha (HIF-1α), which can be expressed for up to 4 weeks after MI in rats . In
addition, various proangiogenic factors are expressed in ischemic heart, of which the
VEGF-A and FGF families are the most studied growth factors in post-MI
angiogenesis. VEGF-A is rapidly induced in the ischemic heart, in both human and
animal studies, suggesting that VEGF-A is a likely mediator of ischemia-induced
68-70
myocardial neovascularization
. Immunohistochemical analysis of heart tissue from
patients with early or evolving infarction, or cardiac ischemia revealed HIF-1α
+
expression in both myocardial and endothelial cells. In contrast, VEGF –A cells were
found only in the endothelium that lined small to medium arterioles and capillaries in
the myocardium, suggesting that the angiogenic effects of HIF-1 and VEGF-A are
69
limited to regions of terminal small vessels in the myocardium .
In response to myocardial ischemia, HIF-1α and HIF-2α accumulate in
cardiomyocytes and other cell types. HIF-1 transcriptional activation would upregulate
angiogenic factor expression such as VEGF-A; however, the angiogenic capacity was
64
seen to be suppressed rather than enhanced . A study of chronic pressure overloadinduced cardiac hypertrophy in mice revealed that cardiac VEGF-A levels were
increased in the early phase, but decreased in later phases of cardiac hypertrophy,
71
and this downregulation was associated with suppressed myocardial angiogenesis .
Several studies have suggested that loss of copper, a HIF-1 cofactor, and
14
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accumulation of p53, are partially responsible for inhibition of HIF-1 activity -mediated
VEGF-A expression. This thereby impairs cardiac angiogenesis in chronic ischemic
64, 71, 72
heart and sustained pressure overload-induced cardiac hypertrophy
.
Therefore, maintenance of the microvasculature in a failing myocardium may
preserve blood supply and preserve myocardial function. Angiogenesis has the
potential to restore ischemic myocardium at early stages after MI, and is also essential
to prevent the transition to HF through the control of cardiomyocyte hypertrophy and
70, 73
contractility
.
The role of angiogenesis in atherosclerosis
The VV are specialized microvasculature, and play a major role in normal
vessel wall biology and pathology. Under physiological conditions, VV originate from
74, 75
the adventitia and provide oxygen and nutrient to arterial and venous walls
. In
normal human coronary arteries, VV is present in the adventitia and outer media layer,
76
but absent in the intima .
Plaque angiogenesis is a physiological response to cope with the increased
oxygen demand in the plaque. It is proinflammatory and proatherogenic, and
77
enhances plaque vulnerability . It has been suggested that neovascularization in
early plaques may provide an additional route for leukocyte and lipid accumulation
relative to the arterial lumen. Hypoxic areas are known to be present in human
78
atherosclerotic lesions . During atherosclerosis, the intima increases in thickness,
which results in regional limited oxygen exchange, and partly contributes to plaque
hypoxia. Importantly, plaque macrophages, with their high metabolic demand, are a
major contributor to hypoxia in human plaque. Hypoxic macrophages upregulate HIF79
1α which induces angiogenesis, leading to plaque progression . EC react to hypoxic
conditions by becoming more angiogenic, apoptosis-prone, and proinflammatory.
They also alter their metabolism - all processes that promote endothelial dysfunction
77, 80
and atherogenesis
. These effects may involve HIF-1α, a master regulator of
81, 82
hypoxic responses
. In early human plaque, the density of adventitial VV is much
7
higher than that of intraplaque VV . Most of the intraplaque VV are endothelialized,
and only a few have mural pericytes and vascular smooth muscle cells. Lack of mural
cells, poorly formed endothelial cell junctions, and the close proximity of inflammation,
7, 76
probably induce leakiness of the intraplaque VV
. In addition, VV density is
correlated with atherosclerosis progression and morphology of atherosclerotic lesions
7
76
, as well as with intraplaque hemorrhage and plaque rupture .Therefore, it is fair to
assume that functional aberrations of plaque angiogenesis causes an exacerbation of
the atherosclerotic process.

15
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General background of lymphangiogenesis
Under physiological conditions, excess interstitial fluid, stemming from leaky
endothelium is drained via lymphatic vessels. Lymphatic vessels were first officially
described in the 1600s, and named, after their milky fluid content: venae albae aut
83, 84
lacteae (lacteal vessels)
. In the late 1990s, the identification of molecular
84, 85
markers of lymphatics
, enabled researchers to investigate the (patho)
physiological role of lymphatics and the molecular mechanisms of their formation in
closer detail. Next to fluid homeostasis, lymphatic vessels have important functions in
86, 87
lipid absorption, and immune surveillance
, whilst recent studies have suggested
additional functions of the lymphatic vasculature in fat metabolism, obesity,
87, 88
inflammation, and the regulation of salt storage in hypertension
.
The lymphatic vascular network consists of thin-walled, blind-ended capillarysized vessels, called “initial lymphatics” , which serves for interstitial fluid absorption
and its transport to “pre-collectors”, with the final drainage via “collecting lymphatics”
89, 90
. Initial lymphatics are hallmarked by LYmphatic VEssel hyaluronan receptor 1
(LYVE-1)-expressing lymphatic endothelial cells (LEC), the absence of SMC and the
lack of pericyte coverage. Pre-collectors contain valves and have sparse smooth
muscle cell coverage. Collecting lymphatics are characterized by podoplanin (PDPN)
expression, with absent, or only very weak LYVE-1 expression, and are covered with
continuous basement membrane and SMC. Collecting lymphatics are segmented by
91, 92
unidirectional valves into units called lymphangions
. This contractile unit propels
lymph into the next lymphangion through the interposed valves, in a unidirectional
93
manner . These collecting lymphatics transport the protein-rich lymph to the proximal
site, and return the lymph to the cardiovascular system via the thoracic duct.
Lymphangiogenesis is the formation of new lymphatic vessels from pre90
existing lymphatics
,essential in embryonic development. In adults,
lymphangiogenesis is actively involved with pathological processes, including
inflammatory diseases and tumor dissemination. In addition, insufficient
lymphangiogenesis occurs in lymphedema, which is characterized by chronic tissue
86, 90
edema and impaired immunity
. The process of lymphangiogenesis is thought to
be similar to angiogenesis, during which quiescent LEC become activated to degrade
their surrounding extracellular matrix, directionally migrate towards the
85, 94,
lymphangiogenic stimuli, proliferate and organize into new capillary networks
95
. It has been suggested that at cellular level, lymphangiogenesis also has
similarities to angiogenesis, as it is characterized by tip and stalk cell differentiation,
and involves similar regulators such as VEGF-C, neuropilin-2 (NRP2), Notch homolog
1, translocation associated (Drosophila); also known as Notch1, and Delta-like 4
85, 96
(DLL4)
.
16
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During embryogenesis, the formation of lymphatics is initiated by the
transcription factors; sex determining region Y box 18 (SOX18) / chicken ovalbumin
upstream promoter-transcription factor II (COUP-TFII), inducing prospero homeobox 1
(PROX1) expression in a subset of venous EC (VEC) of the cardinal vein. Venous
PROX1-expressing EC (referred to LEC progenitors) migrate away from the cardinal
vein. This process requires the graded expression of VEGF-C in the surrounding
mesenchyme. The budding LEC maintain the expression of VEGFR-3 and begin
expressing PDPN, indicating that lymphatic differentiation is progressing.
Subsequently, LEC assemble together and establish lymph sacs (primordial thoracic
duct). Following LEC proliferation and sprouting, the majority of the lymphatic network
97
arises from these sacs . Lymphatic vessels undergo further remodeling and
maturation, including valve formation; processes mediated by Ang2, PDPN, ephrin-B2
and Foxc2 (forkhead box C2), subsequently establishing a functional lymphatic vessel
98
network .
During adulthood, the majority of lymphatic vessels are quiescent, with the
exception of reproductive organs during the ovarian cycle and gestation; however,
99, 100
lymphangiogenesis is often activated in several pathological conditions
. Adult
lymphangiogenesis occurs primarily by sprouting from pre-existing vessels, although
bone marrow-derived cells, such as macrophages, may transdifferentiate into
88, 90
lymphatic endothelium in some pathological conditions
. Importantly, physiological
and pathological lymphangiogenesis likely share certain biological mechanisms, i.e.
100, 101
activation of the VEGF-C/VEGFR-3 signaling pathway
. Additionally, pathological
lymphangiogenesis is also mediated by proinflammatory cytokines and/or growth
factors such as VEGF-A. Moreover, activated macrophages are a major source of
VEGF-C and/ or VEGF-D, and induce lymphangiogenesis during inflammation and
88, 100
tumor development
.
In summary, the mechanisms regulating lymphangiogenesis are poorly
understood, when compared to angiogenesis. Physiological and pathological
lymphangiogenesis is mediated by, in part, a similar molecular signaling pathway to
that governing angiogenesis. Recent research has implicated the lymphatic system in
the pathogenesis of cardiovascular diseases, including obesity and metabolic disease,
93
dyslipidemia, inflammation, atherosclerosis, hypertension, and MI .
Role of lymphangiogenesis in myocardial infarction
A pioneering investigation of the cardiac lymphatic system was performed in
th
102, 103
the 17 century by Rudbeck, who described lymphatics in the dog heart
however, cardiac lymphatics have been relatively neglected in cardiovascular
research for decades. Nevertheless, cardiac lymphatics have gained interest recently,
as increasing evidence has revealed the important role of cardiac lymphatic
17
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vasculature in maintaining normal heart function
. Cardiac lymphatics function in
draining myocardial interstitial fluid and thus play a role in controlling tissue pressure,
106
and help to prevent myocardial edema . In the adult heart, cardiac lymphatics are
107
located most abundantly in the ventricles . Although there are some species-specific
anatomical variations, cardiac lymphatics of most species consist of (1) terminal
capillaries, (2) a capillary plexus penetrating the subendocardium, myocardium, and
108,
the subepicardium, and (3) collecting vessels that lead the lymph out of the heart
109
. In animal studies, acute cardiac lymphatic obstruction caused epicardial
lymphedema and lymphangiectasis. Also, chronic obstruction led to myocardial
edema, subendocardial hemorrhages, endocardial fibrosis and myocardial fibrosis
106
primarily involving the left ventricle
. In humans, impairment of lymph flow is
105
associated with coronary artery injury . Obstruction of cardiac lymphatics takes
place during open-heart surgery and can cause atrial fibrillation, prolonged pericardial
110
or pleural effusions, also known as “swollen heart”
. Only a few studies have
demonstrated the role of lymphatic vessels in MI. A recent study has demonstrated
that adverse remodeling of epicardial collector lymphatics in the infarcted area causes
111
reduced cardiac lymphatic flow and persistent myocardial edema in rats
. In
111, 112
response to MI, cardiac lymphatics substantially expanded in rodents
as well as
113
112
in postmortem human MI samples . Intraperitoneal injection of VEGF-C 156S
or
111
treatment with microparticle-based intramyocardial delivery VEGF-C 156S protein
promoted post-MI lymphangiogenesis, resulting in improved cardiac function and
attenuated cardiac inflammation in rodent MI models. This suggests the beneficial
effect of pro-lymphangiogenic therapy in MI.
Role of lymphangiogenesis in atherosclerosis
Lymphatic functions are related to a causal role in atherogenesis, including
4
immune response and cholesterol metabolism . Lymphatic vessels were first
114
described in human aortic walls by Johnson in the late 1960s . Lymphatics can be
observed in the arterial wall of a variety of animals (e.g. rabbits, dogs, rats and mice)
4
and seem to be mostly present in the adventitial layer . In human atherosclerotic
arteries, lymphatic vessels were reported previously to exist predominantly in the
115, 116
117
adventitia
while they are rarely present in the intima . However, Kholova et
116
al.
have reported that lymphatics also are detectable in media and intima of
progressive human coronary atherosclerotic lesions. This concurs with recent findings
4
showing abundant lymphatics within the atherosclerotic lesion of human carotids . In
human atherosclerotic lesions, the number of adventitial lymphatics is correlated with
115
118
disease progression
and lymphatic dysfunction is correlated with atherogenesis .
Plaque lymphangiogenic vessels were often collapsed and seemed mostly associated
with areas rich in extracellular matrix, whereas more inflamed areas displayed mostly
116
119
angiogenesis . Dilatation of adventitial lymphatics has been observed in animal
18
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116

and human
atherosclerotic lesions, possibly as a result of an increased arterial wall
permeability. Moreover, adventitial VV that expands in plaque lesion are often
dysfunctional and leaky, potentially causing interstitial fluid buildup and local edema
120, 121
. This may be similar to the lymphatic remodeling that has been observed in
cancer, where lymphatics are often collapsed and enlarged due to the excessive
85, 122
interstitial pressure and edema, implying lymphatic dysfunction
. Interestingly,
upon growth of the plaque and increasing plaque interstitial pressure, the LEC
elongate, and this stretching activates β1 integrin signaling mediated VEGFR-3
123
phosphorylation and subsequent induction of lymphangiogenesis .
In addition, the functional consequences of adventitial lymphangiogenesis for
119
atherosclerosis are largely unknown. In 1970, Jellinek et al. proposed that sufficient
lymphatic drainage was required for transporting excess plasma accumulation in aortic
atherosclerotic lesions, and that disturbance of lymph drainage contributed to lipid
accumulation, resulting in the aggravation of arteriosclerotic lesions. During 1970s
to1980s, it was further suggested that the integrity of the lymphatic system draining
the coronary arterial wall, might have an important role in the lipid efflux mechanism
118
and the occurrence of atherosclerosis in humans . More than 40 years ago it was
postulated that the ingrowth of VV occurred in response of metabolic demand within
arterial walls, and thus increased passage of materials to arterial walls. However,
ingrowth of lymphatics did not occur in the media or intima, and subsequently led to
124
lipid accumulation within intimal plaque due to the lack of escape route . Recent
studies have demonstrated that plaque lymphangiogenesis functions in lipoprotein
125
126
metabolism
and cholesterol clearance
. Moreover, lymphatic dysfunction
120, 127
precedes the onset of atherosclerosis
. Disruption of lymphatic drainage
128
accelerates plaque progression due to cholesterol retention
and T-cell
120
accumulation
in plaque lesions. Moreover, plaque lymphangiogenesis could exert
128
atheroprotective functions by draining plaque-contained lipids during regression .
Systemic treatment with VEGF-C 152s, a selective VEGFR-3 agonist, improved
127
lymphatic cellular transport in pre-atherosclerotic mice .
Together, it is now becoming evident that the lymphatic system plays an
active role in cardiovascular disease, and lymphatic dysfunction accelerates disease
progression. Sufficient lymphatic drainage seems to protect against MI and
atherosclerosis. However, many aspects of the lymphatic system remain unclear, and
future studies are needed to fully understand the mechanism of lymphangiogenesis in
cardiovascular disease. Recent advances in lymphatic research will potentially provide
novel insights into the treatment of cardiovascular diseases.
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Overall aim and hypothesis
The general aim of this thesis is to investigate novel endothelium-targeted
therapeutic approaches for pressure overload-induced heart failure, and for controlling
lymphangiogenic functions in atherosclerosis.
We hypothesize that:
1. AVE3085, an eNOS transcription enhancer, can protect against pressure
overload-induced left ventricular hypertrophy.
2. Gene network analysis will yield co-expressed genes correlating with human
plaque lymphatic vessel density, which are be critical in the regulation of
lymphangiogenesis-associated atherosclerosis.

Outline of the thesis
The pathogenesis of myocardial and endothelial dysfunction shows an
important role for eNOS uncoupling. BH4 is an essential cofactor for eNOS, and
decreased BH4-bioavailability, resulting in subsequent uncoupling of eNOS. In
chapter 2 we discussed the pathophysiologic role of decreased BH4 bioavailability,
molecular mechanisms regulating its metabolism, and its potential therapeutic use, as
well as its pitfalls as an NOS-modulating drug. Chapter 3 reviewed the important role
of eNOS uncoupling in the pathogenesis of endothelial dysfunction, and the potential
therapeutic interventions to modulate eNOS for tackling endothelial dysfunction.
Pharmacological approaches that prevent eNOS uncoupling are of therapeutic
interest. Hence, in chapter 4 we discussed modulation of eNOS activity by novel small
molecules AVE9488 and AVE3085, which concomitantly enhanced eNOS
transcription and reversed the eNOS uncoupling. To investigate the potential
protective effect of elevated eNOS expression in ventricular hypertrophy, in chapter 5
we investigated the protective effects of AVE3085. We determined whether eNOS
modulation could reverse cardiac hypertrophy and dysfunction in pressure overloadinduced heart failure model. We subjected mice to severe transverse aortic
constriction (TAC) for 1 week, as a model of acute onset of HF. It is well established
that eNOS uncoupling plays a major role in TAC pathobiology. Moreover, mice that
underwent severe, but not mild, TAC resulted in enhanced eNOS uncoupling,
associated with increased eNOS-dependent oxidative stress, and consequent cardiac
129, 130
dysfunction and remodeling
. We used C57BL/6 mice because they develop
rapid cardiac hypertrophy, myocyte hypertrophy and fibrosis within 7 days after TAC
131, 132
, allowing us to examine the utility of pharmacological or molecular interventions
that may limit hypertrophy.
20
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As discussed, another effective method to prevent the deleterious effects of
vascular leakage is to induce the drainage of leaked fluids via lymphatics; as
lymphatic vessels are pivotal for drainage of immune cells and lipids. As inflammation
and lipid metabolism are causally related to atherogenesis, in chapter 6, we
investigated the process of lymphangiogenesis and its main drivers in human
atherosclerosis. This was done using a new systems medicine approach, where we
correlated microarray data from stable and ruptured atherosclerotic lesions to plaque
lymphangiogenesis to identify candidate genes. Subsequently, we performed deep
bioinformatics interrogation of expression array data and in vitro loss-offunction screening to identify novel genetic regulators of lymphangiogenesisassocicated atherosclerosis. Finally, chapter 7 summarized and discussed the major
findings of this thesis and future perspectives.
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Abstract
Tetrahydrobiopterin (BH4) is an essential cofactor for aromatic amino acid
hydroxylases and for all three nitric oxide synthase (NOS) isoforms. It also has a
protective role in the cell as an antioxidant and scavenger of reactive nitrogen and
oxygen species. Experimental studies in humans and animals demonstrate that
decreased BH4-bioavailability, with subsequent uncoupling of endothelial NOS
(eNOS) plays an important role in the pathogenesis of endothelial dysfunction,
hypertension, ischemia/reperfusion injury, and pathologic cardiac remodeling.
Synthetic BH4 is clinically approved for the treatment of phenylketonuria, and
experimental studies support its capacity for ameliorating cardiovascular
pathophysiologies. To date, however, the translation of these studies to human
patients remains limited, and early results have been mixed. In this review, we discuss
the pathophysiologic role of decreased BH4 bioavailability, molecular mechanisms
regulating its metabolism, and its potential therapeutic use as well as pitfalls as an
NOS-modulating drug. This article is part of a special issue entitled ‘‘Key Signaling
Molecules in Hypertrophy and Heart Failure.’’
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1. Introduction
Tetrahydrobiopterin (BH4) is an essential cofactor for the three aromatic
amino acid hydroxylase enzymes involved in the synthesis of neurotransmitters, as
well as the nitric oxide synthase (NOS) isoforms. In the cardiovascular system, the
NOS isozymes have a central role in mediating vascular tone, endothelial function,
platelet aggregation, cardiac myocyte contraction and excitation–contraction coupling,
and many other properties. NOS activity depends on several cofactors, including flavin
adenine dinucleotide, flavin mononucleotide, a heme group, and BH4, as well as
structural features such as a zinc–thiolate cluster. BH4 facilitates electron transfer
from reductase to oxidase NOS domains, coupling this to the conversion of arginine to
citrulline and NO generation. It also promotes and stabilizes NOS in its active homo1
dimeric form . Decreased BH4 bioavailability results in unstable NOS that becomes
physically less compact and functionally uncoupled, reducing NO-production and
enhancing the generation of superoxide. Though the ratio between “coupled” and
“uncoupled” NOS in normal or pathological disease conditions remains unclear,
uncoupling can be reversed by exogenous BH4 administration, igniting interest in
BH4 as a potential cardiovascular therapeutic. Both a reduced bioavailability of the
substrate L-arginine and the cofactor BH4 can lead to uncoupling of eNOS. However,
in in vivo settings the latter is the most prominent factor. Recoupling of eNOS
accounts for the majority of the benefits that result from BH4 administration in a model
2
of pressure overload. Moens et al. have demonstrated that administration of the
potent antioxidant Tempol (which did not recouple the uncoupled eNOS), did not had
any significant effect on remodeling, except on myocyte dimensions (but still less than
the effect of BH4 on myocyte dimensions).
However, despite encouraging experimental data, clinical translation studies
remain limited, and those reported (largely preliminary data) have been less than
encouraging. The basic science continues to drive efforts to understand the
biochemistry better, and ultimately identify a pathway to successfully adjust decreased
BH4-levels. Here, we review key background regarding BH4 chemistry and
physiology, and highlight new insights and controversies in this area of research.
1.1. Regulation of BH4 synthesis
BH4 is synthesized by one of the two pathways, de novo, or salvaged from its
oxidized forms. For de novo synthesis, the enzymes GTP cyclohydrolase (GTPCH), 63,
pyruvoyltetrahydropterin synthase and sepiapterin reductase convert GTP into BH4
4
. GTPCH is the rate limiting enzymatic step and primary regulator for new synthesis
(overview see Figure 1). GTPCH colocalizes with eNOS in caveolae, and upregulation
of one enzyme requires matching upregulation of the other in order to maintain normal
33
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5

NOS-NO synthesis . For example, eNOS overexpression in the absence of
compensating GTPCH levels leads to excessive reactive oxygen species (ROS)
5
generation by NOS rather than enhanced NO production . Salvage of BH4 from
BH2 is achieved by dihydrofolate reductase (DHFR), or by quinonoid dihydrobiopterin
through dihydropteridine reductase (DHPR). DHFR is mainly involved in folate
metabolism but also converts inactive BH2 back to BH4 and plays an important role in
the metabolism of exogenously administered BH4. A study in bovine aortic endothelial
cell (BAEC) culture showed that angiotensin II (AT2) downregulates DHFR expression
via endothelial NADPH-oxidase-derived H2O2, resulting in reduced NO production due
6
to BH4 deficiency and the uncoupling of eNOS . Overexpression of DHFR restores all
6
of these abnormalities . Seujange et al. demonstrated that renal ischemia/reperfusion
injury significantly reduced renal DHFR mRNA and protein levels which were restored
7
by administration of ACE-inhibitor or AT2 receptor type 1 blocker (ARB) .

Figure 1. Biosynthesis of BH4
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1.2. NOS uncoupling
The stoichiometry of intracellular BH4/eNOS interactions (or for that matter
BH4 with other NOS isoforms) remains poorly defined, making it unclear whether
intracellular BH4 deficiency alone is sufficient to induce eNOS uncoupling. Crabtree et
8
al. found that the ratio of BH4:BH2 and absolute molar concentration of BH4 are the
key determinants of eNOS coupling in vivo. Furthermore, they showed that
eNOS:BH4 ratio and biopterin redox status are responsible for determining the degree
of eNOS coupling even in the absence of vascular disease or oxidative stress. The
degree of BH4 oxidation, BH2 accumulation, and superoxide production directly
correlated with intracellular eNOS:BH4 ratio. BH4 can have substantial effects on the
levels of cellular reactive oxygen species production through mechanisms
independent of eNOS, such as direct reactive oxygen species scavenging. This
suggests that general antioxidant properties of BH4 act in direct scavenging of
superoxide and maintenance of intracellular redox balance. Moreover, they
demonstrate that eNOS-dependent superoxide production occurs in addition to basal
superoxide formation overwhelming antioxidant defenses. This is surprising as
5
superoxide reacts with BH4 in vitro with a rate constant >10,000-fold slower (3.9×10
−1 −1
9
−1 −1 9, 10
mol l s ) than its near diffusion limited reaction with NO (6.7×10 mol l s )
.
The role of BH2 in the pathogenesis of eNOS uncoupling has recently been
elucidated. Before, BH2 was described as an inactive and oxidized form of BH4.
Because the Km of BH4 and BH2 for eNOS are similar (∼80 nm), earlier studies
speculated that BH2 competed with BH4 for eNOS binding, thus promoting NOS
−
11
uncoupling and O2 production . This was recently shown, and the fall in
BH4:BH2 ratio, rather than decline in absolute BH4, determined NO and
−
12
O2 production by eNOS . Thus, strategies to augment BH4 while suppressing BH2
may be required to optimally achieve therapeutic benefit.
Although GTPCH is the key regulator of the total amount of intracellular
biopterins, DHFR is critical to eNOS function as it determines BH4:BH2 ratio and thus
eNOS coupling. In particular, DHFR is important in preventing “self-propagated” eNOS
uncoupling where there are low total biopterin levels, and eNOS-dependent oxidation
13
of BH4 that would further exacerbate this state can be rescued by DHFR . Inhibition
of DHFR activity or reduction of DHFR protein (by methotrexate or DHFR-specific
siRNA, respectively) resulted in BH4 oxidation to BH2, reducing NO generation and
−
increasing eNOS-derived O2 . This was particularly effective if BH4 was reduced.
14
Sugiyama et al. showed in BAEC that while GTPCH knockdown reduced overall
biopterin levels, lowering eNOS-NO synthesis, it did not enhance superoxide
production. In contrast, DHFR knockdown yielded a marked increase in BH2, though
no substantial effect on total biopterin, reducing NO generation while greatly
35
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enhancing ROS production. These data suggest that decreased NO production and
increased ROS production are not intrinsically linked by BH4 depletion. Even if
BH4 levels are lowered to the point of uncoupling NO synthesis, BH2 appears
necessary to observe eNOS-dependent H2O2 synthesis. Taken together, these data
imply that BH2 plays a key role in generating ROS from eNOS in cultured endothelial
cells, and the ratio of BH4:BH2, rather than the absolute concentrations is the critical
determinant.
Recently, it was suggested that BH4 also has a role in mediating cardiac
mitochondrial NOS (mtNOS), though the exact identification of a mtNOS species
remains controversial. Using permeabilized cat ventricular myocytes, Dedkova et al.
showed that BH4 reduced mitochondrial ROS generation and mitochondrial
15
permeability transition pore opening while increasing mitochondrial NO generation .
1.3. BH4 and vascular pathophysiology
Endothelial dysfunction is defined by inability of endothelium to maintain
vascular tone, increased platelet activation, leukocyte adhesion, and smooth muscle
5
proliferation; and all can be linked to inadequate NO generation . Patients with
diabetes, heart failure, and hypertension, each conditions with excessive endothelial
ROS,
exhibit
improved
endothelium-dependent
vasodilation
after
16
BH4 supplementation compared with general antioxidants. In smokers, endothelial
dysfunction is partially due to increased lipid peroxidation and the increased formation
of oxidized low-density lipoprotein (oxLDL). OxLDL inhibits the Akt survival pathways
17-19
attenuating eNOS activity
. One study showed that cigarette smoke extract
20
reduced eNOS activity in a concentration-dependent fashion due to BH4 depletion,
21
possibly from BH4 oxidation . Human studies have shown that BH4 administration
20
via intra-arterial infusion at a dose of 500 μg/min for 30 min , or oral administration of
22
sapropterin hydrochloride at a dose of 2 mg/kg , improves endothelial dependent
relaxation in smokers. Administration of BH4 has also been described to eliminate
accelerated atherosclerosis by recoupling eNOS in atherogenic apoE-deficient mice
23
.
Hyper-homocysteinemia has been emerged as an independent risk factor for
atherosclerosis and vascular disease. Homocysteine diminishes the bioavailability of
BH4 in vitro, and incubation of human umbilical vein endothelial cells with
BH4 attenuates homocysteine-induced altered NOS activity and increased superoxide
24
production .
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Intra-arterial BH4 improves endothelial dysfunction in patients with
25
hypercholesterolemia . Cosentino et al. tested chronic oral BH4 (400 mg bid x4
weeks) showing its reversed endothelial dysfunction and oxidative stress in
hypercholesterolaemia. Hph-1 mice that have 90% deficiency in GTPCH develop
26, 27
28
hypertension
and accelerated atherosclerosis , and this can be ameliorated by
29
exogenous BH4 administration .
NOS is activated by shear stress, and recent studies have shown that
30, 31
BH4 biosynthesis is commensurately upregulated by this mechanical stimulation
.
Li et al. revealed a mechanism for this response, showing that laminar shear caused
dissociation of GTPCH from its inhibitory co-protein GFRP, and promoted GTPCH
31, 32
activation by phosphorylation via casein kinase2 (CK2)
, resulting in enhanced
32
NO generation . Oscillatory shear stress that generated no net shear had no impact
on GTPCH-GFRP association, preventing GTPCH phosphorylation and leading to
31, 32
relatively reduced BH4 levels
.
Angiotensin (AT) type 1 receptor blockade improves eNOS coupling and
33
reduces ROS production , while AT2 itself stimulates hypertension in part by ROS
−
6
generation via eNOS derived O2 production , an effect suppressed by administration
of BH4. Endothelial NADPH oxidase-derived H2O2 downregulates DHFR expression
6
that can impact BH2 levels, worsening eNOS uncoupling . Recently, Xu et al.
34
found BH4 levels declined in endothelial cells after exposure to low concentrations
of AT2, associated with tyrosine nitration of PA700 and accelerated GTPCH
degradation.
Compared to the normotensive controls, spontaneous hypertensive rats have
35, 36
reduced plasma BH4 levels
, and BH4 administration blunts the development of
hypertension, improving endothelial function by increasing eNOS NO versus
−
O2 formation. In a low renin hypertension model, the DOCA-salt mouse, increased
NADPH oxidase-derived superoxide was linked to increased BH4 oxidation, and oral
BH4 supplementation reversed eNOS uncoupling and blunted hypertension. This did
not occur in controls, showing how BH4 might have vasodilating efficacy but only if
37
eNOS uncoupling was present . This could impact translation to patients, since the
diagnosis of eNOS uncoupling is difficult, so identifying responsive patients may be
tricky. An overview of all relevant preclinical studies (vascular and myocardial
dysfunction) and clinical trial is given in Table 1 and 2.
2. BH4 and cardiac pathophysiology
While the role of BH4 and NOS uncoupling in the vasculature was well
established, as recently as 2005, little was known as to its relevance for myocardial
38
remodeling and dysfunction in heart disease. Takimoto et al.
first revealed that
37
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eNOS was indeed an important source of myocardial ROS in a mouse model of
pressure overload-induced by transverse aorta constriction. Mice developed
myocardial and myocyte hypertrophy, interstitial fibrosis, and eventually cardiac
dilatation and dysfunction. These changes occurred with concomitant oxidative stress
generated largely and perhaps surprisingly from eNOS uncoupling. BH4 levels
declined along with NOS-derived NO in hypertrophied myocardium. Mice lacking
eNOS actually did better, with little oxidative stress and associated chamber dilation.
Administration of BH4 to control mice improved the outcome, whereas this did not
occur by administering the equally anti-oxidative yet non-NOS interactive
tetrahydroneopterin. Moens et al. subsequently performed a more clinical translational
study, showing that BH4 reversed hypertrophy, fibrosis, and chamber dysfunction, and
suppressed myocardial ROS in mice in which pressure overload remodeling was
2
39
already well established . More recently, Silberman et al.
reported that eNOS
uncoupling may have a pathogenetic role in the diastolic dysfunction in mice with mild
hypertension. This was ameliorated by BH4. Many heart failure patients have
hypertrophy and diastolic dysfunction despite an apparently normal EF, and this study
proposed BH4 as a potential treatment.
NOS uncoupling and altered BH4 biology have been identified as contributors
to cardiac ischemia/reperfusion injury, though the focus has primarily been on
vascular more than myocardial effects. Chronic BH4 improved functional recovery
after global ischemia/reperfusion by preventing coronary endothelial dysfunction,
decreasing malondialdehyde (MDA), a product of lipid peroxidation and index of tissue
40
injury , restoring NOS-NO production and improving postischemic recovery of NOS41
dependent coronary flow . Other studies have shown BH4 improved contractile and
42, 43
metabolic abnormalities
post reperfusion, and reduced polymorphonuclear cell
adhesion and tissue infiltration possibly by inhibiting inter-cellular adhesion molecule-1
44, 45
expression
. The role of NOS uncoupling in ischemic myocardium itself has not yet
been clarified to date.
2.1. Is there translational potential for BH4?
As already noted, many small clinical trials have appeared supporting benefits
of BH4 treatment in disorders involving vascular and in particular endothelial disease
46
. With the development of synthetic sapropterin hydrochloride (6R-BH4, Kuvan®),
larger trials were feasible with an FDA approved formulation, and hope was that
similar efficacy would be observed. 6R-BH4 was studied in a number of phase I–II
clinical trials for diseases including arterial (NCT00325962, concluded 2008) and
pulmonary hypertension (NCT00435331, recruitment stopped in 4/09, no data
reported), endothelial dysfunction (NCT00532844, study completed, data
unpublished), peripheral vascular disease (NCT00403494, competed 1/09) and sickle
38
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cell disease (NCT00445978, completed 6/09). The results were disappointing, not
because they revealed adverse effects, but for their lack of efficacy. There has been
47
some evidence of improved endothelial function in sickle cell patients , though the
primary goal of reducing episodes of sickle cell crisis was unaltered. Given this history,
clinical assessment of this particular compound for cardiovascular indications appears
to have come to a halt.
What happened? There are many reasons by which one could hypothesize
that administering excess oral BH4 might not be effective. If the stoichiometry with
NOS isoforms has to be just right, too much might activate constitutive NOS (iNOS) in
settings of inflammation, exacerbating pathophysiology. This has been observed in
ischemic brain injury, where BH4 levels, GTPCH activity, and iNOS activity rise within
24 h due to action of proinflammatory cytokines, resulting in excessive NO production,
48
increased peroxynitrite, and neuronal damage . The human pathology is far less
clean and uniform than that generated in animal models. Secondly, the relationship
between plasma and target tissue BH4 levels remains unclear. BH2 can be more
49
efficiently transported into cells over BH4, but must then be recycled back to BH4 .
Oral BH4 is likely oxidized and must be re-reduced, so this biochemistry becomes very
important for the net result. Some efforts have been made to enhance this rereduction process by combining BH4 with anti-oxidants such as vitamin C, though
evidence for clinical efficacy of this combination remains lacking. Recently, Suckling et
50
al.
revealed a novel BH4 analog 6-acetyl-7,7-dimethyl-5,6,7,8-tetrahydropterin
(ADDP), a stable compound soluble in both polar and organic solvents. ADDP can
diffuse from the plasma, across cell membranes, and cause vasodilatation by
stimulating eNOS activity. This may provide another avenue for clinical translation.
In addition, the bioavailability of BH4 can be increased on several ways.
Statins have been described to increase BH4 levels in vascular endothelial cells by
potentiating GTPCH gene expression and BH4 synthesis, thereby increasing NO
51
production and preventing relative shortages of BH4 . Another way to increase the
bioavailability of BH4 in the vasculature has been the administration of folic acid. Folic
acid increases the bioavailability of BH4 by (i) ameliorating the binding affinity of
BH4 to eNOS, (ii) enhancing the regeneration of BH4 from the inactive form BH2 and
52
53
(iii) chemically stabilizing BH4 . Furthermore Hyndman et al. demonstrated that 5MTHF is capable of binding the active site of nitric oxide synthase and mimicking the
orientation of tetrahydrobiopterin.
While the actual preclinical studies regarding the effect of BH4 on myocardial
and endothelial dysfunction are promising, some extra topics need to be investigated
before extrapolation to the clinic takes place. There is a need to determine the dose–
response relation between BH4 and its effect on superoxide generation in a model of
39

2 I Targeting cardiovascular dysfunction with BH4

heart failure because of the tight stoichiometric relation between eNOS and BH4, with
possible subsequent uncoupling. In addition, the uptake of BH4 and other eNOS
modulators by myocytes of the failing or ischemic heart needs to be explored.
3. Summary
The biochemistry, molecular biology, and experimental translational evidence
supporting an important role of BH4 to heart and vascular health by means of
stabilizing NOS function and suppressing NOS-derived ROS seem compelling. Yet,
the data also point to potential pitfalls that could easily limit the efficacy of this
approach in clinical diseases. Most importantly, the instability of BH4 and thus likely
requirement for robust intracellular re-reduction and the likely loss of benefit if this is
not done just right, may have stymied recent efforts to test the translatability of
BH4 supplementation for clinical disease. Whether alternative forms that cannot be
oxidized, and/or are not dependent upon other enzyme systems to maintain stability
can be generated and would work better is a question that remains open.
A major advantage is the fact that BH4 is already FDA approved as a
therapeutic for the metabolic disorder phenylketonuria (PKU), a deficiency of
phenylalanine hydroxylase that can be partially offset to by providing excessive BH4.
Sapropterin dihydrochloride (Kuvan®, BioMarin, Tiburon, CA) is the synthetic version
of BH4 that is currently used to treat PKU patients, and in many, the therapy lowers
blood phenylalanine levels independent of dietary intake.
Given the many impressive results of BH4 as a new therapeutic strategy to
tackle myocardial and endothelial dysfunction, one would hope that such efforts will
continue, and some ultimate translational potential will be realized.
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Table 1. Overview of major vascular and myocardial preclinical in vivo studies with BH4.
Model
Vascular
dysfunction

apoE-KO/eNOS-Tg mice

Hph-1 mice

Myocardial
dysfunction

Major finding

Reference

BH4 reduced atherosclerotic lesion
size by improvement of eNOS
dysfunction apoE-KO/eNOS-Tg mice.

23

In vivo BH4 deficiency facilitates
neointimal formation after wireinduced femoral artery injury. BH4
prevented vascular injury-induced
increase in neointimal formation

Spontaneously
hypertensive rats

BH4 blunts oxidative stress

Deoxycorticosterone
acetate-salt (DOCA-salt)
hypertension-mice

Increased NADPH oxidase-derived
superoxide was linked to increased
BH4 oxidation and BH4
supplementation reversed eNOS
uncoupling and blunted hypertension

Mice with de novo
pressure overload

Uncoupling of eNOS due to
decreased BH4 bioavailability is a
major cause of ROS-generation in
pressure overload- induced heart
failure. Administration of BH4 from the
start of pressure overload blocks the
onset of ventricular remodeling

Mice with pre-existing
pressure overload induced heart failure

Administration of BH4 recouples the
uncoupled eNOS and reverses preexisting heart failure

Cardiopulmonary bypass
(dog)

Application of BH4 improves
myocardial, endothelial and
pulmonary function after
cardiopulmonary bypass with
hypothermic cardiac arrest

54

5

37

38

2

55

41

2 I Targeting cardiovascular dysfunction with BH4
Table 2. Overview of relevant cardiovascular clinical trials with BH4-analogs.
Cardiovascular
disease

Dosage of BH4

Outcome

Reference

Hypertension

Oral 5 mg/kg, twice daily,
eight-weeks

Not statistically
significant drop of
6.4 mm Hg in
patients' SBP

2008, BioMarin
Pharmaceutical
NCT00325962

Pulmonary Arterial
Hypertension

2.5 mg/kg/day for two
weeks, 5 mg/kg/day for
two weeks, 10 mg/kg/day
for four weeks, then 20
mg/kg/day for two days

n/a

Ongoing Vanderbilt
University, The
National Institutes of
Health, GCRC&
BioMarin
Pharmaceutical
NCT00435331

Endothelial Dysfunction

5 mg/kg oral, BID 13.5
days

Not significant.

2009, BioMarin
Pharmaceutical
NCT00532844

Sickle Cell Disease

16-week dose escalation
phase oral, every 4 weeks
as follows: 2.5, 5, 10(oncedaily), and 20
mg/kg/day(twice-daily),
continue in an optional
extension phase at the
highest tolerated dose for
up to a total of 2 years

Improvement of
endothelial function

2009, BioMarin
Pharmaceutical
NCT00445978

Peripheral Arterial
Disease

400 mg oral, BID 24 weeks

Not significant.

2009, BioMarin
Pharmaceutical
NCT00403494
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Abstract
Endothelial nitric oxide synthase (eNOS) serves as a critical enzyme in
maintaining vascular pressure by producing nitric oxide (NO); hence, it has a crucial
role in the regulation of endothelial function. The bioavailability of eNOS-derived NO is
crucial for this function and might be affected at multiple levels. Uncoupling of eNOS,
with subsequently less NO and more superoxide generation, is one of the major
underlying causes of endothelial dysfunction found in atherosclerosis, diabetes,
hypertension, cigarette smoking, hyperhomocysteinemia, and ischemia/reperfusion
injury. Therefore, modulating eNOS uncoupling by stabilizing eNOS activity,
enhancing its substrate, cofactors, and transcription, and reversing uncoupled eNOS
are attractive therapeutic approaches to improve endothelial function. This review
provides an extensive overview of the important role of eNOS uncoupling in the
pathogenesis of endothelial dysfunction and the potential therapeutic interventions to
modulate eNOS for tackling endothelial dysfunction.
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Introduction
The endothelial layer of blood vessels is critical to vascular and myocardial
health and plays an important role in the pathophysiology of hypertension and
myocardial ischemia. It regulates the release of 1) endothelium-induced relaxing
factors such as nitric oxide (NO) and endothelium-derived hyperpolarization factor
(EDHF), 2) endothelium-derived contracting factors such as endothelin-1 and
angiotensin, and 3) proinflamatory prothombolytic and 4) growth factors. Endothelial
dysfunction is characterized by an impaired release of the aforementioned and has
been defined as a blunting of the vasodilatory response to acetylcholine or hyperemia,
both of which are known to produce NO-dependent vasodilatation. Disruption of the
endothelium triggers a number of signaling cascades that converge on medial smooth
muscle cells, which stimulates cell proliferation and migration and leads to
1
pathological repair and development of neointimal hyperplasia . Endothelial
2
dysfunction causes NO deficiency , which has been implicated in the underlying
pathology of many cardiovascular diseases.
Endothelial nitric oxide synthase (eNOS) is the critical enzyme in the
maintenance of vascular pressure by producing NO, a volatile gas that diffuses to the
adjacent vascular smooth muscle. NO has a physiological role in the regulation of
vascular tone, synaptic transmission, and cellular defense. In addition, it plays a major
3
role in the relaxation of smooth muscle surrounding the arterioles and maintaining
4
vascular function by inhibition of vasoconstriction , platelet aggregation, leukocyte
adhesion, and cell proliferation through the cGMP-dependent downstream signaling
5
cascade. Moreover, NO limits oxidative phosphorylation in mitochondria . NO
functions not only as a physiological regulator of cell respiration but also augments the
generation of mitochondria-derived reactive oxygen species (ROS). The majority of
ROS generation in the vasculature is derived from NADPH oxidases (NOX) and eNOS
uncoupling. The latter takes place when oxidative stress oxidizes the fragile eNOS
cofactor tetrahydrobiopterin (BH4).
This review gives an extensive overview of the role of eNOS uncoupling in the
pathogenesis of endothelial dysfunction and how modulating eNOS uncoupling can
tackle endothelial dysfunction.
Molecular Mechanism of eNOS Uncoupling
Evidence has shown that eNOS uncoupling is the underlying cause of
endothelial dysfunction in animal experiments such as deoxycorticosterone acetate
6
7
(DOCA)-salt hypertension , angiotensin II-induced hypertension , myocardial
8
9
ischemia/reperfusion (I/R) injury , streptozotocin (STZ)-induced diabetes , as well as
51
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11

essential hypertension
and hypertension-induced heart failure . Importantly,
uncoupling of eNOS in the pathogenesis of endothelial dysfunction in vascular disease
states has been linked to the decrease of BH4 bioavailability due to enhanced
oxidation of BH4. As an essential cofactor, BH4 is necessary for optimal eNOS activity
12
. It facilitates NADPH-derived electron transferring from the eNOS reductase to the
oxygenase domain to convert L-arginine to NO and L-citrulline. When BH4 levels are
inadequate, eNOS becomes unstable and uncoupled, leading to subsequently less
NO production and more superoxide generation. Moreover, the interaction between
NO and superoxide leads to the formation of peroxynitrite, a potent oxidant, which
13
further oxidizes BH4 .
BH4 is synthesized by the de novo or the salvage pathway. Through de novo
pathway, BH4 is generated from guanosine-5′-triphosphate (GTP) via the rate-limiting
enzyme GTP cyclohydrolase (GTPCH), 6-pyruvoyltetrahydropterin synthase, and
14, 15
sepiapterin reductase
. In the salvage pathway, BH4 is regenerated by its
oxidized form 7,8-dihydrobiopterin (BH2) via dihydrofolate reductase (DHFR) or
15, 16
quinonoid dihydrobiopterin (qBH2) through dihydropteridine reductase (DHPR)
.
Interestingly, BH2 can promote eNOS uncoupling because BH2, which has no eNOS
17
cofactor property, can competitively replace eNOS-bound BH4 . In addition, the
relative abundance of eNOS vs. BH4, together with the intracellular BH4:BH2 ratio,
rather than absolute concentrations of BH4, is the key determinant of eNOS
18
19
uncoupling . Recently, Crabtree et al. demonstrated in BH4 deficiency hph-1 mice
that DHFR plays a vital role in regulating the BH4:BH2 ratio and eNOS coupling in
vivo, particularly when total biopterin availability is diminished.
The bioavailability of NO produced by eNOS might be affected at multiple
levels, including 1) eNOS mRNA or protein expression, 2) availability of its
substrate L-arginine, which might be competed by asymmetric dimethylarginine
(ADMA), 3) availability of its cofactors, 4) protein-protein interaction such as caveolin-1
(cav-1) and heat shock protein 90 (Hsp90), 5) posttransitional modifications, and 6)
reaction of NO with superoxide to yield peroxynitrite, which further reduce the
20
bioavailability of BH4
. Although many studies have shown that eNOS
overexpression generates vasoprotective effects by increasing endothelium-derived
21, 22
NO
, the expression of eNOS protein in endothelial dysfunction remains at normal
3
or even, in some cases, increased levels . Indeed, elevated eNOS expression without
further increase in BH4 levels, results in eNOS uncoupling because of the enzyme
23
cofactor imbalance
(see Figure 1).
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Figure 1. Central role of endothelial NO synthase (eNOS) uncoupling in the pathogenesis of
endothelial dysfunction.
eNOS is localized at the plasma membrane caveolae. In endothelial cells, eNOS is inactive when it is
bonded with caveolin 1 (cav-1). When it becomes active, eNOS disassociates from cav-1 and binds with
calmodulin (CAM) and heat shock protein 90 (Hsp90) and together with phosphorylation of serine sites
(e.g., Ser1177). The functional eNOS protein is a dimer (so-called coupled eNOS). Tetrahydrobiopterin
(BH4), an essential cofactor of eNOS, is necessary for optimal eNOS activity. BH4 facilitates NADPHderived electron transferring from the eNOS reductase to the oxygenase domain to convert L-arginine to
NO and L-citrulline. NO plays a major role in relaxation of smooth muscle surrounding arterioles and
maintaining vascular function by inhibition of vasoconstriction, platelet aggregation, leukocyte adhesion,
and cell proliferation through the cGMP-dependent downstream signaling cascade. Interaction between Larginine and asymmetric dimethylarginine (ADMA; endogenous competitive inhibitor of NOS) is likely direct
competition for eNOS. When availability of L-arginine or BH4 levels are inadequate, eNOS becomes
unstable and uncoupled, leading to subsequently less NO production and more superoxide generation.
Moreover, interaction between NO and superoxide leads to formation of peroxynitrite, a potent oxidant,
which further oxidizes BH4, resulting in eNOS uncoupling as a vicious cycle, with subsequent endothelial
dysfunction. Outside arrows indicate adjacent endothelial cells.
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The availability of the substrate L-arginine is required as the nitrogen donor for
eNOS-derived NO. Although it is unlikely that plasma L-arginine levels would drop
below the concentrations required for eNOS activity, decreased intracellular L-arginine
caused by arginase may also lead to eNOS uncoupling. The expression of arginase in
24
endothelial cells (EC) can compete with eNOS for their common substrate and
25
downregulate eNOS activity . Furthermore, studies show that oxidized low-density
lipoprotein (oxLDL) is able to reduce endothelial L-arginine uptake, resulting in
26
decreased local L-arginine and eNOS uncoupling . In addition, endogenous ADMA
levels, a derivative of L-arginine, can act to competitively inhibit eNOS. The elevated
levels of plasma ADMA are associated with oxidative stress within the vascular and
27, 28
development of endothelial dysfunction and cardiovascular diseases
.
Atherosclerosis-Induced eNOS Uncoupling
Endothelial dysfunction is considered to be an early marker for
atherosclerosis, preceding angiographic or ultrasonic evidence of atherosclerotic
29
plaque formation . Atherosclerosis starts with an innate immune response involving
the recruitment and activation of monocytes/macrophages that respond to an
excessive accumulation of modified lipids within the arterial wall, followed by an
30
31
adaptive immune response . Wilcox et al. demonstrated that atherosclerosis is
associated with enhanced expression of all forms of NOS in the intima and adventitia.
Furthermore, NOS-derived NO plays a dual role, as both anti- and proatherosclerotic
effects are based on the course of disease progression.
Endothelium-dependent vascular relaxation is impaired both in cholesterol-fed
32
33
mice and in isolated human coronary arteries , and this impairment is correlated
34
35, 36
37, 38
with the degree of atherosclerosis . Administration of L-arginine
or BH4
attenuates atherosclerotic lesion progression, whereas administration of NOS
39
inhibitors blocks this protective effect , signifying a direct link between NO and
−/−
atherosclerosis lesion formation. Recently, using an apoE model of rapid
40
atherosclerotic lesion formation after partial carotid ligation, Li et al. demonstrated
that NOS uncoupling and BH4 deficiency contribute to the vascular inflammation and
abnormal cytokine milieu induced by disturbed flow without affecting systemic immune
cell numbers.
−/−

In apoE mice, aortic superoxide production is diminished after administration
of the NOS inhibitor L-NAME, suggesting that NOS is an important source of
41, 42
superoxide in this model
. In addition, BH4 deficiency is likely the major cause of
−/−
eNOS uncoupling in atherosclerosis. apoE mice overexpressing eNOS
−/−
(apoE /eNOS-Tg) showed eNOS dysfunction demonstrated by a decrease in NO
production relative to eNOS expression, a marked reduction in vascular BH4, and an
increase in superoxide formation, resulting in an acceleration of atherosclerotic lesion
54
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−1

−1

−/−

formation . In addition, oral BH4 administration (10 mg·kg ·day ) to apoE /eNOSTg mice reduced the formation of atherosclerotic lesion and vascular superoxide and
43
increased eNOS-derived NO , indicating that the increase in eNOS expression
alone, but not together with vascular BH4 levels, may result in eNOS uncoupling due
23
to the stoichiometric relationships between endothelial BH4 and NOS activity . On
−/−
the other hand, overexpression of GTPCH in apoE /GTPCH-Tg mice is able to
decrease endothelial superoxide production, increase aortic BH4 levels, and recouple
eNOS. As a result, these double transgenic mice showed a significant decrease in
−/−
41
44
aortic root atherosclerotic plaque compared with apoE controls . Takaya et al.
demonstrated that, in the triple transgenic mice of eNOS- and GTPCH-overexpressing
−/−
−/−
in apoE (apoE /eNOS-Tg/GTPCH-Tg), increases in vascular BH4 levels are
associated with decreased eNOS-dependent superoxide production and results in
reduced atherosclerotic plaque area. This study indicates that eNOS-derived
superoxide plays a crucial role in atherosclerosis and that upregulation of GTPCH is
able to restore eNOS function.
Elevated levels of C-reactive protein (CRP), a proinflammatory marker, have
been also associated with atherosclerosis. Many data are evolving to suggest that
45, 46
CRP also promotes atherothrombosis
. Interestingly, studies in human endothelial
cells showed that CRP, a proinflammatory marker, caused downregulation of eNOS
47, 48
activity and NO bioavailability
. Moreover, expression of human CRP in transgenic
49-51
52
mice resulted in decreased eNOS activity
. Singh et al. demonstrated in human
aortic endothelial cells (HAEC) that CRP inhibited GTPCH and stimulated NOX,
leading to a decrease in BH4 and an increase in ROS levels. These resulted in
uncoupling of eNOS and decreased eNOS activity, which was associated with
1177
decreased phosphorylation of Ser
and decreased eNOS binding to Hsp90.
In healthy vasculatures, eNOS-derived NO prevents oxidative modification of
53
low-density lipoprotein (LDL) . However, under oxidative stress, LDL is initially
54, 55
oxidized at the endothelial walls
. oxLDL has been known to indicate initiate the
56, 57
pathogenesis of atherosclerosis
. Moreover, oxLDL is also a potent inducer of
58
superoxide; hence, it is a cause of oxidative stress . oxLDL increases synthesis of
59
60-62
caveolin-1 (cav-1)
and inhibits the Akt survival pathways
attenuating eNOS
activity with subsequent decreases in NO bioavailability.
During the inflammatory process in atherosclerosis, inducible NOS (iNOS) in
endothelial cells and macrophages is upregulated and produces excessive amount of
63
−/−
NO . Deletion of iNOS decreases plaque development in apoE mice, indicating
64
that iNOS does have proatherogenic effects . In addition, studies indicate that
neuronal NOS (nNOS) also plays a role in protecting atherosclerotic plaque
65, 66
development in animal models
. This NOS isoform is upregulated in smooth
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muscle cells, macrophages, and endothelial cells in both early and advanced human
31
67
atherosclerotic lesions . Recently, Seddon et al. demonstrated in healthy humans
that nNOS-derived NO is important for the control of blood pressure via regulation of
basal vascular tone and blood flow, yet there are no data to indicate nNOS uncoupling
is involved with atherosclerosis.
Diabetes Mellitus-Induced eNOS Uncoupling
Evidence indicates that endothelial dysfunction could play an initial and
ultimately crucial role in the development of macrovascular and microvascular
68
complications caused by diabetes mellitus (DM) in human and animal models of DM
. Under hyperglycemic conditions, a hallmark of diabetes, eNOS-derived NO capacity
69
is diminished
. In vitro experiments have shown that protein kinase C (PKC)70
mediated phosphorylation of eNOS protein may elicit the enzyme catalytic activity .
71
Stimulation of endothelial cells with phorbol esters, direct activators of PKC , or
72
glucose
elevates the expression of eNOS. Glucose also greatly enhances
72
endothelial superoxide production , leading to increased vascular formation of the
73
NO/superoxide reaction product peroxynitrite , which further promotes BH4
74
oxidation, with subsequent enhanced eNOS uncoupling .
Insulin is an essential hormone of metabolic homeostasis that has vasodilator
75
action via PI3K/Akt pathway-dependent eNOS activation . In addition to the PI3K/Akt
pathway, insulin can modulate eNOS activity by increasing BH4 synthesis via
76
activation of GTPCH. Shinozaki et al. have demonstrated that the GTPCH activity is
significantly decreased in a rat model of insulin resistance, which leads to attenuation
of endothelial BH4 levels and substantial increased BH2 levels, resulting in
impairment of endothelium-dependent vasodilatation. Alteration of insulin-mediated
vasodilation has been associated with vascular insulin resistance, which is implicated
in arterial hypertension and endothelial dysfunction. eNOS-derived NO regulates
77
78
blood flow to insulin-sensitive tissues, including skeletal muscle , liver , and
77
adipose tissue , and its activity is impaired in insulin-resistant individuals. An
increasing body of evidence has shown the role of eNOS in regulating tissue
sensitivity to insulin. An increase in systemic insulin resistance has been
−/−
79,
demonstrated in eNOS mice that received a hyperinsulinemic euglycemic clamp
80
. Furthermore, a study in normotensive and nondiabetic individuals demonstrated
that insulin resistance, measured by insulin-mediated glucose disposal, significantly
correlated with increased plasma levels of ADMA, a potent endogenous NOS inhibitor
81
. It was been demonstrated that NOS inhibition impaired microvascular recruitment
82
and blunted muscle glucose uptake in response to insulin indicating that eNOS
plays a major role in the regulation of insulin sensitivity. Interestingly, an increase in
eNOS expression is not always beneficial. It was demonstrated in Goto-Kakizaki rats,
56
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a model of insulin resistance, that elevated eNOS expression in aortic tissue was
associated with increased superoxide production and decreased NO bioavailability.
Incubation with L-NAME or deendothelialization of the aortic segments significantly
decreased superoxide production.
Increased superoxide production in diabetes is not restricted to EC and is
83
demonstrably enhanced in the smooth muscle layer . Interestingly, adenoviral
transfection of eNOS to diabetic vessels improved endothelial-dependent relaxation
without altering superoxide production of vascular smooth muscle cells, an
observation that may point to an important contribution of an impaired NOS function to
endothelial dysfunction in diabetes.
Importantly, downregulation of DHFR has been observed in aortas of STZ84
induced diabetic mice . As a key enzyme responsible for salvaging BH4, DHFR
downregulation can result in BH4 deficiency and BH2 accumulation, both of which
17
worsen eNOS uncoupling. Crabtree et al.
has demonstrated in hyperglycemic
models of murine endothelial cells that eNOS uncoupling is due to the accumulation of
BH2 in these cells. In addition, BH2 replaces BH4-eNOS binding and, hence, directly
suppresses eNOS activity. This indicates that BH2-eNOS assembly does have a key
role in the pathogenesis of diabetic vasculopathies. In STZ-diabetic rats,
hyperglycemia-induced oxidative stress impairs the ability of dimethylarginine
dimethylaminohydrolase (DDAH) to metabolize ADMA, leading to an elevation of
85
ADMA and inhibition of endothelium-derived synthesis of NO .
86

Leo et al.
demonstrated in diabetic rats that hyperglycemia increased
superoxide production, causing endothelial dysfunction, which was due to the
impairment of both NO and EDHF-type relaxation. However, the degree of impairment
in NO activity appears to be greater than the reduction in EDHF activity, as EDHF is
able to elicit maximum relaxation when NO is inhibited, suggesting that NO is more
susceptible to impairment by diabetes. Recent studies showed that attenuation of
87
eNOS-derived NO in insulin-resistant C57BL/KsJ (diabetic, +db/+db) mice and rat
88
models of type 1 and type 2 DM could be due to an impairment of eNOS activity
through the augmented cav-1 expression, which further indicates that cav-1 plays an
important role in cardiovascular complications in both types of diabetes.
89

Recently, Jo et al. demonstrated in STZ-induced diabetic cardiomyopathy in
−/−
−/−
eNOS , iNOS , nNOS , and WT mice that iNOS uncoupling plays a major role in
the pathophysiology of the diabetic heart. Although the oxidative/nitrosative stress
markers, i.e., malondialdehyde (MDA), 4-hydroxynoneal (HNE), and nitrotyrosine (NT)
are augmented in the diabetic mouse heart, this increase in oxidative/nitrosative stress
−/−
was significantly repressed in the iNOS diabetic mouse heart. Importantly, oral
−1
−1
administration of sepiapterin, a precursor of BH4 (10 mg·kg ·day for 14 days)
57
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significantly increases myocardial BH4 in the control and diabetic hearts. However, a
significant increase in the ratio BH4:BH2 is observed only in the diabetic heart and is
associated with the inhibition of uncoupling NOS, resulting in increasing iNOS-derived
NO. Intriguingly, the absence of the increase in BH2 in the diabetic heart by
administration of sepiapterin suggests that the salvage pathway of BH4 synthesis
through DHFR is more activated in the diabetic heart than in the control heart. These
findings may provide an important therapeutic implication in the treatment of NOS
uncoupling-induced cardiovascular dysfunction by potentiating the salvage pathway of
BH4 synthesis by sepiapterin administration. Furthermore, hyperglycemia significantly
90, 91
elicits the expression of iNOS both in in vitro
and in vivo diabetic embryopathy
mouse models associated with increased protein nitrosylation and enhanced NO and
superoxide production, resulting in excess production of peroxynitrite, which
stimulates the apoptosis pathway via c-Jun NH2-terminal kinase1/2 (JNK1/2)
91
activation . Presently, no evidence demonstrates uncoupling of nNOS in DM.
Hypertension-Induced eNOS Uncoupling
It is broadly recognized that ROS contribute to the pathogenesis of
hypertension. Increased levels of superoxide oxidize NO to peroxynitrite and
subsequently to nitrite and nitrate. This results in a loss of “bioactive” NO-mediated
vasodilatation, an increase in vasoconstriction, and subsequently an increase in
92
systemic vascular resistance . Angiotensin II is known to play a major role in the
93
initiation and progression of hypertension . It stimulates hypertension in part by ROS
7, 16
generation via eNOS uncoupling, leading to further increases in superoxide
.
Furthermore, the reduction of NO caused by eNOS uncoupling promotes salt
94
6
sensitivity and salt-induced hypertension . Landmesser et al. demonstrated in
DOCA salt hypertensive rats that uncoupled eNOS and NOX represent important
sources of increased vascular ROS production that ultimately oxidize vascular BH4. In
11
95
addition, Takimoto et al.
and Moens et al.
revealed in a mouse model of
transverse aortic constriction that eNOS uncoupling is a major source of superoxide in
the pathogenesis of de novo and established pressure overload-induced heart failure.
−/−
Compared with WT, eNOS mice showed no cardiac hypertrophy, dilatation, and
myocardial fibrosis because there was no detrimental eNOS-derived superoxide
production.
10

Higashi et al. demonstrated that BH4 augments endothelium-dependent
vasodilatation in the forearm in normotensive as well as hypertensive individuals
through the recoupling of eNOS and by increasing eNOS-derived NO production.
Moreover, studies indicate that the use of NOS inhibitors with relative specificity for
96-98
nNOS and iNOS
implicates reduced NO production by these two NOS isoforms
as possible contributors to salt-induced hypertension. Indeed, nNOS-derived NO
58
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generation in autonomic efferent nerves participates in vasodilatation, blood flow
99, 100
101
increase, and hypotension
. Silberman et al.
demonstrated in a mild
hypertensive mouse model (unilateral nephrectomy, with subcutaneous implantation
of DOCA and saline feeding) increased cardiac oxidation, decreased NOS-derived NO
generation and decreased cardiac BH4, resulting in NOS uncoupling. Interestingly,
experiments of NOS inhibitors in this study revealed that nNOS is the largest
contributor to cardiac superoxide production in diastolic dysfunction.
Smoking-Induced eNOS Uncoupling
Cigarette smoke (CS)-mediated oxidative stress downregulates eNOS levels,
leading to reduced NO production and decreased endothelium-dependent
102, 103
102
vasodilatation in endothelial cells
. Edirisinghe et al.
revealed that CSmediated downregulation of vascular endothelial growth factor receptor 2 expression
and activation results in reduction of phosphorylated eNOS and total eNOS both in
human lung microvascular endothelial cells and in mouse lungs. Decreased
expression/activation levels of eNOS in response to CS have direct implications for
endothelial functions such as cell migration, angiogenesis, and endothelium104
dependent relaxation . Importantly, deficit of BH4 bioavailability caused by ROS
scavengers in CS may lead to NOS uncoupling, at least in part, contributing to
105
endothelial dysfunction in chronic smokers . In addition, CS has been shown to
106
107
induce iNOS expression in pulmonary arteries
. Furthermore, Lowe et al.
revealed that chemicals found in aqueous cigarette smoke extracts can directly affect
eNOS by oxidizing BH4. Although both eNOS and nNOS are inhibited by cigarette
smoke extracts, BH4 reactivates eNOS but not nNOS, whereas L-arginine protects
nNOS but not eNOS. Thus, differential effects might be expected, and this may be the
basis for isoform-selective inhibition of nNOS over eNOS in penile tissue from rats
108
treated with cigarette smoke .
Homocysteine-Induced eNOS Uncoupling
Increased plasma homocysteine (Hcy) has emerged as an independent risk
109
factor for atherosclerosis and vascular disease . The pathophysiological roles of
hyperhomocysteinemia (HHcy) in endothelial dysfunction are associated with
110, 111
112
increased thrombogenicity
, increased oxidative stress , overactivation of
113
114
redox-sensitive inflammatory pathways
, and atherogenesis
. Uncoupling of
eNOS is mainly responsible for Hcy-induced oxidative stress, because Hcy activates
intracellular superoxide synthesis in human umbilical vein endothelial cells (HUVEC),
and treatment with L-NAME markedly decreases superoxide generation, indicating
115
that Hcy-induced oxidative stress is dependent mainly on NOS activity . In cultured
porcine endothelial cells incubated with Hcy, it has been described that eNOS
116
uncoupling contributes to Hcy-induced superoxide formation
. The interaction
59
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between Hcy and eNOS uncoupling can be explained in several ways. First, Hcy has
been shown to decrease L-arginine uptake in endothelial cell cultures, with a
117
subsequent uncoupling of eNOS . Second, Hcy elicits the cellular transport of Larginine without altering eNOS activity, and eNOS generates superoxide rather than
115
NO and forms peroxynitrite which later oxidizes BH4, leading to eNOS uncoupling .
Third, studies with HUVEC have revealed that Hcy induces eNOS uncoupling through
115, 118
increasing superoxide and diminishing intracellular BH4 bioavailability
.
119
Recently, He et al.
provided the first evidence that Hcy impairs coronary artery
endothelial function. In addition, plasma levels of NO and BH4 are positively
correlated and significantly decreased in patients with HHcy compared with controls.
This suggests that the uncoupling of eNOS induced by HHcy in patients with chronic
120
HHcy due to reduced BH4 levels may explain in part this adverse effect . Fourth,
Hcy inhibits catabolic degradation activity of DDAH, causing ADMA accumulation;
121
thus, it inhibits eNOS activity in vascular endothelium
. Importantly, ADMA is
associated with the increased eNOS uncoupling found in endothelium of patients with
122
123
coronary artery disease (CAD) . Recently, Lemarie et al.
demonstrated in the
endothelial progenitor cells (EPC) of heterozygous methylenetetrahydrofolate
+/−
reductase-deficient (Mthfr ) mice, which are mildly HHcy, and that ROS production is
significantly increased and the eNOS dimer-to-monomer ratio significantly decreased
compared with EPC from wild-type mice, demonstrating eNOS uncoupling. This study
indicates that eNOS uncoupling is a main cause of increased ROS formation in these
+
mildly HHcy mice. Interestingly, the expression of sirtuin-1 (SIRT1), a NAD dependent protein deacetylase, is impaired at both mRNA and protein levels by
+/−
Mthfr mice. SIRT1 has been shown to exert protective effects against endothelial
124
dysfunction by preventing stress-induced senescence
and, at vascular levels, to
promote endothelium-dependent vasodilation by deacetylating eNOS and increasing
125
NO bioavailability . These results suggest that, in mildly HHcy mice, the uncoupling
of eNOS increases ROS production, which leads to inhibition of SIRT1, then to
premature senescence of EPC, and thus eventually to endothelial dysfunction.
On the other hand, although there are no data showing that Hcy induces
nNOS or iNOS uncoupling, Hcy has also been shown to upregulate iNOS, which may
contribute to the inflammatory response that characterizes atherogenesis and may
126
account for the adverse effects of Hcy . In addition, an increase in iNOS activity is a
key contributor to a HHcy-mediated collagen/elastin switch and a resulting decline in
127
aortic compliance .
I/R Injury-Induced eNOS Uncoupling
One of the events occurring in the early phase of I/R is vascular dysfunction
associated with impaired endothelial function. ROS production has been implicated in
60
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endothelial damage, leading to endothelial dysfunction after I/R injury
. ROS
generation has been shown to be significantly increased during reperfusion. The
129-131
largest increase in ROS level has been observed 15 min after reperfusion
. This
increase in reactive oxygen burst coincides with the development of endothelial
dysfunction. Indeed, while 90 or 120 min of ischemia did not change vascular
reactivity, vascular response to acetylcholine (ACh) was attenuated as early as 2.5
132, 133
min after the onset of reperfusion
. A reduction in endothelial-dependent
vasorelaxation after I/R injury has been associated with a decrease in NO
bioavailability due to alteration of eNOS. Furthermore, endothelial-dependent
vasorelaxation in response to serotonin was also impaired in pig carotid artery
134
exposed to I/R, which was again improved with BH4 supplementation .
Several ROS generators during I/R injury have been determined. These
135
136
137
138
139
include mitochondria , xanthine oxidase , NOX , neutrophils , and eNOS .
eNOS uncoupling has been demonstrated to have a significant role in the occurrence
of tissue damage after I/R injury. In the early phase of cardiac ischemia, there is an
2+
increase in Ca uptake by cardiomyocytes and endothelial cells, leading to activation
of eNOS with subsequent rapid and short-lived aggravation of NO concentration. This
is followed not only by rapid consumption of L-arginine (the substrate of the enzymes)
but also BH4 (the cofactor), triggering eNOS uncoupling and a decrease in NO
140, 141
bioavailability, which has been shown especially in the onset of reperfusion
.
It has been demonstrated that isolated rat hearts subjected to ischemia
showed reduced BH4 levels with subsequent decreased eNOS activity and increased
142
superoxide production . BH4 supplementation could restore impaired epicardial
coronary epithelial function; moreover, it attenuated lipid peroxidation and improved
143
cardiac functional recovery in rat models of global cardiac I/R . In accordance with
that, impaired coronary flow during reperfusion phase could be improved by BH4
infusion, which was associated with increased eNOS activity and decreased NOS142
dependent superoxide production . Moreover, a study in rat femoral artery also
showed that BH4 increased NO production and decreased H2O2 release after I/R .
In addition to BH4, Hsp90, another posttranslational modulator of eNOS, has
also been implicated in I/R injury. Hsp90 was proposed to prevent eNOS uncoupling
144
and eNOS-derived superoxide production after chronic myocardial ischemia . It has
been demonstrated that an Hsp90-transfected pig model of myocardial I/R showed
reduction in infarct size and improved myocardial function. This effect was abrogated
by administration of L-NAME and was associated with the ability of Hsp90 to act as an
adaptor for Akt and phosphatase calcineurin, thereby promoting eNOS
1177
495
145
Ser
phosphorylation and Thr dephosphorylation . All these findings enhance
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the essential role of eNOS in I/R injury and provide evidence for the potential of this
protein as a therapeutic target.
Atrial Fibrillation-Induced eNOS Uncoupling
The association of eNOS and atrial fibrillation (AF) has been derived from the
146
study of Minamino et al. , showing significantly reduced plasma levels of nitrite and
nitrate and platelet cGMP in patients with AF compared with patients with sinus
147
rhythm. Furthermore, Takahashi et al.
demonstrated that, compared with control
patients with sinus rhythm, the increase of ACh-induced forearm blood flow was
considerably smaller in patients with AF and was improved after cardioversion to sinus
rhythm. These two studies proposed a correlation between AF and endothelial
dysfunction with eNOS as a link. Altered hemodynamic condition has been implicated
147, 148
as an underlying mechanism that translates AF to endothelial dysfunction
. Cai
148
et al.
suggested that decreased endocardial eNOS expression in a dog model of
AF was due to turbulent blood flow occurring during AF. In an in vitro setting, it was
demonstrated that HUVEC produce lower levels of NO when exposed to turbulent flow
compared with when in laminar flow conditions. An increase in NO generation after
149
laminar flow exposure appeared to be due to an upregulation of eNOS expression .
Regulation of eNOS expression and NO generation by shear stress involves the
opening of ion channels followed by eNOS protein phosphorylation and gene
150
upregulation, leading to an increase in NO bioavailability . Although experimental
148, 151
animal studies have shown reduced eNOS expression in fibrillating atria
,a
human study showed no difference in eNOS gene and protein expression in the atrium
152
of AF and sinus rhythm (SR) patients .
153

In addition to eNOS, iNOS has been implicated in AF. Han et al.
reported
an increased level of NO in the right atrium of AF patients, with subsequent generation
of peroxynitrite, which was associated with an increase in iNOS expression. In
154
addition, Nishijima et al.
reported increased expression of iNOS in a dog model of
155, 156
heart failure-induced AF. Despite some concerns about the methodology used
,
the authors demonstrated that increased expression of iNOS in heart failure (HF) is
accompanied by low NO and high superoxide production, which can be reversed by
administration of BH4, suggesting the occurrence of iNOS uncoupling. Furthermore, 6wk oral administration of 50 mg BH4 plus 3 g L-arginine twice daily reduced inducible
AF and normalized heart failure-induced shortening of the left atrial myocyte action
154
potential duration in this model .
Investigating the source of superoxide in the atrium of patients with AF, Kim et
al.
demonstrated that gp91phox containing NOX in atrial myocytes was the main
source of atrial superoxide production in SR and in AF patients. NOS was shown to
contribute significantly to superoxide generation in fibrillating atria but not in patients
62
157
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with sinus rhythm, suggesting that increased levels of NOX-dependent oxidative
stress induce eNOS uncoupling with a consequence of increased production of
158
superoxide. Moreover, Reilly et al.
demonstrated that different atrial sources of
ROS varied with the duration and substrate of AF. The authors reported that NOX was
the main source of superoxide production in the left atrium of goats after 2 wk of AF
and in patients who developed postoperative AF. Conversely, after 6 mo of AF, NOX
showed no production of superoxide. Instead, NOS was the main source of oxidative
stress in the presence of this long-standing AF. Interestingly, NOS-dependent
superoxide production was associated with decreased BH4 level and BH4:BH2 ratio,
suggesting that NOX-dependent superoxide generation during early periods of AF
induces oxidation of BH4 as a cofactor of NOS leading to uncoupling of this enzyme.
These results imply that AF treatments may be differentiated according to duration
and substrate of AF. Whether agents that modulate eNOS will be able to alter AF in
patients with atrial structural remodeling remain to be elucidated.
Endothelial Dysfunction and Endothelial Progenitor Cells
EPC are circulating cells with the ability to differentiate into mature
endothelium and have a role in endothelial repair and maintenance. Under certain
pathophysiological conditions, for instance in CAD patients, this process seems to be
blunted, resulting in reduced levels and migratory capacity of EPC for
159
neovascularization of ischemic tissue . In addition, both NO and oxidative stress,
and in particular the balance between them, regulate the number and function of EPC
160
by direct and indirect mechanisms . Increasing evidence suggests that a damaged
161-163
endothelial lining can be restored by circulating EPC derived from bone marrow
.
A decrease in the number and function of EPC has been associated with a large
164, 165
number of risk factors for atherosclerosis
. There is strong evidence that EPCexpressed eNOS is regulated under various physiological and pathophysiological
conditions. Moreover, compounds or molecules that increase eNOS expression
improve EPC function, whereas eNOS inhibitory substances have deleterious effects
166
. By upregulating eNOS expression of EPC, statins, estrogen, and erythropoietin
167-170
(EPO) could enhance reendothelialization or augment neovascularization
. On
the contrary, oxLDL or CRP attenuates EPCs' survival, differentiation, and function by
171, 172
reducing eNOS expression of EPC
.
It has been demonstrated that several substances affect the number and
function of EPC via an Akt/eNOS-related pathway. Indeed, the PI3K/Akt pathway is
173
vital for regulating EPC recruitment, mobilization, and proliferation . Compounds
62
that stimulate the PI3K/Akt protein kinase pathway can also activate eNOS . This
association between eNOS and EPC count and activity appears to be crucial, because
the expression of eNOS is essential for the mobilization of stem and progenitor cells
63

3 | Endothelial dysfuction and NOS uncoupling
174

, and perturbations in the PI3K/Akt/eNOS/NO signaling pathway or one of its
156
1
members may result in EPC dysfunction . Recently, Cui et al. demonstrated that
transplantation of EPC overexpressing eNOS can repair balloon-caused carotid artery
injury in a rat model by inhibiting neointimal hyperplasia and restoring vascular
function.
Diagnosis of Endothelial Dysfunction
The ability to detect endothelial dysfunction before overt cardiovascular
disease manifests makes the diagnostic modalities attractive clinical tools for
175
prevention and rehabilitation
. In humans, endothelium-derived vasodilatation can
be assessed by measuring increases in the diameter of large arteries (forearm or
coronary) after 1) release of ischemia (e.g., arrested forearm circulation), 2) intraarterial infusion of ACh, or 3) a sudden blood pressure elevation by placing the hands
in ice water (cold pressure test). These measurements are based on the fact that
conduit vessels can respond to alterations in blood flow by increasing vessel diameter
176, 177
via an endothelial-dependent mechanism
. These responses have been shown
to reflect local bioactivity of endothelium-dependent NO generation and NO
inactivation. These measurements are very sensitive to external conditions (room
temperature, caffeine intake, etc.); hence, these measurements need to be performed
178
under standard conditions .
Quantitative coronary angiography (QCA) measures the changes in the
diameters of the coronary arteries in baseline conditions compared with vasodilatation
induced by endothelium-dependent drugs. More recently, noninvasive QCA has been
179
developed using computed tomography imaging
or magnetic resonance imaging
180
(MRI) .
Therapeutic Effects of eNOS Modulators
L-arginine
L-arginine, a semiessential amino acid found in large quantities in fish,
chicken, and beans, is the substrate for the production of NO. L-arginine deficiency or
the presence of its endogenous inhibitors, i.e., ADMA, may lead to eNOS uncoupling
181
182
. L-arginine activates oxygen uptake by eNOS
and prevents superoxide
generation within uncoupled eNOS by electron interaction with heme-bound oxygen
183
. In addition, L-arginine may be able to restore the physiological status by
184
normalizing the extracellular L-arginine:ADMA ratio . Although L-arginine improves
both endothelium-dependent vasodilation and abnormal interactions of vascular cells,
platelets, and monocytes, clinical studies with L-arginine have shown inconsistent
effects on endothelial function. Acute and subacute L-arginine administration improves
64
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185

NO-dependent vasodilatation in a study of healthy elderly individuals
and patients
186
187
with hypercholesterolemia
and coronary artery disease . On the other hand,
chronic administration may not show the beneficial effect of L-arginine. The VINTAGE
MI study demonstrated that 6 mo of oral L-arginine administration (3 g 3 times a day)
does not improve clinical outcome and possibly increases risk of death in older
188
patients with CAD
. In addition, L-arginine supplementation also leads to an
increase in Hcy production, which can result in worsening, not improving, endothelial
189
function and atherosclerosis . Oral administration of L-arginine (9 g/day) to healthy
postmenopausal women for 1 month has no affect on major endocrine hormones or
lipid profile. Although L-arginine could be the key to future treatment of cardiovascular
disorders, it has not been possible to draw any general conclusion supporting the use
of L-arginine for improving the clinical treatment in patients with endothelial
dysfunction. In addition, it is not completely clear which types of endothelial
dysfunction are related to L-arginine deficiency.
BH4
Since uncoupled eNOS can increase the production of ROS, promote BH4
oxidation, and self-limit its NO biosynthesis, modulating eNOS uncoupling is an
attractive therapeutic approach in endothelial dysfunction. The most straightforward
120
way to modulate eNOS is administration of its essential cofactor BH4 .
BH4 is an FDA-approved therapy for some forms of phenylketonuria (PKU), in
which there is a deficiency in the hepatic enzyme phenylalanine hydroxylase.
Supplementating with BH4 increases NOS activity by recoupling uncoupled eNOS in
mice with hypertension-induced heart failure with subsequent reversal of cardiac
95
hypertrophy and fibrosis . In vitro administration of BH4, or its physiological
precursor sepiapterin, restored endothelium-dependent relaxation of resistance
190
38
arteries in diabetic db/db mice , atherosclerotic vessels of humans and pigs , and
105, 191
patients with endothelial dysfunction
. Chronic oral administration of BH4 has
6, 192
been reported to improve endothelium function
, decrease vascular superoxide
production, and increase vascular NO production. As a result, it blunts the increase in
6
40
blood pressure in a hypertensive mice model . Recently, Li et al. demonstrated in
−/−
apoE mice by using partial carotid ligation that oral BH4 supplementation in drinking
−1
−1
water (10 mg·kg ·day for 1 wk) prevents NOS uncoupling and improves endothelial
function associated with diminished monocyte adhesion and T-cell activation as well
as blunted cytokine production from the vessel wall. In addition, short-term
administration of BH4 (intra-arterial infusion 500 μg/min) improves endothelial105
193
dependent vasodilatation to ACh in type 2 diabetes . Porkert et al. demonstrated
in subjects with poorly controlled hypertension that orally administering (400 mg or
higher) BH4 daily has a significant and sustained antihypertensive effect. Importantly,
65
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this effect is associated with reversing the uncoupling of NOS and improving NO
80
bioavailability . Although studies suggest that BH4 administration shows beneficial
results for endothelial dysfunction, it may have limited long-term benefit in improving
17
eNOS coupling . Chronic BH4 administration may result in endothelial BH2
accumulation and consequent eNOS uncoupling because BH2 can replace eNOS17, 194
195
bound BH4 competitively
. Recently, Moens et al.
studied the therapeutic
efficacy of BH4 in hypertension-induced heart failure in a mouse model of pressure
overload, demonstrating a bimodal dose-dependent relationship, first rising and then
declining at higher doses. Importantly, this study indicates that, at higher doses of
exogenous BH4 (and thus BH2), the intrinsic capacity to maintain BH4:BH2 ratios may
become compromised, limiting net efficacy. These results expose a potential limitation
for the clinical use of BH4 in diseases characterized by oxidative stress, as defining
the oral dose that would optimally provide BH4 rather than BH2 may be difficult and
vary from individual to individual. Inadequate conversion of BH2 to BH4 may pose a
limitation to its therapeutic use, and coadministration of agents that stimulate such
conversion may be valuable to enhance its therapeutic benefits in in vivo. Albeit, the
benefit of a BH4 supplement, i.e., synthetic sapropterin hydrochloride (6R-BH4, Kuvan)
on endothelial function seems promising, the results from clinical trials were
disappointing, not because they revealed adverse effects but for their lack of efficacy.
Future studies are needed to determine the dose-response relation between BH4 and
its effect on superoxide generation in models of cardiovascular diseases because of
the tight stoichiometric relation between eNOS and BH4, with possible subsequent
uncoupling.
Folic acid
Folic acid (FA) is a chemically stable and inexpensive vitamin (Vit B9), which
has direct and indirect superoxide scavenging effects. Although the best-known
biological function of FA is to reduce plasma Hcy, the major effects of FA in the
196
197
cardiovascular system are independent of Hcy lowering
. Moat et al.
demonstrated in patients with CAD that FA dose-dependently improves endothelial
function through a mechanism independent of Hcy lowering. Clinically, FA and 5methyltetrahydrofolate (5-MTHF), the active form of FA, have been shown to restore
198
199, 200
endothelial function in patients with hypercholesterolemia
, diabetes
, and
201
atherosclerosis . FA increases the vascular bioavailability of BH4 and subsequently
201
reduces eNOS-derived superoxide generation
. FA restores the function of
uncoupled eNOS by improving BH4 bioavailability in the vasculature by preventing its
oxidation, enhancing the regeneration of BH4 from BH2, and chemically stabilizing
95, 202
203
BH4
. Furthermore, Hyndman et al.
demonstrated that 5-MTHF is capable of
binding the active site of NOS and mimicking the orientation of BH4. In addition, van
199
Etten et al.
demonstrated that administration of 5-MTHF ameliorates endothelial
66
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dysfunction found in patients with type 2 diabetes by restoring impaired NO-mediated
vasodilatation. Moreover, administration of FA improves EPC function by normalizing
200
gene expression profiles in type 1 diabetes patients . However, recent clinical trials
have failed to demonstrate a benefit of long-term use of FA in lowering the risk of
204, 205
recurrent cardiovascular disease or death after an acute myocardial infarction
,
206
which can be explained by too low of a dosage . Therefore, an important distinction
must be made between FA as a long-term, low-dose fortification or dietary supplement
and as a short-term, high-dose treatment.
eNOS transcription enhancers
The novel small molecules AVE9488 and AVE3085 are eNOS transcription
enhancers. AVE9488 has proven in vivo effects improving left ventricular remodeling
207
208
in a rat model of myocardial infarction
and a mouse model of cardiac I/R injury
.
42
Wohlfart et al.
demonstrated in a model of experimental atherosclerosis that both
AVE9488 and AVE3085 have vasoprotective properties, i.e., the increased endothelial
NO generation associated with reduced cuff-induced neointima formation and reduced
−/−
formation of atherosclerotic plaques in apoE mice. This study indicates that both
compounds showed the concomitant increase in eNOS transcription and eNOS
protein levels; BH4 levels also increased, although GTPCH mRNA levels did not. In
addition, the mechanisms for the increase in BH4 by these eNOS enhancers still
209
remain unknown. Recently, Yang et al.
demonstrated that AVE3085 restored
impaired endothelial function in a hypertensive model by upregulated expression of
eNOS protein and mRNA, enhanced eNOS phosphorylation, and decreased formation
of nitrotyrosine. While these preclinical data are very promising, no clinical studies are
initiated at the moment.
Statins
Statins, hydroxymethylglutaryl-CoA reductase inhibitors, improve endothelial
210
211
function by increasing eNOS stability
and bioavailability of NO , and in part by
212
lowering LDL
. In animal experiments, statins have been shown to reduce platelet
activation and thrombus formation, which in part, are influenced by eNOS upregulation
213
. Moreover, statins increase BH4 levels in vascular endothelial cells by potentiating
GTPCH gene expression and BH4 synthesis, thereby preventing relative shortages of
214
BH4 . Some statins, such as atorvastatin, decrease cav-1 expression in EC, thereby
allowing for the activation of eNOS by cofactors, resulting in promoting NO production
215
216
. Wenzel et al.
demonstrated in STZ diabetic rats that chronic administration of
−1
−1
atorvastatin (20 mg·kg ·day for 7 wk) improves endothelial function by normalizing
endothelial BH4 level and GTPCH expression, reducing oxidative stress, preventing
NOX upregulation, and preventing and reversing eNOS uncoupling.
67

3 | Endothelial dysfuction and NOS uncoupling

Conclusions
In this review, we have discussed how eNOS uncoupling is one of the major
underlying causes of endothelial dysfunction found in atherosclerosis, diabetes,
hypertension, cigarette smoking, HHcy, and I/R injury. Evidence suggests that
modulating of eNOS by stabilizing eNOS function and suppressing eNOS-derived
ROS is a promising therapeutic target for endothelial dysfunction. Therapeutics, such
as L-arginine, BH4, FA, eNOS transcription enhancers (AVE9488 and AVE 3085), and
statins have achieved vascular protection, improving endothelial function and
ameliorating cardiovascular diseases in animal and/or human studies (Figure 2), yet
this experimental evidence needs to be confirmed in clinical trials. Further
understanding of the pathophysiology and the molecular biology of endothelial
dysfunction is required to understand this discrepancy. Importantly, future efforts may
be directed at identifying signaling pathways regulating NOS on oxidative/nitrosative
stress and providing possible mechanisms that can recouple the uncoupled eNOS and
other NOS isoforms. These new studies will provide us with a comprehensive
understanding of the molecular basis of eNOS uncoupling, thereby identifying
potential novel therapeutic approaches targeting the underlying signaling pathways for
the prevention and treatment of progressive endothelial dysfunction in cardiovascular
diseases.
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Figure 2. Potential therapeutic options for treating endothelial dysfunction by modulating eNOS.
The most straightforward way to modulate eNOS is administration of its substrate L-arginine or its essential
cofactor BH4 or BH4 analogs. Folic acid (FA) can modulate eNOS by improving BH4 bioavailability in the
vasculature by preventing its oxidation, enhancing regeneration of BH4 from BH2, and chemically
stabilizing BH4. Novel small molecules AVE9488 and AVE3085 are eNOS transcription enhancers. Statins
can improve endothelial function by increasing eNOS stability and inhibiting NADPH oxidase upregulation.
Also, statins can increase BH4 levels in vascular endothelial cells by potentiating GTPCH gene expression
and BH4 synthesis.
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Abstract
Nitric oxide (NO) generated by endothelial nitric oxide synthase (eNOS) has
antithrombotic, antiatherosclerotic, antihypertensive, and antihypertrophic effects
under physiological conditions. Normal function of eNOS requires dimerization of the
enzyme and the presence of its cofactor tetrahydrobiopterin (BH4). A functional eNOS
oxidizes its substrate L-arginine to L-citrulline and NO. As a consequence of eNOS
uncoupling, eNOS generates superoxide rather than NO, contributing to the
pathogenesis of cardiovascular diseases. The development of novel pharmacological
approaches targeting eNOS is challenging, especially the search for compounds that
have multiple, simultaneous actions: 1) increase eNOS expression and/or activity, 2)
augment its cofactor BH4 and 3) reverse eNOS uncoupling. Importantly, compounds
that increase eNOS protein levels are only beneficial if eNOS functionality is
guaranteed. AVE9488 and AVE3085 are novel small molecule compounds that
transcriptionally enhance eNOS gene expression, which are aimed to increase
signaling NO and bioavailability. In this review we have outlined the mechanisms and
therapeutic benefits of these novel eNOS transcription enhancers in cardiovascular
disease.
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1 Introduction
Nitric oxide (NO) generated by endothelial nitric oxide synthase (eNOS) has
1
antithrombotic, antiatherogenic, and antihypertensive properties . Moreover, eNOSdependent NO has antihypertrophic effects via downstream NO-cyclic guanosine
2
monophosphate (GMP)-protein kinase G (PKG) signaling cascades . Impairment of
NO bioavailability leads to altered regulation of key physiological and cellular
processes, such as vasodilatation, platelet function, angiogenesis, apoptosis and
smooth muscle cell proliferation. Hence, it plays a crucial role in the pathogenesis of
cardiovascular diseases, hallmarked by endothelial dysfunction and/or arterial or
3
cardiac hyperplasia . Inadequate eNOS-dependent NO bioavailability may result
from: 1) a decrease in eNOS expression and/or its activity, 2) deficiency in eNOS
substrate (L-arginine) or its cofactor (tetrahydrobiopterin; BH4), 3) the presence of
endogenous inhibitors (asymmetric dimethylarginine; ADMA), and 5) eNOS
uncoupling and accelerated NO degradation by reactive oxygen species (ROS) (see
3, 4
reviews ). Therefore, therapeutic enhancement of NO bioavailability holds promise
as cardiovascular-protective strategy.
A straightforward method to increase NO bioavailability are exogenous NO
donors, such as nitroglycerin and sodium nitroprusside. However, this approach is
limited by drug tolerance development after long-term treatment and toxicity issues.
5
This indicates that alternative strategies are required . One such alternative are
agents that modulate endogenous NO bioactivity, such as angiotensin-converting
enzyme (ACE) inhibitors, calcium channel blockers, statins, phosphodiesterase
6
inhibitors and β-blockers .These agents are primarily targeting distinct processes, but
have been reported to indirectly increase eNOS gene expression, eNOS activity or to
7-11
stabilize eNOS mRNA
.
A more direct approach that is widely explored are inducers of eNOS protein
expression. However, these only are beneficial if the ensuing eNOS protein is
12
functional , in other words able to oxidize its substrate L-arginine to L-citrulline and
13
NO . Appropriate eNOS function requires dimerization of the enzyme and abundant
presence of its cofactor tetrahydrobiopterin (BH4). This renders the development of
novel drugs that induce eNOS activity challenging. This particularly holds when aiming
at compounds that display multiple eNOS enhancing functions, and simultaneously 1)
increase eNOS expression and/or activity, 2) augment bioavailability of its cofactor
BH4, and 3) recouple eNOS. Screening of compound libraries for eNOS
transcriptional upregulation yielded two structurally related indan-based smallmolecular-weight compounds: AVE9488 (4-fluoro-N-indan-2-yl-benzamide; CAS no.
291756-32-6; empirical formula C16H14FNO; earlier designation C2431) and AVE3085
(2,2-difluoro-benzo[1,3]dioxole-5-carboxylic acid indan-2-ylamide; CAS no. 45034887
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85-3; empirical formula C17H13F2NO3). These small molecule compounds display a
high potency for transcriptional enhancement of eNOS gene expression, and could
14, 15
potentially increase signaling NO and bioavailability
. In this review we shall
outline the mechanisms and therapeutic benefits of these novel eNOS transcription
enhancers in cardiovascular diseases.
2 AVE mechanism of action
2.1 eNOS transcription-dependent effects of AVE
The mode of action of AVE 9488 and AVE 3085 capacity to enhance eNOS
expression has been explored in vitro in a human endothelial cell line (EA.hy 926) and
in human umbilical vein endothelial cells (HUVEC). Both compounds enhanced eNOS
promoter activity in a concentration-dependent manner, without affecting eNOS mRNA
15
15
stability . Thus, AVE compounds seem to act at eNOS transcriptional level .
Silencing of transcription factors Sp1, GATA2 and PEA3, which are critical in
controlling eNOS promotor activity, resulted in decreased basal activity of eNOS
15
promoter, but did not impact eNOS transcription activity .Thus, the responsible
transcription factors/cis-elements still remain to be identified. The efficacy of AVE9488
15
to increase eNOS expression was comparable to that of simvastatin , which was
seen to elevate eNOS stability by prolonging half-life of eNOS mRNA, but had little
9
effect on eNOS transcription .
2.2 eNOS activity-dependent effects of AVE
A potential secondary mode of action of AVE compounds involves direct
1177
regulation of eNOS activity. Phosphorylation of serine (Ser)
(corresponding to
1176
Ser
in rodents) is associated with increased eNOS activity, whereas
495
16-19
phosphorylation at threonine (Thr)
inhibits eNOS activity
. In homocysteine
1177
induced endothelial dysfunction, AVE3085 increased eNOS phosphorylation at Ser
20
in a phosphoinositide (PI) 3 kinase-protein kinase B (Akt)-dependent manner . AVE
21
3085 increased eNOS activity in reoxygenation after cadioplegia-induced hypoxia
22
and in ADMA-induced endothelial dysfunction
in porcine coronary small arteries
studies. This was achieved through enhanced phosphorylation of eNOS (p-eNOS) at
1177 21, 22
495
22
and decreasing Thr
phosphorylation . Conversely, AVE 3085
Ser
495
1176
treatment did not alter the ratio of phosphorylation at Thr or Ser
to total eNOS in
23
aortas of diabetic mice, indicating that AVE3085 did not affect eNOS activity . These
discrepancies may be due to p-eNOS quantification methods i.e. p-eNOS/
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) versus p-eNOS/total eNOS.
The latter study suggested that the increase in phosphorylated eNOS mainly reflected
23
a proportional increase in eNOS synthesis upon AVE treatment .
88
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2.3 eNOS transcription-independent effects of AVE
2.3.1 eNOS uncoupling and BH4 bioavailibility
Next to altering eNOS transcription and activity, AVE9488 and AVE3085 were
15, 20, 22
also shown to reverse eNOS uncoupling
. Although this notion has been
challenged for AVE3085, where the increased eNOS activity resulted in increased NO
production. However, this was accompanied by an overproduction of peroxynitrite in
24
diabetic CD34+ stem cells . This further suggested that NADPH oxidase, but not
eNOS uncoupling, was a major source of ROS generation in this study, and thus
increasing eNOS expression without correcting oxidative stress was not effective.
Uncoupling of eNOS activity may in part be ascribed to AVE’s effect on BH4
availability. Treatment of AVE9488 in a model of cuff-induced neointima formation in
mice resulted in increased vascular BH4 levels, without altering the expression of the
rate limiting enzyme in de novo synthesis of BH4, i.e. guanosine triphosphate
15
cyclohydrolase I (GTPCH) . In contrast, AVE9488 treatment did not alter myocardial
25
BH4 levels in a cardiac ischemia/reperfusion (I/R) mouse model . Of note, AVE9488
increased vascular BH4 contents when administered in vivo, but not in endothelial
cells in vitro, suggesting that the elevation of BH4 in vivo may be indirect, e.g. by
15
AVE9488 effects on cell types other than endothelial cells .
It is unclear how AVE9488 exactly induced intravascular BH4 levels. It did not
protect from ROS-induced BH4 oxidation though regulation of superoxide-generating
NADPH oxidases (NOX), including NOX1-4 and p22phox and superoxide-scavenging
15, 25
enzymes, i.e. superoxide dismutase1-3 (SOD)
. In contrast, AVE3085 may protect
oxidative degradation of BH4 by ROS through downregulation of NOX subunits
26
20, 26
, suggesting AVE3085
p22phox and gp91phox and iNOS gene expression
reduced ROS generation through regulation of these oxidant enzymes. Moreover,
both AVE compounds did not have superoxide and peroxynitrite scavenging activity by
23, 25
themselves
.
2.3.2 Arginase activity
AVE may also act indirectly by influencing substrate availability. eNOS activity
can be affected by the endogenous inhibitor ADMA, and indirectly by the activity of
arginase, which competes with eNOS for L-arginine as substrate. Induction of
expression level or activity of arginase I or ADMA will compromise substrate levels
27, 28
and thus NO production at the expense of a rise in superoxide generation
. It has
been demonstrated in homocysteine (Hcy)-induced endothelial dysfunction that
20, 27
AVE3085 reversed iNOS upregulation and arginase activation
. However, by what
89
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mechanisms AVE3085 inhibits Hcy-induced iNOS upregulation remains to be
elucidated.
2.4 eNOS-dependent effector pathways in AVE therapeutic activity
2.4.1 Regulation of endothelial dysfunction
29

AVE 3085 was reported to improve endothelial function in both conduit and
23
29
resistance vessels , and has blood pressure lowering properties . This suggested
that improved endothelial function might be related to its anti-hypertensive effect,
indicating a cardiovascular protective effect. Moreover, AVE 9488 and AVE3085 have
shown to protect against cardiac and vascular remodeling through downregulation of
26
TGF-β, connective tissue growth factor (CTGF) , A-type and B-type natriuretic
30
peptide (ANP and BNP, respectively) , b- major histocompatibility complex (b-MHC)
31
expression, as well as mothers against decapentaplegic (Smad) 2/3 signaling . In
addition, bone marrow-derived mononuclear cells from patients with ischemic
cardiomyopathy (ICMP) have increased NO/cGMP/PKG signaling, which is
accompanied by impaired stromal cell-derived factor 1 (SDF-1) dependent migratory
14
capacity. SDF-1 migratory responses could be normalized by AVE9488 treatment .
In contrast, AVE3085 did not improve CD34+ cell migration in response to SDF-1α in
32
diabetics .
2.4.2 Vasodilator-stimulated phosphoprotein (VASP)
NO-dependent phosphorylation of VASP is an essential regulatory step in
VASP-dependent inhibition of platelet activation. Therefore, VASP phosphorylation is
positively correlated with NO bioavailability, and can thus be used as a sensitive
33
(albeit indirect) measure of defective NO/cGMP signaling . Treatment with AVE9488
157
239
25
increased platelet VASP- phosphorylation at Ser
and Ser
in I/R mice ,
30
34
myocardial infarction (MI) rats and severe congestive heart failure rats , indicating
that AVE9488 exerts inhibitory effects on platelet activation.
2.4.3 Mobilization of progenitor cells
Cell therapy with bone marrow–derived stem/progenitor cells is a novel
therapeutic strategy for improving neovascularization and cardiac function in
35-37
peripheral arterial disease, ischemic heart disease, and ICMP
, which has been
associated with eNOS/NO function. Indeed, the expression of eNOS is vital for the
38
mobilization of stem and progenitor cells .Moreover, increased eNOS expression of
endothelial progenitor cells (EPC) by statins, estrogen or erythropoietin improved
EPC function, was associated with enhanced re-endothelialization or augmented
39-42
neovascularization
.
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Sasaki et al. reported that ex vivo pretreatment with AVE9488 (5 μM for 1824h) of bone marrow–derived mononuclear cells (BMC) derived from patients with
ICMP resulted in increased eNOS mRNA expression in peripheral blood-derived EPC,
+
CD34 cells and BMC as well as increased NO production in lineage-negative
CD105+ bone marrow-derived cells (i.e. circulating endothelial progenitor cells ).
Moreover, AVE-pretreated BMC from patients restored the impaired stromal cellderived factor 1 (SDF-1) mediated migratory capacity and this effect was abolished
following administration of antibodies directed against the SDF-1 receptor, C-X-C
chemokine receptor type 4 (CXCR4), or L-NAME. In addition, AVE 9488 did not
improved the impairment of SDF-1 mediated migratory capacity in BMC derived from
-/either eNOS deficient mice or cGMP-dependent protein kinase I deficient mice (PKGI
-/, also termed GKI ). This indicated that AVE9488 effects were mediated by eNOS,
and increased NO/cGMP/PKG signaling activity was associated with the improvement
of SDF-1 mediated migratory capacity.
Intravenous infusion of BMC derived from ICMP patients in mouse model of
unilateral hind limb ischemia in vivo resulted in decreased recovery of limb perfusion
after induction of hind limb ischemia, highlighting the importance of stem cell quality
and functional activity. AVE-pretreated BMC derived from ICMP patients enhanced
recovery of limb perfusion and increased neovascularization, associated with
increased physical activity as assessed by swimming test. In addition, injection with
AVE-treated patient-derived BMC in a mouse model of MI resulted in improvement of
ejection fraction and stroke work. In summary, AVE9488 increased eNOS expression
enhances the regenerative capacity of EPC isolated from ICMP patients suggesting a
synergistic effect between cell and gene therapy.
In conclusion, both AVE compounds have largely similar cardioprotective
effects by reversing eNOS uncoupling, without affecting superoxide and peroxynitrite
scavenging activity. In addition, they impact on BH4 bioavailability and arginase
activity, as well as the expression of oxidant enzymes and superoxide inducers, while
eNOS activity upon AVE 3085 or AVE9488 treatment is diverging or opposite. The
broad spectrum of cardioprotective activities of the AVE compounds are summarized
in Figure1.
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Figure 1. The potential mechanisms for the cardiovascular protective effect of AVE9488 and
AVE3085, the eNOS transcription enhancers.
AVE compounds (AVEs) increase eNOS mRNA and protein expression (1), increase eNOS catalytic activity
(by promoting phosphorylation of eNOS (p-eNOS) at Ser1177 and decreasing of p-eNOS at Thr495 (2) and
by increasing BH4 bioavailability (3), and in addition can reverse eNOS uncoupling amongst others (4).
Finally, AVEs promote eNOS mediated NO production indirectly by downregulating arginase and ADMA
activity, (5). In turn, the elevated NO production will inhibit endothelial dysfunction, and provide
cardiovascular protection via cGMP-dependent PKG signaling pathway (6). In parallel, NO can increase
phosphorylation of vasodilator-stimulated phosphoprotein (VASP), platelet activation (7). Finally, AVEs
decrease superoxide generation through downregulation of NADPH oxidase (8) and iNOS expression (9),
and decrease oxidative stress and inflammatory responses (10). Abbreviations explained in main text.

3 Preclinical studies of AVE’s cardiovascular protective activity
3.1 Hypertension and associated endothelial dysfunction
Loss of NO production and/ or bioavailability results in increased
vasoconstriction, and subsequently increased systemic vascular resistance and
43
hypertension . AVE compounds has shown to increased eNOS expression and
15, 23
activity, and subsequently increased NO generated by eNOS
. Targeting
endogenous eNOS production instead of directly relaxing vascular smooth muscle
may represent an alternative therapeutic approach to the traditional treatment strategy
92
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by preventing the pathological changes in endothelial cells in hypertension. Yang et al.
29
demonstrated that treatment of AVE3085 (10mg/kg/day, 4 wks) in spontaneously
hypertensive rats (SHR) resulted in reduced systolic blood pressure, restored the
impaired endothelium-dependent relaxations SHR aortae in vitro, and increased aortic
eNOS mRNA and protein expression, and phosphorylation. In addition, AVE3085
blunted the increased formation of nitrotyrosine, a marker of NO-dependent oxidative
stress, in SHR rats. This suggests that AVE3085 might exert anti-hypertensive effects,
possibly through increased eNOS expression and activity, and inhibited vascular
oxidative stress.
3.2 Diabetes mellitus
Evidence showed that eNOS uncoupling was associated with diabetes
mellitus (DM), causing reduced NO bioavailability and increased superoxide
44
production . Under hyperglycemic conditions, eNOS-derived NO capacity was
45
diminished . Moreover, studies suggested that the re-endothelialization capacity of
EPC derived from diabetic patients, including the migration capacity in response to
46-48
SDF-1 and vascular endothelial growth factor (VEGF), were severely impaired
.
24

Jarajapu et al. demonstrated that diabetic CD34+ cells exhibited impairment
of migratory response to SDF-1α. Treatment with AVE3085 (10 μM, 24h) in diabetic
CD34+ cells resulted in increased eNOS mRNA expression without improving
migration in response to SDF-1α in vitro, while improving CD34+ cells homing
functions in a mouse model of retinal I/R injury in vivo. Interestingly, diabetic
CD34+ cells treated with AVE3085 displayed increased peroxynitrite generation,
which was further increased following SDF-1α stimulation. Pretreatment with
peroxynitrite scavenger ebselen abolished this increase, suggesting that the
AVE3085-mediated effect was dependent on overproduction of peroxynitrite. In
addition, diabetic CD34+ cells displayed increased NOX2 mRNA expression,
increased NADPH oxidase activity, as well as increased superoxide generation. Coinbubation with L-NAME did not alter superoxide levels, suggesting that superoxide
generation was not caused by eNOS uncoupling. Importantly, treatment with NOX
inhibitors improved vasoreparative functions in the dysfunctional diabetic CD34+ cells
in vitro and in vivo, resulting in enhanced NO bioavailability. Taken together, this
suggested that NOX2 was a major source of superoxide generation over uncoupled
eNOS in this particular diabetes study, and targeting NOX activity might thus be
suitable for diabetes treatment. While these findings are intriguing, it is difficult to draw
a conclusion on the role of eNOS-generated superoxide in diabetic EPC due to
inadequate details of patient characteristics. Indeed, the differences in stages and/or
severity of diabetes, and antidiabetic treatments such as insulin, have shown different
49
outcomes of the sources of superoxide generation . Activation of NOX likely occurs
93

4 | eNOS transcription enhancers for treatment cardiovascular disease
50

early in diabetes and/or in mild diabetic forms , whereas eNOS uncoupling with an
even stronger subsequent production of ROS predominantly exists in advanced
51
diabetes .
23

Cheang et al. demonstrated that co-treatment with AVE3085 (1 µmol/L)
restored the reduction of endothelium-dependent relaxation (EDR) to acetylcholine (
ACh) in aortas of diabetic db/db and in aortas of wild-type (WT) mice exposed to high
glucose. This effect was abolished either by co-incubation with the transcription
inhibitor actinomycin D, by L-NAME as well as in eNOS deficient mouse aortas,
suggesting that AVE 3085-induced improvement of vascular relaxation was mediated
by eNOS and its transcription process. In addition, treatment with AVE 3085 (1
µmol/L) reversed the reduction of NO bioavailability the primary endothelial cells from
mouse aortas-exposed caused by high glucose. Moreover, co-treatment with
AVE3085 (1 µmol/L) reversed eNOS downregulation, and inhibited ROS generation in
high glucose-exposed WT aortas, as well as in diabetic mouse aortas. Interesting,
high glucose-exposed WT aortas exhibited eNOS uncoupling, assessed by a
decrease in eNOS dimer to monomer ratio and treatment with AVE3085 remained
unaffected. In addition, AVE3085 treatment was unaffected in attenuation of the
increased aortic ROS generation induced by hypoxanthine and xanthine oxidase in
WT mice, suggesting that AVE3085 did not have a direct ROS-scavenging effect. In
an in vivo study, oral administration of AVE3085 (10 mg/kg/day for 7 days) restored
endothelial dysfunction in diabetic mouse arteries and inhibited aortic superoxide
generation. While AVE3085 treatment increased aortic eNOS protein expression, it did
495
1176
not alter the ratio of phosphorylation at Thr or Ser
to total eNOS in diabetic
mice. This suggested that the effect of AVE3085 to reduce ROS was unlikely
mediated through inhibiting eNOS uncoupling, but by increasing eNOS expression
and endothelial-derived NO generation.
3.3 Atherosclerosis
Endothelial dysfunction is generally considered to be a key process in
atherogenesis, and concordant with this notion, atherosclerotic lesions have been
shown to exhibit decreased eNOS mRNA and protein expression and eNOS
43, 52, 53
. This suggests that normalizing eNOS function might be
enzymatic dysfunction
beneficial in atherosclerosis. Adenoviral overexpression of eNOS, but not iNOS, in a
rabbit model of atherosclerosis resulted in improved endothelial NO-mediated
54
vasorelaxation in atherosclerotic arteries, and blunted plaque progression . In
-/contrast, apolipoprotein deficient (apoE ) atherosclerotic mice overexpressing eNOS
-//eNOS-Tg) displayed markedly reduced aortic BH4 levels as well as
(apoE
increased eNOS uncoupling, leading to accelerated plaque formation. Such
statements raise a note of caution concerning the aimed level of increase in eNOS
94
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expression, without concordant increases in vascular BH4 levels. This may will result
in eNOS uncoupling due to the stoichiometric relationships between endothelial BH4
55
and NOS activity (Table 1).
15

AVE may perform better in that regard. Wohlfart et al. demonstrated that
sub-chronic administration of AVE 9488 (30mg/kg/day) for 17 days to WT mice
significantly increased eNOS protein expression in healthy aortas (50%) and femoral
arteries (48%). AVE9488 treatment (10 mg/kg/day, gavage b.i.d. for 17 days) in cuff-/induced neointima formation in apoE mice resulted in increased aortic eNOS protein
expression and decreased neointima formation. Similarly, chronic administration of
-/AVE9488 or AVE3085 (30 mg/kg/day) for 12wks in apoE mice-fed Western diet
resulted in decreased plaque formation and increased eNOS protein
expression without altering plasma lipid profiles or heart rate. Importantly, AVE
compounds were ineffective in inhibiting neointima formation and atherosclerosis in
-/-/-/eNOS mice or apoE / eNOS mice, respectively, indicating that the effects of AVE
compounds were strictly eNOS-dependent. In addition, untreated atherosclerotic
-/apoE mice exhibited increased aortic ROS production compared to AVE9488-treated
group. This was partly inhibited by NOS inhibitor L-NAME suggesting that ROS was
-/partly produced by an uncoupled eNOS. In contrast, AVE9488-treated apoE mice
(30 mg/kg/day, 2wks) displayed increased aortic BH4 levels. Also, AVE9488 reduced
aortic ROS production to levels that could not be lowered any further by L-NAME,
indicating effective recoupling of eNOS. Notably, the increase of vascular BH4 levels
may be an important role for the reversal of eNOS uncoupling. Taken together, AVE
compounds exert overt vasoprotective effects through upregulating eNOS expression
and reversing eNOS uncoupling.
3.4 Vascular endothelium impairment
3.4.1 Asymmetric dimethylarginine (ADMA) induced vascular endothelium
impairment
Evidence has shown that the increased concentrations of circulating ADMA is
associated with increased risk of cardiovascular disease, suggesting ADMA as an
56, 57
independent risk marker for all-cause mortality and cardiovascular disease
.
Indeed, ADMA, a derivative of L-arginine, can competitively inhibit eNOS and thus
58
diminish endothelium-derived synthesis of NO . Elevated ADMA levels cause a
reduction of NO production and could consequently lead to endothelial dysfunction
and cardiovascular events. In human studies, infusion of ADMA in healthy individuals
led to reduced cardiac output and renal plasma flow, and to increased vascular
59
resistance . Moreover, increased plasma ADMA levels were associated with
60, 61
increased oxidative stress
. In patients with coronary artery disease (CAD), serum
95
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ADMA levels were positively correlated with eNOS uncoupling found in endothelium
62
.
22
Xue et al.
investigated in porcine coronary small arteries function in vitro
that pre-incubation with ADMA (100µmol/L, 1 h) diminished bradykinin-induced
relaxation, and reduced the NO release in response to bradykinin, and such
reductions were restored by co-incubation with AVE3085 (10 µmol/L, 1 h).
Furthermore, co-incubation of NOS inhibitor, Nω-nitro-l-arginine (L-NNA; with
selectivity for eNOS and nNOS over iNOS), markedly decreased ADMA-induced
superoxide generation in porcine arteries, suggesting ADMA induced eNOS
uncoupling. In addition, co-incubation of AVE3085 attenuated ADMA-induced ROS
and reactive nitrogen species formation. Importantly, coronary small arteries preincubated with ADMA and AVE3085, L-NNA did not further inhibit superoxide
generation, suggesting the reversal of eNOS uncoupling was mediated by AVE3085.
Interestingly co-incubation with AVE3085 in ADMA-treated arteries did not alter eNOS
protein levels. However, AVE3085 increased eNOS activity by reversing the
Ser1177
Thr495
downregulation of p-eNOS
and the upregulation of p-eNOS
induced by
ADMA.
63

demonstrated in left internal thoracic artery
In contrast, Xuan et al.
segments from patients undergoing coronary artery bypass grafting that 1-hr exposure
to ADMA (100 µmol/L) resulted in impaired ACh-induced endothelium-dependent
relaxation, decreased eNOS protein expression and increased superoxide production.
Co-incubation with AVE3085 (30 µmol/L) restored endothelium-dependent relaxation,
enhanced eNOS expression and reduced superoxide formation caused by ADMA.
The discrepancies between these two studies regarding AVE3085-mediated
increased vascular eNOS expression may be due the difference of pathological
condition of arteries (non-pathological porcine arteries vs arteries from patients with
coronary artery disease) and dosage (10 vs 30 µmol/L). Thus, further studies are
warranted to draw firm conclusions on the role of eNOS enhancement in ADMAinduced endothelial dysfunction.
3.4.2 Homocysteine (Hcy) induced vascular endothelium impairment
Increased plasma homocysteine (Hcy) has emerged as an independent risk
64
factor for cardiovascular diseases . Evidence indicated that Hcy-induced oxidative
stress was dependent on NOS activity, which was mainly attributed to uncoupled
65
eNOS . Studies demonstrated that Hcy induced eNOS uncoupling through
65, 66
increasing superoxide generation and diminishing intracellular BH4 bioavailability
,
subsequently resulting in endothelial dysfunction.
96
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Yang et al. demonstrated in porcine coronary arteries-exposed Hcy that cotreatment with AVE3085 (10 μmol/L, 24h) resulted in improved impairment of EDR to
bradykinin, restored NO release, decreased superoxide generation, upregulated
eNOS mRNA and protein expression, increased phosphorylation of eNOS at Ser1177
Ser1177
(p-eNOS
) , downregulated iNOS protein expression and normalized arginase
activity. This beneficial effect of AVE3085 was attenuated when co-incubated with
either Akt inhibitor (1L6-Hydroxymethyl-chiro-inositol-2-(R)-2-O-methyl-3-O-octadecylsn-glycerocarbonate) or phosphoinositide (PI) 3 kinase inhibitors (LY294002 or
wortmannin). These inhibitors did not affect eNOS expression that was upregulated by
AVE3085, suggesting that the PI3 kinase/Akt pathway was involved in the eNOS
activation related endothelial protection of AVE3085. In addition, co-incubation either
with iNOS inhibitor (1400 W) or arginase inhibitor (nor- NOHA) in arteries-exposed to
Hcy partially improved relaxation and NO release as well as normalized arginase
activity. This was associated with blunted superoxide generation, suggesting that
iNOS and arginase contributed to Hcy-induced endothelial dysfunction and superoxide
formation. The NOS inhibitor, L-NNA, also lowered the superoxide level elevated by
Hcy, suggesting the contribution of eNOS uncoupling to Hcy-induced superoxide
generation. Importantly, co-treatment with AVE3085 in arteries-exposed to Hcy also
blunted superoxide generation and this could not be reduced any further by L-NNA,
indicating that AVE3085 reversed Hcy-induced eNOS uncoupling. Taken together,
AVE3085 ameliorated Hcy-induced endothelial dysfunction by reversal eNOS
uncoupling, downregulation of iNOS and inhibition of arginase activity and thus
inhibited superoxide generation. AVE3085 enhanced NO production by upregulation
of eNOS expression and by activation of eNOS activity through PI3 kinase/Aktdependent pathway.
3.5 Cardiac ischemic injury
3.5.1 Ischemia-reperfusion (I/R)
Myocardial infarct is caused by the occlusion of coronary arteries due to
plaque rupture. If this occlusion is temporary, a period of cardiac ischemia is followed
by reperfusion and associated damage. Changes in eNOS expression and function
are causal in this process. Decreased eNOS-derived NO presented in experimental MI
67
68, 69
and patients with ischemic cardiomyopathy
. Also, genetic overexpression of
70
eNOS in mice attenuated myocardial infarction after myocardial I/R , whereas eNOS71
deficient mice showed an increased infarct size in such a model , all signifying the
72
important role of eNOS dysfunction in MI and I/R. Perkins et al.
revealed in
experimental I/R that co-treatment with an eNOS activity enhancer, protein kinase C
epsilon type( PKCε), and with BH4 restored the post-reperfused cardiac function. In
contrast, co-treatment with PKCε and BH2 resulted in enhanced uncoupled eNOS
97
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activity, cardiac contractile dysfunction and increased ROS generation. Indeed, BH2,
which lacks the capacity to act as eNOS cofactor, can competitively replace eNOS43
bound BH4 and subsequently promote eNOS uncoupling . Together, this suggests
that presence of BH4 is a prerequisite for therapeutic target eNOS activity enhancer,
and increasing eNOS activity when eNOS is uncoupled, will result in deleterious
consequences.
25

Frantz et al. demonstrated in a mice model of coronary I/R (30 min/24h) that
7d pretreatment with AVE 9488 (30 mg/kg/day as dietary supplement) significantly
increased eNOS expression levels and enhanced vasodilator- stimulated
157
phosphoprotein (VASP) phosphorylation at Serine , a measure of NO bioavailability
73
and NO/cGMP signaling pathway ). This was associated with significantly decreased
I/R injury, displayed by a smaller myocardial infarct size compared with the placebo
group. In addition, levels of malondialdehyde (MDA), a lipid peroxidation marker, were
reduced in mice that received AVE9488 pretreatment. Interestingly, AVE9488 did not
alter myocardial BH4 levels in this study. Taken together, AVE9488 protects against
cardiac I/R injury through augmentation of myocardial eNOS expression and activity.
3.5.2 Myocardial infarction (MI)
MI is typified by myocardial cell death due to prolonged ischemia. Long-term
effects of MI are cardiac inflammatory and remodeling responses, including LV
74
dilation, myocyte hypertrophy and interstitial fibrosis . Uncoupling of eNOS caused
by BH4 oxidation is the main source of superoxide generation in the ventricular
32
remodeling process after MI in a rats . eNOS- deficient mice exhibited left ventricular
dysfunction and modeling after MI, suggesting that enhancing cardiac eNOS
75
expression may be beneficial to ameliorate MI . This observation was confirmed in
mice with transgenic eNOS overexpression by the improved LV systolic and diastolic
76
70
function, and attenuation of LV, myocyte hypertrophy , and myocardial infarct size
after experimental MI.
Likewise, the eNOS enhancer compounds improved cardiac function.
30
Fraccarollo et al. demonstrated in a rat model of MI that chronic AVE9488 treatment
via dietary supplementation (approx. 1.25/kg/d, starting 7 days post MI for 9 wks) led
to increased eNOS expression, restored eNOS activity, diminished vascular
superoxide production, collectively translating in improved global cardiac function, and
reduced pathological hypertrophy and pulmonary edema. AVE9488-treated MI rats
displayed decreased ANP and BNP expression, markers of the hypertrophic response
to MI. The AVE9488-mediated increase in eNOS-derived NO production may
contribute to the antihypertrophic effects. Indeed, NO was seen to inhibit
77
cardiomyocyte hypertrophy, via cGMP-dependent PKG activation , and to play an
78
important role in the antihypertrophic effect of bradykinin . Besides, AVE9488-treated
98
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MI in rats led to downregulated myocardial endothelin-1 (ET-1), possibly due to the
79, 80
inhibitory effect of NO on ET-1 expression and production
. Interestingly, in both
studies AVE did not alter myocardial BH4 levels and eNOS dimer-to-monomer ratio.
Thus, eNOS activity and the enhancer compounds ameliorate cardiac function after MI
by preventing the increased cardiac fetal genes expression, augmenting NO
production and improving endothelial vasomotor dysfunction, independent of eNOS
uncoupling.
3.6 Heart failure
3.6.1 Diastolic heart failure (DHF)
DHF refers to heart failure with normal left ventricular (LV) ejection fraction,
81
which features slow LV relaxation and increased LV stiffness . It has been known
82
that NOS-derived NO is also a crucial mediator of cardiac diastolic function . Mice
with triple deletion of all NOS isoforms show impaired diastolic function and cardiac
83
hypertrophy . Importantly, diastolic dysfunction was found in mild hypertensive
deoxycorticosterone acetate (DOCA)–salt treated mice and this was associated with
marked eNOS uncoupling, as witness by increased ROS generation, decreased
84
NOS-derived NO and depleted cardiac BH4 levels .
26

Westermann et al. have demonstrated that oral administration of AVE3085
in a Dahl salt-sensitive rat model of DHF (10 mg/kg/day for 8 weeks) led to restored
diastolic dysfunction, to reduced cardiac hypertrophy and fibrosis and to decreased
myocardial oxidative stress. AVE3085 displayed clear anti-fibrotic effects. This was
attributable to 1) dampening of calcineurin activation, 2) impairing extracellular
ERK/Akt-mediated collagen production, and 3) by blunting the production of profibrotic mediators, including transforming growth factor beta (TGF-β), connective
tissue growth factor (CTGF). Moreover, AVE3085-treated DHF rats show
downregulated iNOS and NOX subunits p22phox and gp91phox mRNA expression,
possibly explaining the observed decrease in cardiac ROS generation.
Although the authors have shown enhanced eNOS in this particular study, it is
unclear if AVE3085 attenuated the development of hypertension through a vascular
action or has any independent effect on systolic and/or diastolic function of the falling
85
heart . Besides, it would be interesting if further experiments investigate whether
AVE3085 is able to recouple the uncoupled eNOS by measuring eNOS-dependent
NO generation, eNOS dimer stability and enzymatic activity, and BH4/
dihydrobiopterin (BH2) levels.

99
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3.6.2 Left ventricular hypertrophy
It is well documented that uncoupling of eNOS is a prominent source of
reactive oxygen species (ROS) generated in myocardium in pressure overload86, 87
31
induced ventricular remodeling and cardiac dysfunction
. Chen et al.
demonstrated in a mouse model of pressure overload-induced left ventricular
hypertrophy that oral administration of AVE3085 (10 mg/ kg /day for 4 wks) resulted in
increased cardiac eNOS mRNA and protein expression, leading to improved cardiac
function, protected against cardiac hypertrophy and fibrosis, blunted the increases
ANP and b-MHC mRNA expression and this was associated with attenuated the
increases Smad2/3 protein expression and activation. This study suggests that
AVE3085 inhibited Smad signaling pathway and thus attenuated cardiac remodeling.
Taken together, AVE acts protective in both forms of heart failure, but the precise
mode of action needs to be delineated further.
3.7 Arterial thrombosis and platelet activation
It has been suggested that the increased risk of thrombo-embolic events in
88
congestive heart failure (CHF) is attributed to a hypercoagulable state , associated
89
with abnormal platelet activity , impaired endothelium-dependent vasodilation and
90
91
diminished release of endothelium-derived NO . Elevated levels of P-selectin and,
92
have been found in patients with
interestingly, uncoupling of platelet eNOS
congestive heart failure. In in vitro study, overexpression of eNOS in bovine aortic
endothelial cells (BAEC) inhibited platelet aggregation and this effect was abolished
when treated with L-NAME, suggesting platelet aggregation was mediated by eNOS93
dependent NO . Indeed, eNOS-derived NO plays an important role in inhibiting
platelet activation through sGC-cGMP–PKG dependent signaling pathway (reviewed
94
239
in ). The activation of PKG by cGMP caused VASP-phosphorylation at Ser , the
157 73
cGMP/PKG preferred site, and further phosphorylate VASP at Ser
. In platelets,
phosphorylation of VASP correlated with vasodilator-induced inhibition of platelet
activation and aggregation, as well as with inhibition of fibrinogen receptor
95, 96
activation
.
34

Schafer et al. demonstrated in a rat model of chronic MI-induced severe
congestive heart failure that long-term oral administration of AVE9488 25 ppm/day
improved and normalized aortic NO generation, as assessed by the additional
constriction of isometrically pre-constricted aortic rings in response to L-NNA. In
addition, AVE9488-treated severe CHF rats displayed increased platelet VASP157
239
phosphorylation at Ser and Ser , indicating the improvement of the activity of
73, 95, 97
platelet inhibitors/inhibitory pathways and NO/cGMP pathway
. Treatment with
AVE9488 in severe CHF rats resulted in decreased platelet surface expression of Pselectin and glycoprotein 53, markers of platelet degranulation. The effect of AVE9488
100
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157

-/-

mediated VASP- phosphorylation at Ser was abolished in eNOS mice, suggesting
that AVE 9488 was specific for eNOS. Thus, AVE9488 normalized the impaired
platelet VASP-phosphorylation and in this way prevents platelet activation, suggesting
a therapeutic benefit in thrombo-embolic complications in patients.
4 General conclusions
The key role of NO in cardiovascular protection is well established. The variety
of NO effects in vivo mirrors its complex downstream signaling cascades, as NO can
98, 99
signal by cGMP-dependent and -independent pathways
. NO generated by eNOS
regulates blood pressure, vascular tone, leucocyte adhesion, cell proliferation and
platelet aggregation, all critical processes in the pathogenesis of cardiovascular
diseases. Therefore, agents that increase the bioavailability of eNOS-derived NO are
attractive candidate therapeutics for the treatment of cardiovascular diseases.
AVE9488 and AVE3085 have been identified as two novel structurally related smallmolecular-weight compounds. Both act protective in cardiovascular disease by
effecting eNOS up-regulation and by reversing eNOS uncoupling. Recent studies
revealed clear beneficial effects of AVE compounds (table 2) in atherogenesis, in
cardiac diseases and in vascular function, including improved endothelium-dependent
relaxation, enhanced vascular barrier function, increased circulating EPC, reduced
ADMA levels, inhibited MDA (oxidative stress index and inflammation), and disrupted
superoxide levels generated by NOX and iNOS. These promising preclinical results
merit further study of the long-term therapeutic benefit of AVE9488 and AVE 3085 in
human disease.
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Table 1. Phenotypic comparison of increased eNOS transgene expression vs AVE9488 treatment
in a mouse model of atherosclerosis
Parameters

apoE-/- /eNOS Tg mice100

AVE 9488 treatment of apoE -/mice15

Expression of eNOS

Upregulation (+238%, aortic
eNOS protien levels, Western
blotting)

(10 mg/kg/day b.i.d. for 17 days)
Upregulation (+109%), aortic
eNOS protien levels, Western
blotting)

Functional status of eNOS

eNOS uncoupling

Recoupling of uncoupled eNOS

NO production

Increase (+50%)

n/a

BH4 levels

No effect (52% decrease
compared with WT)

Increase (+80%)

Superoxide formation

Increase (+75% (nonatherosclerotic artery segment
); + 30% in plaque

Decrease (-33%)

Atherosclerotic lesion formation

Increase (+ 50%)
12 wk of high cholesterol diet
(1.25% cholesterol, 7.5% cocoa
butter, 7.5% casein, 0.5%
sodium cholate)

Decrease
(30 mg/kg/day for 12 wk)
• Chow: plaque formation (39%); plaque area (-32%)
• Western-type diet (20% fat
and 0.5% cholesterol):
plaque formation (-36%)
and for AVE3085
treatment :-45%
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Table 2. Overview of major vascular and myocardial preclinical studies with AVE compounds.*
Cardiovascular
dysfunction
Hypertension
and
hypertensioninduced
endothelial
dysfunction.

Model
SHR rats
(in vivo)

Dosage of AVE
compounds
AVE3085
(10mg/kg/day;
4wks; oral
gavage)

Major findings

-

-

Vasoreperative
dysfunction in
diabetic EPC

SHR rats
(ex vivo- aorta)

AVE3085
10 µM; 2hr
incubation

SHR rats
(in vitro; primary
endothelial cells
from aortas)

AVE3085
10 µM; 12 hr
incubation

CD34+ isolated
from peripheral
blood from diabetic
patients

AVE3085
(10 µM; 24 hr
incubation)

-

Improved EDR in aortas
Up-regulated eNOS mRNA
Enhanced eNOS
phosphorylation

-

Up-regulated eNOS mRNA

-

-

A mouse model of
retinal I/R

AVE3085
(10 µM; 24hr)
AVE-treated
diabetic
CD34+cells

Improved endotheliumdependent relaxation (EDR) in
aortas
Up-regulated eNOS mRNA
and protein
Enhanced eNOS
phosphorylation
Decreased nitrotyrosine
formation
Reduced blood pressure

-

Increased eNOS mRNA
expression resulted in
increased peroxynitrite levels
and, therefore, did not
enhance NO-mediated
function in vitro and in vivo
Migration in response to SDF1α remained impaired
No improvements of
vasoreparative function in
diabetic CD34+cells.

Ref.

29

24

AVE3085-treated diabetic
cells did not migrate to areas
of vascular injury when
injected within the vitreous of
mice undergoing I/R of retinal
injury.
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Cardiovascular
dysfunction
Endothelial
dysfunction in
diabetes

Model
Diabetic db/db
mice

Dosage of AVE
compounds
AVE3085
(10 mg/kg/day;
7days; p.o.)

Major findings

-

-

-

Atherosclerosis

104

High-glucose–
incubated mouse
aortas
(HG 30mmol/L;
48hrs)

AVE3085
(1µM;
incubation)

EA.hy 926 cells

AVE9488 and
AVE3085
10 µM; 18 h;
incubation

-

-

primary human
umbilical vein
endothelial cells

AVE9488
2 µM; 18 h;
incubation

C57BL/6J
apoE-/- mice

AVE9488
(30 mg/kg/day;
17 days;
pressed in
chow)

apoE-/- mice with
cuff-induced
neointima
formation

AVE9488
(10 mg/kg/day;
b.i.d. starting 3
days before the
cuff placement
17 days;)

-

-

Increased eNOS level but did
not change the level of peNOSSer1176 to total eNOS.
The ratio of p-eNOSThr495 to
eNOS was not changed in
db/db mice when compared
with control or by AVE3085
treatment
Reduced blood pressure
Improved EDR to ACh in
aortas, mesenteric and renal
arteries
Lowered ROS generation
Augmented the attenuated
flow- dependent dilatation in
mesenteric resistance arteries

Ref.

23

Increased eNOS expression
Improved EDR to ACh in
aortas, mesenteric and renal
arteries
Inhibited ROS generation
Stimulated eNOS promoter
activity in a concentrationdependent manner without
changing eNOS mRNA
stability
Increased eNOS mRNA and
protein expression
Enhanced bradykininstimulated release of NO

-

Enhanced vascular eNOS
expression (femoral arteries)

-

Reduced neointima formation
Enhanced aortic eNOS
expression

15
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Cardiovascular
dysfunction
Atherosclerosis
(continued)

Model
apoE-/- mice
(standard rodent
chow)

Dosage of AVE
compounds
AVE9488 10
(30mg/kg/day;
12 wks)

Major findings

-

apoE-/- mice
(western type diet)

AVE9488 or
AVE3085
(30mg/kg/day;
each; 12 wks)

apoE-/- mice

AVE9488
(30mg/kg/day;
2wks)

Asymmetric
dimethylarginine
(ADMA)
induced
vascular
endothelium
impairment.

Left internal
thoracic artery
segments from
patients
undergoing
coronary artery
bypass grafting
incubated with
ADMA 100 µmol/L

AVE3085
(30 µM;
incubation)

Homocysteine
(Hcy) induced
vascular
endothelium
impairment

Porcine Coronary
Small Arteries
(PCAs) incubated
with Hcy 50 μmol/L

AVE3085
(10 μM; 24h;
incubation)

-

-

-

-

Cardiac
ischemia injury

Ischemia
reperfusion:
mice model of
coronary I/R

AVE9488
(30 mg/kg/day;
7days; dietary
supplement)

-

-

Ref.

Reduced aortic plaque
formation
Enhanced eNOS protein
expression (femoral arteries)

Reduced aortic plaque
formation

Increase aortic BH4 levels
Decreased aortic ROS
production
Reversed eNOS uncoupling
Improved EDR
Increased vascular eNOS
expression
Decreased ADMA- induced
ROS production

Improved EDR to bradykinin
Increased bradykininstimulated NO release
Decreased ROS generation
Increased eNOS expression
both mRNA and protein levels
and p-eNOSSer1177, increased
p-eNOSSer1177:eNOS ratio
Blunted the increased iNOS
protein expression
Normalized the arginase
activity
Increased eNOS expression
Increased VASP
phosphorylation
Decreased myocardial
infarctions (infarct/ area at
risk)
Decreased malondialdehydethiobarbituric acid (MDA)

22

20

25
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Cardiovascular
dysfunction
Cardiac
ischemia injury
(continued)

Model

Dosage of AVE
compounds

Chronic myocardial
infarction:
rat model of MI

AVE9488
(25 ppm AVE
9488 as a
dietary
supplement ;
average dose is
1.25/kg/d,
starting 7 days
after coronary
artery ligation for
a period of 9
wks)

Major findings

-

-

-

-

Impairment of
bone marrow
mononuclear
cells (BMC) in
ischemic
cardiomyopathy
(ICMP) and cell
therapy

106

Hypoxia
reoxygenation:
porcine coronary
small arteries
incubated with St.
Thomas solution

AVE3085
(10 µM;
incubation)

BMC derived from
patients with ICMP
(ex vivo and in
vitro)

AVE9488
(5 µM 18-24hr;
incubation)

-

-

-

-

Murine BMC

AVE9488
(5 µM 18 hr;
incubation)

A nude mouse
model of unilateral
hind limb ischemia
(in vivo)

AVE9488
(5 µM 18 hr;
incubation; AVEtreated BMC
from patients
with ICMP; i.v.
infusion)

-

-

Increased aortic and
myocardial eNOS protein
levels
Increased calcium-dependent
NOS activity in left venticular
myocardium
Improved EDR in aortas
Prevented LV dilatation,
hypertrophy, fibrosis
Blunted the increased in
cardiac gene expression
(ANP, BNP and ET-1)
Decrease ROS generation
Reduced myocardial
nitrotyrosine levels
Increase p-VASP at Ser 239
Increased circulating EPC
Preserved the bradykinin
induced EDR
Enhanced eNOS expression
Increased phosphorylated
eNOS at Ser 1177 ( p-eNOS
Ser1177 )
Increased eNOS mRNA
expression in peripheral
blood-derived EPC, CD34+
and BMC
Increased eNOS protein
expression and activity, and
NO production in Lin-CD105+
Increased migratory capacity
of BMC in response to stromal
cell-derived factor 1 (SDF-1)
Increased migratory capacity
of BMC in response to SDF-1
in WT
Improved neovascularization
capacity
Enhanced recovery of limb
perfusion
Increased the swimming time
ratio

Ref.

30

21

14
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Cardiovascular
dysfunction
Heart failure

Model
DAHL saltsensitive induced
Diastolic heart
failure (DHF) rats

Dosage of AVE
compounds
AVE3085
(10mg/kg/day;
8wks; p.o.)

Major findings

-

-

Pressure overloadinduced left
ventricular
hypertrophy mice

AVE3085 (10
mg/ kg /day, 4
wks; p.o.)

-

Arterial
thrombosis and
platelet
activation

congestive heart
failure rats (CHF;
left ventricular enddiastolic pressure
>15 mmHg)

AVE9488 (25
ppm/day); 10
wks; p.o. as diet
supplements)

-

-

Increased eNOS mRNA and
protein
Decreased NADPH oxidase
(NOX) subunits p22phox and
gp91phox
Decreased iNOS gene
expression
Decreased cardiac ADMA
levels
Attenuated diastolic
dysfunction
Reduced cardiac hypertrophy
and fibrosis
Normalized activation state of
calcineurin, AKT and ERK 1/2

Increased eNOS expression
improved cardiac function
Alleviated cardiac remodeling
Downregulated ANP and bMHC mRNA expression
Inhibited Smad1/2 signaling
pathway
normalized platelet VASP
phosphorylation at serine 157
and 293 in eNOS-dependent
manner
reduced expression of
markers of platelet
degranulation (i.e. P-selection
and glycoprotein 53)

Ref.

26

31

34

(*) Of note, the beneficial effects in enhancing eNOS expression and activity of AVE compounds are absent
in the presence of NOS inhibitor substances (L-NAME and L-NNA), transcription inhibitor (actinomycin D),
endothelium-denuded rat aorta, and in eNOS-/- mice)
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Abstract
Aims: Endothelial nitric oxide synthase (eNOS) has a central role in the pathogenesis
of pressure overload-induced ventricular remodeling. The small molecule AVE3085
can enhance transcription of eNOS and interference with eNOS-uncoupling has been
suggested. In this study, we tested if AVE3085 can prevent pressure overload-induced
cardiac hypertrophy.
Methods and results: Mice C57BL/6 (n=12/group) underwent severe transverse
aortic constriction (TAC) for one week to develop cardiac hypertrophy and remodeling.
Oral AVE3085 (30mg/kg/day) or placebo (0.5% methyl hydroxyeythylcellulose) were
given from the day of surgery for 7 days. AVE3085 treatment reversed TAC-induced
cardiac hypertrophy indices, including heart weight /body weight ratio (HW/BW; -21%),
heart weight/ tibia length ratio (HW/TL; -13%), myocyte dimension (-9%) and relative
fibrosis area (-60%). Also, hypertrophic markers B-type natriuretic peptide (BNP) and
beta myosin heavy chain (bMHC) expression were normalized by - 6% and -3%
respectively compared to control TAC mice. This was associated with improved
cardiac function, including left ventricular end-systolic diameter (LVESD; -34%), wall
thickness (-24%), calculated LV mass (-76%), fraction shortening (FS; 15%), and
ejection fraction (EF; 7%). Moreover, a reduction in cardiac reactive oxygen species
(ROS) compared to control TAC mice was not reduced further by the NOS inhibitor LNAME. Interestingly, eNOS homodimer stability was also improved. Together this
suggests AVE3084 reversed eNOS uncoupling, while eNOS mRNA and protein levels
only showed a trend to increase after AVE3084 treatment.
Conclusion: AVE308 treatment reversed pressure overload-induced ventricular
remodeling, which was likely mediated by a reversal of eNOS uncoupling through
protection of tetrahydrobiopterin oxidation by ROS.
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Introduction
Sustained pressure overload can lead to pathologic cardiac hypertrophy and
1
dysfunction , and prevention or delay of this maladaptative response has emerged as
2
an important therapeutic goal . Under physiological conditions, nitric oxide (NO)
generated by endothelial nitric oxide synthase (eNOS) plays a key role in
3, 4
cardiomyocyte contractility and vascular tone . Proper function of eNOS requires
dimerization of the enzyme and the presence of its cofactor tetrahydrobiopterin (BH4).
Functional eNOS is able to oxidize its substrate L-arginine to produce L-citrulline and
NO. It is well documented that uncoupling of eNOS is a prominent source of reactive
oxygen species (ROS) generated in myocardium in pressure overload-induced
5, 6
ventricular remodeling and cardiac dysfunction . eNOS uncoupling involves a shift
from dimeric to monomeric state, resulting in reduced NO production and increased
7
ROS generation . The production of ROS in turn enhances oxidation of BH4, leading
to decrease bioavailability of this cofactor, creating a vicious cycle of progressive
8
eNOS uncoupling. Although BH4 deficiency is a major cause for eNOS function loss ,
diminished eNOS transcription, mRNA stability and translation were proposed to be
9
instrumental in this process (see reviews ). Because uncoupled eNOS generates not
only NO, but also ROS, increasing eNOS transcription, translation or activity does not
10
guarantee improved endothelial function . Hence pharmacological approaches to
preserve or restore eNOS functionality and prevent eNOS uncoupling are thus
warranted. Indan compounds AVE9488 and AVE3085 were designed to enhance
eNOS gene expression, with the eventual aim to increase NO signaling and
11, 12
bioavailability
. Surprisingly, AVE 9488 has also been shown to enhance
endothelial BH4 levels and reverse eNOS uncoupling in experimental atherosclerosis
12
. This favorable activity profile suggests that AVE compounds could be effective in
eNOS dysfunction induced cardiac diseases. While AVE3085 was seen to prevent
13
cardiac remodeling in experimental compensated left ventricular dilation , its effect
on eNOS dysfunction and myocardial ROS formation in a mouse model of left
ventricular hypertrophy is unknown. To investigate the potential role of AVE3085, a
novel pharmacological modulator of eNOS, in cardiac stress remodeling associated
with pressure overload, we subjected mice to severe transverse aortic constriction
(TAC) for 1 week as a model of acute onset of HF. It is well established that eNOS
uncoupling plays a major role in TAC pathobiology. Moreover, mice undergoing
severe, but not mild, TAC show enhanced eNOS uncoupling associated with
increased eNOS-dependent oxidative stress, and consequent cardiac dysfunction and
5, 6
remodeling
. We used C57BL/6 mice because they develop rapid cardiac
7, 8
hypertrophy, myocyte hypertrophy and fibrosis within 7 days after TAC , allowing us
to examine the utility of pharmacological or molecular interventions that may limit
hypertrophy. In this study we therefore investigated the effects of AVE3085 on
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pressure overload induced eNOS uncoupling, and subsequent prevention and/or
reversion of left ventricular hypertrophy.
Materials and Methods
All experiments were approved by the Animal Experiment Committee of
Maastricht University and were performed in accordance with institutional and
international guidelines.
TAC and Study Protocols
36 Male C57BL/6 mice (n= 12 per group; age, 9 to 11 weeks; weight, 22 to 24
g; Charles River, Maastricht, the Netherlands) underwent sham or severe transverse
5
aortic constriction (TAC) surgery as previously described . The mice were
randomized to receive AVE3085 (30mg/kg/d; in 0.5% methyl hydroxyeythylcellulose
(vehicle)) or placebo as a 7-day p.o. treatment, starting at the day of surgery. Animals
were sacrificed at day 7 and organs were harvested for molecular, cellular, and
superoxide anion generation. The experimental setup of this study is depicted in figure
1A.
Cardiac Function
In vivo cardiac morphology and function was assessed by transthoracic
echocardiography; using a Hewlett-Packard 15 MHz linear array transducer (15-6L)
interfaced with a Sonos 5500 echocardiography system (Phillips, Eindhoven, The
Netherlands) in conscious mice at baseline and at the end of the experiment. M-mode
left ventricular (LV) end-systolic and end-diastolic dimensions were averaged from 3 to
5 beats, and data were analyzed by investigators blinded to the heart condition as
5
described .
Histology
The myocardium was fixed in 10% formalin, dehydrated in alcohol, embedded
in paraffin, and 5 µM sections were made. Subsequently, hematoxylin and eosin (HE)
staining was performed. Images were taken with a Leica microscope at 20x
magnification using QwinV3 software. Myocyte cross-sectional diameter was
measured at the level of the nucleus in the longitudinally sectioned slides and
analyzed with Adobe Photoshop 7.0.1 (3 slices in 4 different hearts in each group,
averaging results from 60-90 cells per group). Interstitial fibrosis was measured using
picro-sirius red (0.05% in saturated picric acid solution, Sigma). Images of nonvascular areas were randomly captured (4-5 fields per heart; n=4 per group; 20x
magnification). Relative fibrosis areas were quantified by ImageJ MRI fibrosis tool
(http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Fibrosis_Tool).
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Gene expression analysis
Total mRNA was extracted from 4-5 frozen LV samples per group using the
RNeasy kit (Qiagen, The Netherlands) according to the manufacturer’s protocol. RTqPCR was performed for specific genes of using SensiMix SYBR Green (Bio-Rad) on
a Bio-Rad CFX96 Real-Time System, C1000 Thermal Cycler. Primer sequences for
myocardial hypertrophy marker genes A- and B-type natriuretic peptide (ANP and
BNP), alpha and beta myosin heavy chain (aMHC and bMHC), and phospholamban
(PLB) are shown in table 1. mRNA expression were expressed relative to that of the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
normalized to placebo-treated expression values.
mRNA expression of eNOS and guanosine triphosphate cyclohydrolase I
(GCH1) was analyzed with the QuantiTect Probe RT-PCR kit (QIAGEN GmbH).
TaqMan gene expression assays (predesigned probe and primer sets) were obtained
from Applied Biosystems (Foster City, CA): eNOS (nos3; assay ID Mm00435204_m1),
GCH1 (assay ID Mm00514993_m1) and GAPDH (assay ID 4352339E). Relative
−ΔΔCT
expression was calculated using the 2
method.
eNOS protein expression and dimer to monomer ratio
Protein expression of eNOS was determined in homogenates of myocardium
14
samples (n=5-6 per group) as previously described . Low temperature sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed for
6
detection of eNOS monomer and dimer as previous described . Cold SDS-PAGE
Western blot analysis was performed in 7% to 4% SDS-Tris gels run overnight on ice
and then transferred for 3 hours to nitrocellulose membranes. Primary eNOS antibody
(1:1000, Santa Cruz Technology, Inc, Santa Cruz, Calif) was detected by enhanced
chemiluminescence (Pierce, Rockford, Ill) using a LAS 3000 imaging system. All
protein bands were quantified using ImageJ (NIH).
Superoxide detection
Superoxide generation in homogenized LV (n= 3 per group) was evaluated by
low concentration lucigenin-enhanced chemiluminescence (5 μmol/L) using a single15
tube luminometer (Berthold FB12) as previously described . Besides total
superoxide production, NOS-dependent ROS production was determined by
incubation of the same homogenized LV samples for 30 min with the NOS inhibitor LNAME (Sigma-Aldrich) (1 mmol/l). During the entire experiment the temperature was
maintained at 37 °C; light emission was recorded and expressed as relative light units
16
(RLU) per mg per second .
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2.8 Statistical Analysis
All data are expressed as mean ± SEM. Following the Kolmogorov-Smirnov
test for normal distribution, the two groups were compared with student’s t-test
(Gaussian distribution) or Mann-Whitney test (non-Gaussian distribution). Parameters
with more than two groups were analysed using one way ANOVA in combination with
a Bonferroni post-hoc analysis, or Kruskal-Wallis Test, followed by Dunn’s post-hoc
testing. Analyses were performed using GraphPad Prism 5.0 (La Jolla, CA, USA).
P<0.05 was considered to be statistically significant.
Results
AVE3085 reversed cardiac hypertrophic remodeling and fibrosis
To assess the effect of AVE3085 on left ventricular hypertrophy, histological
analysis of the heart tissue was performed and cardiac myocyte dimension and
interstitial fibrosis were measured (Figure1B-I). As expected, one week after TAC
surgery in the placebo treated group we observed overt signs of cardiac hypertrophy,
including heart weight /body weight ratio ( HW/BW; 70%), heart weight/ tibia length
ratio (HW/TL; 49%), myocyte dimension (37%) and relative fibrosis area (1870%),
compared to the sham-operated group. As shown in Figure1B-I, hypertrophy reversed
and heart function improved in TAC mice that had received AVE3085, as evidenced
by a decreased hypertrophic response, including HW/BW (-21%), HW/TL (-13%),
myocyte dimension (-9%) and relative fibrosis area (-60%). Treatment with AVE3085
decreased the TAC associated induction of the expression of hypertrophic markers Btype natriuretic peptide (BNP) and beta myosin heavy chain (bMHC) (Figure 1I).
Together, these findings indicated that AVE3085 was able to reversed cardiac
hypertrophy and remodeling after pressure overload.
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Figure 1. AVE3085 reverses cardiac hypertrophic remodeling and fibrosis
A. Schematic representation of experimental procedure for pressure overload-induced acute onset of heart
failure in mice. B. Representative haematoxylin and eosin (HE) stained cross-sections of the murine heart 1
week after sham, TAC operation and/or AVE treatment (magnification = 1x), and corresponding
quantifications of C. Mean data for heart weight to body weight ratio (HW/BW), and D. Heart weight to tibia
length ratio (HW/TL). E. Representative HE staining showing myocyte dimensions (black arrows indicate
dimensions; Magnification = 20x) and F. corresponding quantifications (n = 4 group; 3 regions per heart
averaging results from 60-90 cells per group). G. Picro-sirius red (PSR) staining revealed increased
interstitial fibrosis in placebo-treated TAC heart (red staining; n=4 per group; 4-5 fields per heart; 20x
magnification scale bar 50 µM). H. Quantification of relative fibrosis area, showing reversed interstitial
fibrosis in AVE3085-treated TAC mice. ***p<0.001 vs. sham placebo; #p<0.05, ##p<0.01 vs. TAC placebo.
I. Analysis of fetal gene mRNA expression in TAC hearts, normalized by TAC placebo group (n=5 per
group). *p<0.05, **p<0.01 vs TAC placebo. A- and B-type natriuretic peptide (ANP and BNP), alpha and
beta myosin heavy chain (aMHC and bMHC), and phospholamban (PLB).
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AVE3085 improved cardiac function
Cardiac function was assessed by M-mode echocardiography in conscious
mice. As shown in (Figure 2A-H), one week TAC resulted in increased left ventricular
end-systolic diameter (LVESD; 110%), end-diastolic wall thickness (90%) and
calculated left ventricular (LV) mass (208%), while reducing cardiac contractility as
assessed by fraction shortening (FS; -19%) and ejection fraction (EF; -9%), compared
to sham operated placebo treatment. Treatment with AVE3085 attenuated all these
deleterious changes (Figure 2A-H), with marked decreases in LVESD (-34%), wall
thickness (-24%) and calculated LV mass (-76%) compared to placebo-treated TAC
mice. A minor but significant increase in cardiac contractility parameters was detected
(FS: 15% and EF: 7%), compared to placebo-treated TAC mice. Thus, AVE3085
diminished pathological LV remodeling and myocardial contractile dysfunction caused
by pressure overload- induced LV hypertrophy.
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Figure 2. AVE3085 improves cardiac function
AVE3085 improves cardiac function assessed by M-mode echocardiography in conscious mice, as shown
by A. left ventricular end-systolic diameter (LVESD; mm), B. left ventricular end-diastolic diameter (LVEDD;
mm), C. end-diastolic wall thickness (mm), D. calculated left ventricular (LV) mass (mg); E. fraction
shortening (FS; %), and F. ejection fraction (EF; %). **p<0.01, ***p<0.001 vs. sham placebo; #p<0.05,
##p<0.01, ###p<0.001 vs. TAC placebo. G,H. Representative example of M-mode echocardiography in
conscious animals, showing LVESD (red line) and LVEDD (white arrow)

AVE3085 enhanced functional eNOS dimer formation and reversed myocardial
eNOS uncoupling.
To dissect AVE’s mode of action, we determined eNOS mRNA expression
levels (RT-qPCR) and protein expression (Western blotting) in homogenized heart. As
shown in figure 3A-B, treatment with AVE3085 in TAC mice tended to increase eNOS
mRNA and protein expression compared to placebo-treated TAC mice, albeit it that
these effects were not significant. It has been suggested that eNOS homodimer
instability, reflected by a lower ratio of dimers to monomers, may indicate eNOS
5, 6
uncoupling . Surprisingly, although treatment with AVE3085 did not change total
eNOS protein levels, it led to elevated eNOS dimer-to-monomer ratio (Figure 3C). This
suggests that AVE3085 has promoted eNOS dimerization and thus enhanced
functional eNOS expression in TAC mice. In contrast, placebo-treated TAC group
exhibited a lower dimer-to-monomer ratio, suggestive of eNOS uncoupling and
elevation of the ROS producing eNOS monomer.
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Figure 3. AVE3085 enhances functional eNOS dimer formation
A. The eNOS mRNA level 1 week after TAC was normalized to the reference gene (GAPDH) using the
2−ΔΔCT method (n =5-6 per group). B. Representative western blot and quantification of total eNOS protein
expression (n=5-6 per group). C. Representative western blot and quantification of eNOS dimer and
monomer protein expression (dimer to monomer ratio; n=5 per group).

Indeed, AVE3085 enhanced myocardial superoxide generation, as assessed
by lucigenin-enhanced chemiluminescent in LV homogenates. As shown in figure 4A,
one week TAC substantially stimulated basal myocardial ROS formation in the
placebo-treated group. Co-incubation of LV homogenates with the NOS inhibitor, LNAME resulted in a significant decrease in ROS generation, suggesting that cardiac
ROS were at least partially attributable to eNOS uncoupling. These findings were
supported by our observation in placebo-treated TAC mice, which displayed a
decrease dimer-to-monomer ratio and thus monomeric eNOS contributed to increases
ROS production. In contrast, treatment TAC mice with AVE3085 led to lowered
myocardial ROS production. Under these conditions, L-NAME did not further reduce
myocardial ROS production in AVE3085-treated group, indicating that AVE3085
reversed eNOS uncoupling.
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We further studied if eNOS uncoupling was dependent on BH4 .The ratelimiting step of BH4 biosynthesis is initial guanosine triphosphate (GTP) modification,
12
catalyzed by the enzyme GTP cyclohydrolase I (GCH1) . Indeed, treatment with
AVE3085 tended to induce GCH1 mRNA expression in TAC mice (Figure 4B) vs
placebo-treated TAC group, suggestive of enhanced BH4 biosynthesis. Taken
together, these findings suggested the AVE3085 maintained eNOS homodimer
stability, reduced myocardial ROS production and subsequently prevented or reversed
eNOS uncoupling induced by pressure overload.

Figure 4. AVE3085 reverses myocardial eNOS uncoupling
A. Cardiac superoxide anion production was measured by lucigenin-enhanced chemiluminescence and
expressed as the relative light unit (RLUs). Experiments were performed in the absence or presence of the
NOS inhibitor 1 mmol/l L-NAME (n=3 per group). *p<0.05, **p<0.01, NS not significant. B. The GCH1
mRNA level 1 week after TAC was normalized to the reference gene (GAPDH) using the 2−ΔΔCT method (n
=5-6 per group).
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Discussion
In the present study, we are the first to investigate the role of AVE3085 in
modulating eNOS functionality in pressure overload-induced acute onset of LV
hypertrophy in mice. Our main findings suggested clear beneficial effects of AVE3085
treatment as it (1) reverses cardiac hypertrophy, interstitial fibrosis and blunted reexpression of fetal genes, 2) attenuates the pathological LV remodeling and
myocardial contractile dysfunction, assessed by M-mode echocardiography, and 3)
mechanistically, preserves eNOS homodimer stability even in the absence of
transcriptional enhanced eNOS, and reduces myocardial ROS production. Taken
together this suggests AVE3085 prevents and/or reverses eNOS uncoupling induced
by pressure overload.
The observation that, AVE 3085 attenuated the pathological LV changes
associated pressure overload, in the absence of transcriptionally enhanced eNOS
protein and mRNA expression is surprising as AVE3085 treatment (10mg/kg/day for
17
7days) was previously shown to increase aortic eNOS expression in diabetic mice .
At the same dose, AVE3085 led to increased cardiac eNOS mRNA and protein
13
expression in mice subjected to pressure overload for 4 week . A potential
explanation for AVE3085’s failure to enhance eNOS expression is a compensatory
increase in eNOS levels in the early stages of hypertension due to decreased NO
18
production, resulting from increased ROS production . Therefore, eNOS protein
levels may be similar between groups. Alternatively, AVE3085 may not have
penetrated the intracellular compartments of cardiac tissue. Therefore,
pharmacokinetics analysis and intracellular AVE3085 handling in myocardium in TAC
mice is warranted. If myocardial bioavailability of AVE3085 is compromised, AVE3085
may exert its pleiotropic effects ectopically by lowering blood pressure, improving
19
arterial endothelium-dependent relaxation , and/or by downregulation oxidant
20
enzymes
as it has demonstrated in spontaneously hypertensive rats and
experimental diastolic heart failure, respectively. AVE3085 mediated peripheral
vascular function improvement may thus have led to an improvement of cardiac
function in TAC mice.
Interestingly, instead of transcriptional upregulation, our study has unveiled a
beneficial effect of AVE3085 treatment on eNOS functional stability, demonstrated by
a concomitant increase in eNOS dimer-to-monomer ratio and by decreased
myocardial ROS generation. The observation that AVE3080 lowered TAC-induced
ROS generation independent of NOS inhibitor L-NAME further supports such reversal
of eNOS uncoupling. Our findings were in line with previous studies those
12, 21, 22
demonstrated that AVE9488 and AVE3085 can reverse eNOS uncoupling
. It is
well documented that uncoupling of eNOS, but not iNOS, is a prominent source of
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myocardial ROS and contributes in this way to cardiac dysfunction and remodeling .
Indeed in severe and sustained pressure overload (≥ 3weeks), lack of eNOS
5, 16
ameliorated
, whereas eNOS overexpression exacerbated, TAC-induced cardiac
remodeling and dysfunction. The latter was associated with increased myocardial
16
ROS production and enhanced eNOS uncoupling . In line with our studies, this
indicates that while functional eNOS generally acts protective against maladaptive
stress responses, once uncoupled, it becomes a major ROS generator, contributing to
the pathophysiology.
8

Since BH4 is highly susceptible to oxidative degradation caused by ROS and
AVE3085 treatment attenuated myocaridial ROS generation in TAC mice, suggesting
the beneficial effect of AVE3084 is likely the result of protection of BH4 oxidation by
ROS. It is indeed known that BH4 increases the stability of the eNOS homodimer, and
23, 24
the stoichiometry of BH4–eNOS interaction is directly related to eNOS coupling
.
Exogenous administration of BH4 has been shown to reverse pre-established
advanced hypertrophy and decompensated dilation, which aligns with our AVE3085
findings for cardiac hypertrophy (1 week treatment).
In contrast, BH4 administration from TAC onset or cardiomyocyte specific
guanosine triphosphate cyclohydrolase I (GCH) -overexpression did not restore
6, 25
cardiac function, assessed by echocardiogram analysis after 1 week of TAC
. The
25
former may be due to eNOS coupling by overexpressed or supplemental BH4 .
Previous studies have demonstrated that 1 week of TAC did not alter endogenous
26
6
cardiac BH4 levels or affect eNOS activity . This suggests that eNOS is functional
8, 27
and can still generate NO production in the presence of sufficient BH4
. Together,
this might explain why BH4 treatments do not show beneficial effect after 1 week.
Although the capacity of AVE3085 to reverse pre-existing disease remains to
be investigated, AVE3085 appears to protect BH4 from oxidation by ROS, when
administered at the onset of pressure overload-induced cardiac hypertrophy. The
mechanisms for the increase dimeric eNOS and BH4 mediated eNOS homodimer
stability still remain to be addressed.
We are aware of the limitations of our study. First, we have not included a
sham-operated group that received AVE3085, as previous studies had already
demonstrated that AVE3085 treatment of control mice without surgery did not impact
20, 28
relevant hemodynamics, blood pressure and body weight
. Second, cardiac BH4
and BH2 levels remain to be assessed to fully underpin that BH4 dependent
recoupling of eNOS was the underlying mechanism of AVE3085 treatment. However,
as we did show that AVE3085 reduced myocardial ROS generation, this may suggest
AVE3085 prevents oxidation of BH4 by ROS. Finally, it is necessary to investigate the
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protective effect of AVE3085 in eNOS knockout mice following TAC to confirm that it is
eNOS-dependent effect.
In conclusion, AVE3085 treatment showed pronounced cardioprotective
activity in experimental pressure overload remodeling. As we demonstrate, the
ameliorating effects of this compound likely results from reversal of eNOS uncoupling
and prevention of BH4 oxidation by ROS. Hence, AVE compounds have clear
therapeutic potential for the treatment of heart failure, which warrants further study.

Supplemental Table 1. List of primers used in this study

Gene

Forward primer

Reverse primer

ANP1

TTCCTCGTCTTGGCCTTTTG

CCTCATCTTCTACCGGCATCTTC

BNP1

GGGAGAACACGGCATCATTG

ACAGCACCTTCAGGAGATCCA

aMHC

GGCACAGAAACACCTGAAGA

CATTGGCATGGACAGCATCATC

bMHC

GCCCTTTGACCT CAAGAAAG

CTTCACAGTCACCGTCTTGC

PLB

CCCAGCTAAGCTCCCATAAG

AACAGGCAGCCAAATGTGA

GADPH

ACAGCAACAGGGTGGTGGAC

TTTGAGGGTGCAGCGAACTT
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Main finding of the dissertation
The overall aim of this dissertation was (I) to explore the therapeutic potential
of modulating endothelial nitric oxide synthase (eNOS) using AVE3085, an eNOS
transcription enhancer, which exerts a reversal eNOS uncoupling, in the setting of
cardiac hypertrophy-induced by aortic constriction, (II) to identify specific candidate
targets critical in the regulation of human lymphangiogenesis in atherosclerosis, via a
systems medicine approach.
The key findings of the work presented in this dissertation are:
1. AVE3085 attenuated cardiac dysfunction and remodeling, through preserved
eNOS homodimer instability, decreased myocardial reactive oxygen species
(ROS) and reversed the eNOS uncoupling in a mouse model of left ventricular
pressure overload (chapter 5)
2. Genomics- based methods identify potential novel targets involved in human
plaque lymphangiogenesis (chapter 6)
3. TNFAIP3 Interacting Protein 2 (TNIP2) is a novel VEGF (vascular endothelial
growth factor)-C independent key regulator of plaque lymphangiogenesis in
humans, which potentially acts in an inflammation and lipid metabolism
dependent manner. The mechanism may involve interferon gamma (IFNγ)
and peroxisome proliferator-activated receptor (PPAR)-related lipid and
cholesterol metabolism signaling pathway (chapter 6).
Correlation of EC function and heart function, focusing on eNOS-NO signaling
The functional integrity of the endothelium is a fundamental element of
cardiovascular health. Nitric oxide (NO) generated by eNOS is considered a critical
player in maintaining this integrity. Many studies have established that endothelial
dysfunction is not only an initiator, but could also be an important factor in the
progression of cardiovascular disease. Hereafter, I will discuss the role of endothelial
cells (EC) in regulation of cardiovascular system.
The beneficial, regulatory activity of the vascular endothelium in the heart
includes vasomotor, hemostatic, antioxidant, and pro- and anti-inflammatory activities
1, 2
. EC regulate the release of endothelium-induced relaxing factors such NO and
endothelium-derived hyperpolarization factor (EDHF), which further stimulates
vascular smooth muscle cell relaxation and vasodilation. Likewise, NO in the heart
affects the onset of ventricular relaxation, which allows for a precise optimization of
3
cardiac pump function . In addition, physiologic concentrations of vascular NO as
4-6
generated by eNOS exerts antioxidant properties , regulates mitochondrial function
7, 8
9
and protects against mitochondrial oxidative stress
and thus exerts
178
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cardioprotective effect . Cardiomyocyte paracrine signaling can also regulate EC
3
functions through VEGF-A and angiopoietin (Ang)1 . In fact, paracrine cardiomyocyte
-to- endothelium signaling and vice versa plays a critical role in the vascular
adaptations that occur during cardiac hypertrophy. A failure of angiogenesis to match
11
myocyte growth can lead to progressive cardiac dysfunction .
Endothelial dysfunction is a hallmark of cardiovascular disease, and it is
characterized by impaired endothelial-dependent vasodilatation, increased platelet
activation, leukocyte adhesion, and smooth muscle proliferation; and all can be linked
12, 13
to inadequate NO generation
. Evidence indicates that endothelial dysfunction
also results from eNOS dysfunction due to a reduced level of its essential cofactor,
tetrahydrobiopterin (BH4). When BH4 levels are depleted, the enzymatic reduction of
molecular oxygen by eNOS is no longer coupled to L-arginine oxidation, which results
in the generation of superoxide anion rather than NO, thus contributing to vascular
14
oxidative stress and endothelial dysfunction . Oxidative stress occurs when excess
ROS are generated that cannot be adequately countered by intrinsic antioxidant
15
systems. This plays an important role in the pathophysiology of heart failure .
Mechanistically, ROS contribute to the progression of heart failure through stimulating
16, 17
18
cardiac fibrosis
, inducing cardiomyocyte apoptosis , modifying proteins central
19
to excitation–contraction coupling
and activating the hypertrophic signaling
15
pathways . In the heart, ROS are generated by several sources, including
nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase or xanthine oxidase
15
(XO), eNOS uncoupling, and mitochondria respiration . Given the key role of BH4 in
the production of vasoactive substances, such as NO generated by eNOS, it is not
surprising that alteration in the bioavailability of BH4 alters cardiovascular function and
homeostasis. In chapter 2, we highlighted that BH4 acts as a key regulator of eNOS
in the setting of cardiovascular health and disease. Importantly, it has been
suggested that BH4 deficiency is likely to represent the major cause for eNOS
12
uncoupling . In cardiovascular disease states, there is oxidative degradation of BH4
by ROS. Importantly, the interaction between NO and superoxide results in
peroxynitrite generation, the potent oxidant, that enhances BH4 oxidation, leading to
eNOS uncoupling. In addition, the exact location of ROS production in the heart
remains unclear. eNOS is expressed in vascular endothelium and cardiomyocytes,
20
with the latter representing approximately 20% of total cardiac eNOS . This suggests
that cardiac EC are the likely locus of the nitro-redox perturbation. Therefore, in
chapter 3, we discussed how eNOS uncoupling is one of the major underlying causes
of endothelial dysfunction. The bioavailability of NO produced by eNOS might be
affected at multiple levels, including 1) eNOS mRNA or protein expression, 2)
availability of its substrate L-arginine, which might compete with asymmetric
dimethylarginine (ADMA) for eNOS binding sites, and 3) availability of its
cofactor, BH4, which is determined by a balance of de novo synthesis and recycling,
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versus BH4 degradation in oxidative stress. Interestingly, BH4 can be regenerated by
its oxidized form BH2 via dihydrofolate reductase (DHFR) in the salvage pathway, and
can thus maintain eNOS coupling. Inadequate recycling of BH2 to BH4 by DHFR is at
least in part, responsible for reduced BH4 levels and the accumulation of BH2, leading
12, 21, 22
to eNOS uncoupling
. Furthermore, in chapter 4, we pointed out that
modulation of eNOS function is crucial, and can be targeted at multiple levels,
including 1) increased eNOS expression and/or activity, 2) augmenting its cofactor
BH4 and 3) recoupling the uncoupled eNOS. The small molecule AVE3085 can
enhance transcription of eNOS, and interference with eNOS-uncoupling has been
suggested. It has been proposed that in pressure overload hypertrophic pathology,
oxidative stress is initiated by NADPH oxidase (NOX), causing BH4 oxidation and
23
subsequently resulting in eNOS uncoupling
and that eNOS uncoupling is a
24, 25
prominent source of myocardial ROS
. Thus, in chapter 5, we tested if AVE3085
can prevent pressure overload-induced left ventricular (LV) hypertrophy. We
demonstrated that AVE 3085 attenuated the pathological LV changes associated with
pressure overload, in the absence of transcriptionally enhanced eNOS. Although AVE
compounds have been shown to increase eNOS transcription and protein expression
as discussed in chapter 4, we did not observe this beneficial effect. Our findings were
similar to a study with porcine coronary arteries incubated with AVE3085, ADMA or
AVE3085+ADMA for 1 h which also did not detect the alteration of eNOS protein
26
expression . The first possible explanation is a compensatory increase in eNOS
levels in hypertension; as ROS production is increased, NO production is
27
subsequently decreased . Therefore, eNOS protein levels may be similar between
groups. Alternatively, this compound may not reach the optimal intracellular
compartments of cardiac tissue after 7 days. Nevertheless, in chapter 5, we are the
first to provide evidence for a beneficial effect of AVE3085 treatment, by increasing
functional eNOS stability; demonstrated by an increase eNOS dimer to monomer ratio
and decreased myocardial ROS generation. AVE3085 attenuated downregulated NOX
28
subunits p22phox and gp91phox . This may at least, in part, be responsible for
protecting BH4 from oxidation. Besides that, AVE3085 exerts pleiotropic effects
29
including lowering blood pressure, improving endothelium-dependent relaxation ,
thus these could contribute to improvement of cardiac function if mice following 1week of TAC.
In summary, endothelial dysfunction is characterized by impaired
endothelial NO-dependent vasodilation and is associated with eNOS uncoupling,
causing vasoconstriction, leukocyte or platelet activation, and a prothrombotic state.
EC dysfunction has been implicated in the underlying pathology of many
30
cardiovascular diseases . Moreover, endothelial-cardiomyocyte interactions are
essential in normal cardiomyocyte function, and in protection from injury. In line with
our studies, this suggested that AVE3085 treatment promoted functional eNOS,
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reversed the eNOS uncoupling and protected BH4 from oxidation by ROS,
subsequently ameliorating endothelial function and thus, may also contribute to
improvement of cardiac function. As such, eNOS appears to be a homeostatic
regulator of numerous essential cardiovascular functions.
eNOS- NO signaling : protective effects against pressure overload-induced
inflammation and fibrosis
In response to injury, the heart initially begins compensatory hypertrophy,
however eventually it progresses to maladaptive features, ultimately triggering
31
transition to heart failure . During the progression to heart failure, stressed
32
cardiomyocytes increasingly exhibit contractile dysfunction and cell death . This
33
process is associated with inflammation and fibrosis . Here we discuss main
mechanisms underlying the protection of eNOS-NO signaling in pressure overload
pathology.
NO is a soluble gas synthesized from L-arginine by NO synthase, with a wide
range of biological properties that maintain vascular homeostasis and protect against
4, 30
vascular injury
. Under physiological conditions, eNOS is mostly expressed in EC
34
35
, and is a major source of NO production in vasculature . NO dilates blood vessels
through activation of soluble guanylyl cyclase (sGC)/ cyclic GMP signaling pathway
(cGMP)/ protein kinase G (PKG), resulting in vascular smooth muscle cells (VSMC)
36
relaxation . NO exerts inhibitory effects on platelet activation and has anti35
inflammatory properties , meanwhile it also protects against EC apoptosis through S37, 38
nitrosylation
. It is known that inflammatory signaling and macrophage infiltration
plays a role in in myocardial remodeling and cardiac dysfunction in pressure
39, 40
overloaded hearts
. Indeed, inflammation-mediated fibrosis is initiated by
macrophage accumulation, associated with fibroblast proliferation and the induction of
monocyte chemoattractant protein (MCP)-1 and intercellular adhesion molecule
(ICAM)-1 expression in the myocardium. These events are most pronounced three
39, 40
days after TAC
. Subsequently, transforming growth factor (TGF)-β expression,
40
which plays a crucial role in the fibrotic process, reached a maximum at day 7 . After
day 7, concentric left ventricular (LV) hypertrophy developed, associated with reactive
40
fibrosis and myocyte hypertrophy . Taken together, concomitant inductions of MCP-1
and ICAM-1 may indicate their coordinated role in myocardial remodeling in pressure
overload hearts, by enhancing macrophage recruitment. Those macrophages in turn
produce TGF- β and profibrotic cytokines, leading to accelerated myocardial fibrosis
40
. In line with this view, our results in chapter 5 demonstrated that AVE3085
ameliorated myocardial fibrosis and myocyte width after TAC. However, the
inflammatory process related to TAC was not determined in the present study.
Nevertheless, several potential mechanisms could be involved in ameliorating effects
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of AVE3085 against TAC-induced inflammation and fibrosis. Indeed, NO decreases
MCP-1 expression, and inhibits leukocyte adhesion to the vessel wall, either by
interfering with the ability of the leukocyte adhesion molecule CD11/CD18 to form an
adhesive bond with the endothelial cell surface, or by suppressing CD11/CD18
41
expression on leukocytes . Previous studies have demonstrated that one week of
42
25
TAC did not alter endogenous cardiac BH4 levels or affect eNOS activity . This
suggests that eNOS is functional and can still generate NO production in the presence
12, 14
of sufficient BH4
. Our results in chapter 5 showed that AVE3085 increased
eNOS dimer to monomer ratio, as well as L-NAME inhibitable
chemiluminescence, could not reduce basal cardiac superoxide generation. This
indicates the enhanced capacity of NO generated by functional dimeric eNOS, as well
as restored NO bioavailability. Thus, the perivascular macrophage accumulation
39, 40
observed shortly after TAC
may be prevented by AVE3085 mediated eNOSgenerated NO production in our study. Besides this, ROS can activate
proinflammatory mediator cascades, and is involved in the development of interstitial
43
cardiac fibrosis . AVE3085 inhibited ROS production, thus it might also reduce
inflammatory cytokine production and fibrosis in TAC hearts. In addition, recent
44
evidence shows BH4 involvement in inflammatory cell signaling and inhibition of
macrophage infiltration and blocked inflammatory signaling by oral exogenous BH4
45
three days after TAC in mice . We showed in chapter 5 that AVE3085 protected
BH4 oxidation and tended to induce mRNA expression of the BH4-generating enzyme
42
GCH1. Since cardiac BH4 levels were not altered one week after TAC , the
sufficient endogenous BH4 availability combined with the BH4 levels that were
45
restored by AVE3085, may appear similar to the effect of exogenous BH4 .
AVE3085 might have attenuated inflammatory signaling through restored (or even
enhanced) BH4 levels and subsequently BH4 prevented TAC-induced inflammation
and fibrosis. The exact role of AVE3085 in inflammation-associated pressure overload
remains to be elucidated.
As discussed in chapter 4, AVE3085 exerts pleiotropic effects, including antifibrotic properties, through downregulation of TGF-β and connective tissue growth
28
factor (CTGF) in experimental diastolic heart failure , and inhibition of Smad
46
(mothers against decapentaplegic ) 2/3 signaling in mice following 4 weeks of TAC :
thus it protects against cardiac fibrosis. Moreover, AVE3085 attenuated adhesion
47
molecules ICAM-1 and VCAM-1 in experimental diabetes . Together, these findings
show that AVE3085 may directly inhibit inflammation-mediated fibrosis caused by
TAC. In summary, based on our findings, possible mechanisms of AVE3085 mediated
TAC-induced inflammatory response may result from (1) indirect effects, secondary to
inhibition of macrophage infiltration and inflammatory signaling mediated by NO and/
or BH4, or (2) pleiotropic effects of AVE3085 on inflammation and fibrosis.
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When eNOS is healthy, it produces NO which acts as protector of
cardiovascular health. When eNOS becomes dysfunctional, it shifts towards ROS
generation and acts as pro-oxidant, rather than an antioxidant enzyme. Below, we
discuss how dysregulation of eNOS can contribute to inflammation and progression of
cardiovascular disease.
Effect eNOS on inflammation
Under physiological condition, eNOS produces a low basal amount of NO
which exerts anti-inflammatory properties, and is responsible for cardiovascular
homeostasis through regulating the interaction between the endothelium and
48
inflammatory cells .
A hallmark of inflammation is increased vascular permeability, during which
48
inflammatory cells migrate and interact with EC . Upon activation, the endothelium
releases inflammatory cytokines as well as adhesion molecules, facilitating the
49
recruitment and attachment of circulating leukocytes to the vessel wall . During
inflammation, local agonists (e.g. shear stress and VEGF-A) that act on EC can
48, 50
influence eNOS activity through post-translational modifications
. It is known that
51, 52
phosphorylation of eNOS at serine (Ser)-1177 enhances eNOS activity
, and
directly regulates NO and superoxide generation; the latter’s activity depends on
eNOS coupling status (i.e. when eNOS is uncoupled, phosphorylation of Ser-1177
53
increases eNOS-dependent superoxide generation) . NO reacts with superoxide and
54
forms peroxynitrite, a potent proinflammatory and apoptotic agent , indicating that
phosphorylation of eNOS can modulate peroxynitrite generation. This suggests that
55
under pathologic conditions where eNOS is often uncoupled , activation of eNOS
activity can exacerbate inflammatory processes.
VEGF-A is crucially involved in several chronic inflammatory disorders, in
56,
which it not only promotes pathologic angiogenesis but directly fosters inflammation
57
. It has been suggested that eNOS may contribute to the inflammatory process
indirectly through the stimulation of VEGF-A-induced permeability, as well as VEGF-Adependent-adhesion molecule expression. Indeed, VEGF-A upregulates the
58, 59
expression and activity of eNOS
, which in turn causes eNOS-derived NO to
60
modulate both VEGF-A- induced angiogenesis and permeability .
The proinflammatory effect of eNOS-derived NO occurs, at least in part, via a
modulation of the activity of the transcription factor nuclear factor kappa beta (NFκB)
61
. NFκB has been shown to be a key regulator of proinflammatory genes, including
62
cytokines, chemokines, and adhesion molecules . It has also been demonstrated
that laminar shear stress activates NFκB, which in turn increases eNOS transcription
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and expression, and thus enhances NO production. Subsequently, this NO inhibits
NFκB activation in a negative feedback loop, resulting in the termination of eNOS
63, 64
transcription
. However, increased oxidative stress accelerates NO degradation
through its reaction with superoxide, in turn peroxynitrite causes eNOS uncoupling
34
through oxidation of BH4 . The consequences of eNOS uncoupling are both reduced
41
synthesis and bioavailability of NO , which can cause substantial activation of NFκB
64
and leads to endothelial inflammation .
Interestingly, as discussed in chapter 3, although many studies have shown
that eNOS overexpression generates cardiovascular protective effects by increasing
65, 66
endothelium-derived NO
, the expression of eNOS protein in endothelial
67
dysfunction remains unchanged, or may, in some cases, even be increased . In
24, 68
pressure overload pathology, lack of eNOS ameliorated
TAC-induced cardiac
68
remodeling and dysfunction , whereas eNOS overexpression exacerbated this. The
latter was associated with increased myocardial ROS production and enhanced
68
eNOS uncoupling . Because uncoupled eNOS not only generates NO, but also
generates ROS, one should be aware that increased eNOS transcription, translation
69
. Hence,
or activity does not guarantee improved endothelial function
pharmacological approaches to preserve or restore eNOS functionality and prevent
eNOS uncoupling are warranted. On the basis of the pathophysiology mentioned
above, as discussed in chapter 2-4 there are several possible approaches to restore
eNOS functionality (ie, recouple eNOS). This further highlighted that indeed, elevated
eNOS expression without further increase in BH4 levels, results in eNOS uncoupling
70
because of the enzyme cofactor imbalance . In chapter 5, we demonstrated that
treatment of AVE3085 1 week after TAC prevented BH4 oxidation rather than
increased its synthesis. The long term effects of AVE3085 on BH4 levels in TAC mice,
however, is not yet known.
In summary, eNOS-derived NO has an important role in preserving
homeostasis in the interaction between the endothelium and inflammatory cells in
basal physiological conditions. Post-translational modifications impact eNOS activity
and can contribute to inflammatory process. Pharmacological approaches that
increase eNOS protein levels are only beneficial when the produced eNOS is
functional, and strategies to preserve or restore eNOS functionality and prevent eNOS
uncoupling are thus warranted.
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Opposite effects of angiogenesis in the heart versus atherosclerosis
The role of angiogenesis in cardiovascular diseases depends on the
pathophysiological context, and seems opposing in cardiac and vascular pathology.
71, 72
Vascular insufficiency occurs in cardiac hypertrophy
, myocardial infarction and
73
coronary ischemia . Patients with cardiomyopathy displayed decreased coronary
74
capillary density in histological sections . In contrast, excessive plaque angiogenesis
75
is considered detrimental , and neovessel formation is associated with disease
76
progression and destabilization .
In physiological cardiac hypertrophy, increased coronary angiogenesis is
associated with preserved contractile function, whereas pathological cardiac
hypertrophy (reduced contractility) is accompanied by impaired coronary angiogenesis
77, 78
. In experimental pressure overload-induced cardiac hypertrophy, blocking VEGFA-dependent angiogenesis accelerated the transition from compensated to
79
decompensated heart failure , whereas activation of angiogenesis using adenovirusmediated expression of VEGF-A and Ang1 enhanced preserved contractile function
80
. Interestingly, pressure overload initially promoted cardiac angiogenesis through
hypoxia-inducible factor-1 (HIF-1)-dependent angiogenic response. However,
prolonged pressured overloaded resulted in reduced HIF-1 activity, was associated
with impaired cardiac angiogenesis, despite persistent myocardial hypoxia in the
hypertrophied hearts. This suggested that mismatch of angiogenesis in hypertrophied
hearts exacerbated myocardial hypoxia and cardiac dysfunction. Taken together,
angiogenesis is essential for adaptive cardiac growth, and that disruption of
angiogenesis signaling impairs heart function and contributes to the progression from
77, 79
adaptive cardiac hypertrophy to heart failure
.
81

Plaque angiogenesis is the response to hypoxic conditions . Plaque hypoxia
predominantly occurs due to increasing oxygen demand in the inflammatory
microenvironment, although plaque thickness also contributes to reduction of oxygen
76
supply . In addition, hypoxia-induced HIF-1-dependent proangiogenic gene
expression has been implicated as an important mechanism responsible for plaque
angiogenesis. Angiogenesis may be important for plaque pathogenesis during the
initial stages of lesion growth, though it is also plausible that angiogenic stimuli may
73
have a destabilizing role in the mature plaque . However, neovessels, in particular
those in the plaque shoulder region, appear to be immature and highly susceptible to
82
leakage, and can cause intraplaque hemorrhage . Ruptured plaques of patients that
manifested atherosclerosis displayed increased microvessel density in ruptured
plaques, as well as in the intraplaque hemorrhage, suggesting a contributory role for
83
neovascularization in the process of plaque rupture . Moreover, vasa vasorum (VV)
76, 84
density is correlated with disease severity
, as well as with inflammatory cell
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density in the plaque lesions . Taken together, plaque angiogenesis is a
physiological adaptation, but the associated proinflammatory and proatherogenic
effects are deleterious for plaque vulnerability.
In summary, angiogenesis is beneficial in cardiac hypertrophy and ischemia
by increasing blood perfusion in ischemic tissues and improving cardiac function. On
the other hand, angiogenesis is detrimental in atherosclerosis by promoting disease
progression and is considered as a risk factor for plaque rupture.
Presence and functions of lymphatics in plaque
Lymphangiogenesis and angiogenesis are tightly intertwined processes, which
86
are orchestrated by similar regulatory cues . Moreover, leakage of (newly formed)
dysfunctional vessels will lead to interstitial pressure buildup, which in turn will trigger
lymphangiogenic responses, in order to drain redundant fluids and restore interstitial
87
pressure . Therefore it is not unsurprising that besides angiogenesis, also
lymphangiogenesis is instrumental in cardiovascular physiology and pathophysiology.
Increased lymphatic density is associated with cardiovascular diseases, including
progressive atherosclerosis, acute and chronic myocardial ischemia, myocarditis,
88, 89
endocarditis and cardiac hypertrophy
. In animal studies, lymphatics were
90-92
observed in the adventitial and periadventitial regions of the arterial wall
. In
human atherosclerotic internal carotid artery, iliac artery and aorta lesions, lymphatic
vessels are detected in the adventitia. In fact, the adventitial lymphatic density was
93,
positively correlated with atherosclerosis severity, as assessed by intimal thickness
94
88
, suggesting a link between lymphatics and disease progression. Kholova et al.
observed lymphatic vessels in fibro-calcified and fibrous atherosclerotic lesions. They
reported profound lymphatic growth in adventitia, media and intima of atherosclerotic
sections; the latter two were present only in progressive lesions. In plaque lesions,
lymphatics were present in plaque shoulder and cholesterol crystal-rich area in
plaques and associated with lymphatic remodeling, including collapsed and dilated
lymphatic vessels. In agreement with this observation, in chapter 6, we observed
+
podoplanin lymphatic vessels were abundantly present in the adventitia and within
atherosclerotic lesion such as in cholesterol crystal-rich area of ruptured segments.
+
Importantly, we observed podoplanin lymphatic vessels in the intima of advanced
ruptured plaque lesions. This observation was consistent with previous studies
observing lymphatic vessel development in the intima and was associated with areas
88, 95
rich in extracellular matrix as well as lipid core region
. Conversely, other studies
96
observed no
or rare lymphatic vessels and those lymphatic vessels mostly
97
presented in the adventitia of human atherosclerotic vessels . Together, lymphatic
vessels have been readily identified in atherosclerotic and non-atherosclerotic arterial
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clinical samples in most, but not in all studies. This controversial result warrants further
investigation.
Lymphangiogenesis driving factors in plaque
As mentioned, given the association between progressive atherosclerosis and
lymphangiogenesis, it was postulated that lymphangiogenesis exacerbated
atherosclerosis, and that intervention in lymphangiogenesis might be beneficial. In line
98
with this view, Xu et al. hypothesized that in the atherosclerotic artery, adventitial
lymphatics facilitate the delivery of inflammatory cells draining lymph nodes and
lymphoid tissue, as well as their activation therein. The activated cells and derived
cytokines will be transported via blood vessels to the plaque, causing intimal
hyperplasia and vascular remodeling. Conversely, it has been suggested that the
imbalance of angiogenesis and lymphangiogenesis in plaque may result in fluid
buildup in atherosclerotic plaque and that a loss of lymphatics accelerates plaque
97
progression . In particular, recent evidence from mouse models support an essential
contribution of lymphangiogenesis to the regression of atherosclerosis. Indeed,
studies have revealed that lymphatics are critical for immune response and cholesterol
metabolism in atherosclerosis. Moreover, hypercholesterolemic mice displayed
99
lymphatic structural defects . Lymphatic dysfunction may already occur before
100
atherosclerosis onset
. In addition, pro-lymphangiogenic interventions reduced
101,
atherosclerosis, while anti-lymphangiogenic intervention enhanced plaque burden
102
.
Role of lymphatics in atherosclerosis
The lymphatics function I) as a route for migratory cells trafficking between
103
plaque and secondary lymphoid organs
, and II) as conduit for drainage of
interstitial macromolecules. The former function is evidenced by regulation of local T
102
cell content by adventitial lymphatics . Indeed, an impaired capacity of monocytederived cells to emigrate out of the inflamed site through nearby lymphatic vessels is
103,
associated with atherosclerosis progression due to failure to resolve inflammation
104
. Moreover, surgical interruption of lymph drainage or blockade of VEGF-C/D-/dependent lymphangiogenesis in collar-induced plaque in apoE mice resulted in
+
exacerbated atherosclerotic plaque burden and increased intimal and adventitial CD3
102
T cell content . Together, this suggests that lymphatic dysfunction may stimulate
atherogenesis through enhanced inflammation, and hence contribute to
atherosclerosis progression.
The second function of lymphatics is drainage of interstitial macromolecules
back into the circulation. As lymph contains 30% more high-density lipoprotein (HDL)
cholesterol than blood, this suggests a key role of lymphatic circulation in regulating
187
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reverse cholesterol transport (RCT)
. Surgical or genetic-induced lymphatic
disruption in mice models emphasized the important role of lymphatic vessels in
101, 106
facilitating cholesterol removal from skin and transplanted aortic vessel
.
Importantly, transplantation of pre-established atherosclerotic aortas, ex vivo
-/incubated with stable isotope labeled cholesterol, to apoE recipient mice with
impaired lymphangiogenesis (anti-VEGFR-3 treatment), caused cholesterol
101
accumulation in the transplanted aortic plaque tissue , and highlighted the essential
role of lymphatics in removing cholesterol from aortic plaques. Furthermore, lymphatic
insufficient transgenic mice displayed increased cholesterol and triglyceride levels in
plasma, and exhibited accelerated plaque formation, and that atheroma formation was
107
inversely associated with abundance of adventitial lymphatics in aorta
. This
highlights the critical role of lymphatics in cholesterol metabolism, and indirectly
supports the role of lymphatics in the removal of cholesterol from the atherosclerotic
100
vessel. Moreover, Milasan et al.
demonstrated in atherosclerotic low density
lipoprotein receptor –deficient mice expressing the human apolipoprotein B100
-/+/+
transgene (LDLR /hApoB100 ) that 3-month old mice displayed lymphatic
dysfunction before atherosclerosis onset and that lymphatic dysfunction was
associated with a defect of collecting lymphatic vessels in LDLR-dependent manner.
In chapter 6, we sought to identify novel players in pathologic
lymphangiogenesis in human atherosclerosis. We employed a bioinformatics
approach, weighted gene coexpression network analysis (WGCNA), to identify
networks and candidate genes relevant to plaque lymphangiogenesis in humans. In
+
this study, we correlated phenotypic traits i.e. D2-40 lymphatic vessel density (LVD)
in human atherosclerotic tissue, with transcription profiling derived from the same
tissue samples. Using this approach we identified modules showing highest
correlation to LVD. Subsequently, we could select potential candidate genes as well
as transcription factor binding sites (TFBS), miRNAs, and potential pathways which
may be involved in regulation of plaque lymphangiogenesis.
Taken together, lymphatic dysfunction and impaired lymphatic drainage
accelerate plaque progression. Lymphatic vessels could be expected to have a
protective effect against atherosclerosis by affecting both RCT and the local
inflammatory milieu.
Dual signaling cascades stimulate lymph- and angiogenesis
The formation of lymphangiogenesis is a complex process, which has
similarities with angiogenesis. Lymphangiogenesis and angiogenesis share regulatory
95
mechanisms and often coexist in atherosclerotic lesions . The adventitial lymphatic
absorbing networks consist of large and sparsely distributed capillary structure, which
90
form a wrapping plexus around large caliber arteries (periarterial lymphatics) . This
188
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anatomical arrangement of the lymphatics within the arterial wall appeared to be
consistent with arterial branches in the viscera, suggesting the role of lymphatics as
90
an important drainage route for the arterial interstitium .
Mechanistically, several factors that enhance lymphangiogenesis also
86
promote angiogenesis , including VEGF-C/D/VEGFR-3, VEGF-A/VEGFR-1/2 and
Ang1/Ang2 signaling. The first signaling axis is well established to promote
108
lymphangiogenesis , however, mature VEGF-C and VEGF-D which are generated
109, 110
by proteolytic processing, can bind and activate VEGFR-2
, and thus induce
111
angiogenesis
. Interestingly, it has been demonstrated that VEGFR-2, but not
112
VEGFR-3, is expressed in the vessel wall at every stage of atherosclerosis . In
addition, VEGFR-2 can bind to and reduce VEGF-C activity, and subsequently cause
113
inhibition of lymphangiogenesis . This may suggest that the interaction between
VEGF-C/ VEGFR-2 may contribute to imbalance between lymphangiogenesis and
angiogenesis during atherosclerosis progression.
The second dual signaling pathway involves VEGF-A, for which, signaling
76
through VEGFR-2 is the major angiogenesis pathway . However, VEGF-A also
114
induces a lymphangiogenic response
, which is mediated mainly through VEGFR-2
115, 116
. Interestingly, transduction of murine VEGF-A to the ear skin of mice induced
abnormal lymphangiogenesis, characterized by enlarged lymphatic vessels,
incompetent valves, and delayed lymph clearance, suggesting that overexpressed
114
VEGF-A might result in development of abnormal lymphatics
. Thus, high
117, 118
expression of VEGF-A in atherosclerotic lesions
may at least in part contribute
to lymphatic dysfunction, leading to insufficient lymphatic drainage and subsequently
exacerbate atherosclerosis formation.
The third overlapping signaling pathway involves Ang1 and Ang2. These two
proteins have distinct functions in the blood vascular system, but redundant roles in
119
lymphatic development
. In blood vessels, Ang1 and Ang2 can be pro-or antiangiogenic, owing to their respective agonist and antagonist signaling action through
120
the Tie2 receptor . In lymphatics, Ang2 is a prerequisite for lymphatic remodeling,
121, 122
stabilization, maturation and development
, specifically in regulating of lymphatic
123
valve morphogenesis . Ang2 deficient mice exhibited lymphatic defects, which could
be rescued by Ang1 knock-in in the Ang2 genetic locus, suggesting a redundant role
122
in lymphatic development, where either ligand can act as a Tie2 receptor agonist .
Ang2 has a stimulatory role in various processes associated with vulnerable plaques
124
such as increased inflammation, plaque vascularity, and microvascular leakage .
Interestingly, Ang2 partially rescued the reduced lymphangiogenesis when VEGF123
C/VEGFR-3 signaling was blocked, suggesting a role of lymphangioenic factor . The
exact role of Ang2 in plaque lymphangiogenesis remains to be elucidated.
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In chapter 6, we identified novel lymphatic regulators in atherosclerosis. Our
findings demonstrated that TNIP2 was associated with human plaque lymphatics, and
was critical for lymphangiogenesis in vitro. TNIP2 expression was induced by
inflammatory and lipid stimuli. TNIP2-silenced lymphatic endothelial cells (LEC)
showed profound downregulation of LEC-specific genes and lymphangiogenic factors
and impaired LEC proliferation, migration and differentiation. Further support for the
involvement of TNIP2 in lymphangiogenic regulation was derived from the reciprocal
effects of TNIP2 and the lymphangiogenic master regulator PROX1. We found inverse
regulatory roles of TNIP2 and PROX1 in lymphangiogenesis in vitro, where TNIP2
knockdown appears to dampen PROX1 target gene expression, and thus LEC
differentiation. It is also of note that other studies reported an interaction of TNIP2 with
Tie2. This interaction depends on Tie2 autophosphorylation and is further enhanced
125
by Ang1 stimulation
. This suggests that TNIP2 may also regulate lymphatic
development through Ang1/Tie2 signaling.
Together, the formation of lymph- and angiogenic vessels is co-dependent,
and mediated by shared signaling pathways such as VEGF-C/D/VEGFR-3, VEGF-A
and Ang1/Ang2 signaling. TNIP2 may act as a novel regulator of lymphangiogenesis.
Interventions in lymphangiogenesis to ameliorate disease?
Emerging evidence has suggested that enhancement of lymphangiogenesis
and lymphatic function in plaque may represent an effective therapeutic approach for
126
95, 100, 101, 107
inflammatory diseases , including atherosclerosis
. To date, there are
limited data on whether pro-lymphangiogenic targets could alter the risk for
127
atherosclerosis
. Given that there is still much unknown regarding the role of
lymphangiogenesis in atherosclerosis, the actual effects of therapeutic administration
are unclear. While pro-lymphangiogenic therapy seems to be an attractive strategy for
the treatment atherosclerosis, excess activation of lymphangiogenesis may result in
increased exposure of lymph nodes to inflammatory mediators and promote the
128
development of metastasis
. Therefore, the safety and efficacy of the
lymphangiogenic therapy must be carefully evaluated within the context of each
127
disorder and the desired therapeutic goals .
In chapter 6, we have demonstrated that TNIP2, an inhibitor of NFκB, may
positively regulate lymphangiogenesis in chronic inflammatory conditions in plaque.
TNIP2 may be a potent target to approach in inhibiting atherosclerosis development,
129
as it inhibits NFκB, a master regulator of inflammatory and atherogenenic genes .
We found that TNIP2 was upregulated in ruptured plaque segments in comparison to
stable plaque segments. We further demonstrated that TNIP2 negatively regulated
130
IFNγ a key proinflammatory cytokine in atherogenesis . Moreover, IFNγ was seen to
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131, 132

exert anti-lymphangiogenic properties in murine, porcine and human LEC
which
is compatible with our findings. TNIP2 also positively regulated PPARγ activity,
although there is little evidence for direct regulatory effect of PPARγ on
lymphangiogenesis. Interestingly, PROX1 interacts directly with PPARγ and induces
the downregulation of IFNγ in T cells, suggesting PROX1 acts as a co-repressor for
133
IFNγ . Moreover, PPARγ can antagonize NFκB signaling-mediated proinflammatory
134
pathways in macrophages . Together, this may suggested the tight collaboration
between TNIP2, PROX1 and PPARγ in mediating proinflammatory pathways related
to lymphangiogenesis in vitro. It has been demonstrated that activation of NFκB by
inflammatory stimuli (i.e. IL-3 and LPS) elevated PROX1 and VEGFR-3 expression in
cultured LEC, resulting in increased proliferation and migration; thus suggesting a role
135
for inflammation-induced lymphangiogenesis . Interestingly, we demonstrated in
chapter 6 that treatment of LEC with LPS also upregulated TNIP2 mRNA expression.
As mentioned above, we found that TNIP2 might induce PPAR-related lipid and
cholesterol metabolism signaling. Together, this may indicate that TNIP2 cooperates
with PPARγ to play a negative feedback role in the regulation of NFκB-mediated
inflammatory lymphangiogenesis in vitro.
In conclusion, we propose that TNIP2 could be a potent target in inhibiting
atherosclerosis development; by inhibiting NFκB dependent inflammation and IFNγ
dependent lymphangiogenesis and enhancing PPAR- dependent lipid fluxes in
vitro. Future delineation of these mechanisms might identify targets for therapeutic
lymphangiogenesis in atherosclerosis.
The therapeutic potential of intervention in lymphangiogenesis for
atherosclerosis is not well studied. One may also question that if increased lymphatic
density is associated with plaque progression and is consistently found in advanced
ruptured plaque, if lymphangiogenesis may thus even promote atherogenesis.
However, evidence from in vivo studies have suggested that interrupted lymphatic
drainage exacerbated atherosclerosis development, whereas inversely, promotion of
100-103, 106, 107
lymphangiogenesis ameliorated atherosclerosis development
. Indeed,
recent evidence demonstrated that VEGF-C 152s administration in this mouse model
resulted in increased lymphatic vessel density in the adventitia of the aortic sinus and
100
improved lymphatic cellular transport
. However, targeting VEGF-C remains
somewhat controversial, as Ad-VEGF-C or AAV-VEGF-C treatment caused blood
vascular changes, including enlargement, tortuosity and leakiness via interaction with
136
76
VEGFR-2 . Angiogenesis promotes plaque progression and lesion instability
thereby raising concerns about VEGF-C capability to cause off-target proangiogenic
effects. In addition, recent evidence has reported potential pro-lymphangiogenic
137, 138
agents, such as the FDA-approved 9-cis retinoic acid (9-cis RA; alitretinoin)
or
cholesterol-lowering compounds such as ezetimibe and proprotein convertase
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subtilisin/kexin type 9 (PCSK9) inhibitor, which may show pleiotropic roles in
improvement of lymphatic functions, as it is documented in experimental
100, 106
atherosclerosis
. However, as we show in chapter 6, TNIP2, being a specific
regulator of pathologic lymphangiogenesis during atherosclerosis development and
progression, would represent a much more suitable clinical target. Together, although
lymphatics likely are important, the causal role and therapeutic options for plaque
lymphangiogenesis remain underexplored.
The suitability of animal models of atherosclerosis for studying plaque
lymphangiogenesis.
Zebrafish have gained interest for studying dyslipidemia, and genes related to
139
atherosclerosis . Several genes involved in lipid and lipoprotein metabolism including
major classes of apolipoproteins, CETP, PPARs, LXLR and LDLR are conserved from
140-142
zebrafish to human
. In addition, zebrafish develop only the early stages of
143-147
atherosclerosis by interventions
. Zebrafish are however, suitable for studying
148
149
inflammatory lymphangiogenesis , investigating novel anti-lymphatic compounds
and screening to identify candidate genes or novel pathways, leading to discoveries
150
such as the novel mammalian lymphatic gene CCBE1 . In chapter 6, we have
demonstrated in zebrafish that tnip2 deficient morphants had an increased number of
venous intersegmental vessels (vISVs), parachordal lymphangioblasts (PLs) and
thoracic ducts (TD). In the secondary wave of zebrafish angiogenesis, half of the
sprouts that directly bud from the posterior cardinal vein (PCV) reconnect with and
convert primary arterial sprout-derived ISVs into vISVs. The other half do not connect,
continue to migrate dorsally and constitute so-called parachordal lymphangioblasts
(PLs), that align along the horizontal myoseptum, after which they migrate dorsally or
150, 151
ventrally (then referred to as LEC) at 3 days post-fertilization (dpf )
. Since we
found increased vISVs, we expected to see less PLs. Surprisingly, we also observed
more PLs. This could only mean that more venous sprouts have emerged from the
PCV, indicative of enhanced sprouting activity of tnip2 in venous endothelial cells
(VEC). It is well documented that in zebrafish, vegf-c induced VEC proliferation in the
152, 153
PCV
. ccbe1 and vegf-c are required for the sprouting of venous precursors and
150, 154
PLs from the PCV during secondary angiogenesis
. Indeed, we found that TNIP2
silencing in LEC in vitro resulted in upregulated CCBE1 and VEGF-C, but
dowregulated PROX1 and SOX18 mRNA expression. This may indicate that the
upregulation of vegf-c and ccbe1 expression may contribute to the increased vISVs,
PLs and TD in tnip2 deficient morphants. In contrast, prox1, coup-TFII and sox18 are
155
not essential for lymphatic development in zebrafish , this suggests another mode of
156
lymphatic commitment . This therefore also raises a note of caution regarding the
interpretation of zebrafish studies. Alternatively, it is possible that TNIP2 effects are
more prominent in adult lymphangiogenesis under pathological conditions. Together,
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this might also explain that tnip2 deficient morphants did not exhibit pronounce
lymphangiogenesis defects. Nevertheless, our finding suggested that TNIP2
negatively regulates sprouting activity of endothelial cells in vivo, this seems to be
specific for venous/lymphatic endothelial cells.
To date, most experimental lymphangiogenesis-associated atherosclerosis
studies have utilized a combination of atherosclerotic mouse models with genetic
and/or surgical interventions to induce lymphatic insufficiency. This raises the question
whether the methods or results can be translated to human atherosclerosis. Wildtype
mice are resistant to atherosclerosis because they exhibit high plasma HDL and low
157-159
LDL and VLDL distribution, which is opposite to human lipoprotein profiles
.
Nevertheless, mice models are suitable to study mechanisms, but one should be
aware of differences hampering translation to human disease.
Unlike mice and rabbits, pigs develop spontaneous atherosclerosis upon
160
. In
feeding, and the development of plaques can be induced by intervention
161
addition, their plaque lesions closely mimick advanced human plaques . A porcine
disease model thus seems most suitable for the study of atherosclerosis related
162
diagnostic and therapeutic interventions ; pig models of coronary atherosclerosis
allow investigation of the impact of adventitial neovascularization by coronary imaging
162, 163
technologies
, and therefore may be applicable to adventitial lymphangiogenesis
research. Therapeutic intervention targeting pro-lymphangiogenic factors have been
164-166
investigated in lymphedema pigs
, which further suggested that similar strategies
127
could be employed to investigate atherosclerosis . As such, a new candidate or
therapy focused on lymphangiogenesis should be tested in a pig model before
venturing to human disease
Conclusions and Perspectives
In this thesis we addressed the role of eNOS and therapeutic possibilities in
experimental pressure overload-induced cardiac hypertrophy in mice. eNOS-derived
NO is crucial in maintaining cardiovascular homeostasis. In pressure overload-induced
cardiac hypertrophy, eNOS uncoupling is a major source of myocardial ROS, which
167
then contribute to dilatory remodeling and cardiac dysfunction . Improvement of
eNOS activity by stabilizing eNOS function and suppressing eNOS-derived ROS
production is thus a promising therapeutic target for cardiovascular diseases.
Compounds that increase eNOS expression and/or activity are only beneficial when
35
accompanied by eNOS functionality . Elevated eNOS expression without further
increase in BH4 levels, generally results in eNOS uncoupling, because of the enzyme
cofactor imbalance. We demonstrated that the eNOS enhancer AVE3085 also
restored cardiac BH4 levels, reversing eNOS uncoupling in a mouse model of left
ventricular pressure overload. Our study emphasizes the importance of eNOS as a
193
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regulator in nitroso-redox balance and as a therapeutic target in left ventricular
hypertrophy induced by aortic stenosis, suggesting that eNOS enhancement may
benefit heart failure patients. Despite the promising results in our in vivo experiments,
the long-term therapeutic benefit of AVE3085 is not yet known. Further studies are
required to better understand how modulation of nitroso-redox balance can be
optimized and deployed to attenuate cardiac remodeling and dysfunction induced by
aortic stenosis.
In the second part of my thesis, we have investigated another process in
homeostatic fluid balance: lymphangiogenesis. Although recent studies have
suggested the protective roles of atherosclerotic plaque lymphatics, the process of
pathological lymphangiogenesis in the plaque is, however, not yet completely
understood. Herein we provided a proof of concept that candidate genes correlating
with plaque lymphangiogenesis, as identified by weighted coexpression analysis, do
indeed control this process. Our study highlights TNIP2 as a novel gene regulator of
plaque lymphangiogenesis, potentially through mechanisms related to inflammation
and lipid metabolism. Further studies are required to dissect molecular mechanism of
TNIP2-dependent lymphangiogenesis and to functionally validate our findings in other
animal models.
In conclusion, we have provided evidence of molecular regulation of
cardiovascular disease, focusing on eNOS and TNIP2. The next challenge is to
integrate these findings and translate them to clinical utility for cardiovascular disease
prevention and/or treatment.

194

General discussion | 7
References
1.
2.
3.
4.
5.

6.
7.
8.

9.

10.
11.
12.
13.
14.

15.
16.

17.
18.

19.
20.

Shantsila E, Wrigley BJ, Blann AD, Gill PS, Lip GYH. A contemporary view on endothelial
function in heart failure. European Journal of Heart Failure 2012;14(8):873-881.
Galley HF, Webster NR. Physiology of the endothelium. BJA: British Journal of Anaesthesia
2004;93(1):105-113.
Hsieh PCH, Davis ME, Lisowski LK, Lee RT. Endothelial-Cardiomyocyte Interactions in Cardiac
Development and Repair. Annual review of physiology 2006;68:51-66.
Dimitris T, Anna-Maria K, Costas Tentolouris Nikolaos P, Christodoulos S. The Role of Nitric
Oxide on Endothelial Function. Current Vascular Pharmacology 2012;10(1):4-18.
Wink DA, Miranda KM, Espey MG, Pluta RM, Hewett SJ, Colton C, Vitek M, Feelisch M, Grisham
MB. Mechanisms of the Antioxidant Effects of Nitric Oxide. Antioxidants & Redox Signaling
2001;3(2):203-213.
Gewaltig MT, Kojda G. Vasoprotection by nitric oxide: mechanisms and therapeutic potential.
Cardiovascular Research 2002;55(2):250-260.
Shiva S. Mitochondria as metabolizers and targets of nitrite. Nitric oxide : biology and chemistry /
official journal of the Nitric Oxide Society 2010;22(2):64.
Shiva S, Huang Z, Grubina R, Sun J, Ringwood LA, MacArthur PH, Xu X, Murphy E, DarleyUsmar VM, Gladwin MT. Deoxymyoglobin Is a Nitrite Reductase That Generates Nitric Oxide and
Regulates Mitochondrial Respiration. Circulation Research 2007;100(5):654.
Borniquel S, Valle I, Cadenas S, Lamas S, Monsalve M. Nitric oxide regulates mitochondrial
oxidative stress protection via the transcriptional coactivator PGC-1α. The FASEB Journal
2006;20(11):1889-1891.
Rassaf T, Flögel U, Drexhage C, Hendgen-Cotta U, Kelm M, Schrader J. Nitrite Reductase
Function of Deoxymyoglobin. Circulation Research 2007;100(12):1749.
Tirziu D, Giordano FJ, Simons M. Cell Communications in the Heart. Circulation 2010;122(9):928937.
Bendall JK, Douglas G, McNeill E, Channon KM, Crabtree MJ. Tetrahydrobiopterin in
Cardiovascular Health and Disease. Antioxidants & Redox Signaling 2014;20(18):3040-3077.
Moens AL, Kietadisorn R, Lin JY, Kass D. Targeting endothelial and myocardial dysfunction with
tetrahydrobiopterin. Journal of Molecular and Cellular Cardiology 2011;51(4):559-563.
Du Y-H, Guan Y-Y, Alp NJ, Channon KM, Chen AF. Endothelium-Specific GTP Cyclohydrolase I
Overexpression Attenuates Blood Pressure Progression in Salt-Sensitive Low-Renin
Hypertension. Circulation 2008;117(8):1045-1054.
Takimoto E, Kass DA. Role of Oxidative Stress in Cardiac Hypertrophy and Remodeling.
Hypertension 2007;49(2):241-248.
Siwik DA, Pagano PJ, Colucci WS. Oxidative stress regulates collagen synthesis and matrix
metalloproteinase activity in cardiac fibroblasts. American Journal of Physiology - Cell Physiology
2001;280(1):C53-C60.
Spinale FG. Bioactive Peptide Signaling Within the Myocardial Interstitium and the Matrix
Metalloproteinases. Circulation Research 2002;91(12):1082-1084.
Cesselli D, Jakoniuk I, Barlucchi L, Beltrami AP, Hintze TH, Nadal-Ginard B, Kajstura J, Leri A,
Anversa P. Oxidative Stress–Mediated Cardiac Cell Death Is a Major Determinant of Ventricular
Dysfunction and Failure in Dog Dilated Cardiomyopathy. Circulation Research 2001;89(3):279286.
Zima AV, Blatter LA. Redox regulation of cardiac calcium channels and transporters.
Cardiovascular Research 2006;71(2):310-321.
Gödecke A, Heinicke T, Kamkin A, Kiseleva I, Strasser RH, Decking UKM, Stumpe T, Isenberg
G, Schrader J. Inotropic response to β-adrenergic receptor stimulation and anti-adrenergic effect
of ACh in endothelial NO synthase-deficient mouse hearts. The Journal of Physiology
2001;532(1):195-204.

195

7 | General discussion
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.

36.

196

Ionova IA, Vásquez-Vivar J, Whitsett J, Herrnreiter A, Medhora M, Cooley BC, Pieper GM.
Deficient BH(4) production via de novo and salvage pathways regulates NO responses to
cytokines in adult cardiac myocytes. American Journal of Physiology - Heart and Circulatory
Physiology 2008;295(5):H2178-H2187.
Ren J, Duan J, Thomas DP, Yang X, Sreejayan N, Sowers JR, Leri A, Kajstura J, Gao F, Anversa
P. IGF-I alleviates diabetes-induced RhoA activation, eNOS uncoupling, and myocardial
dysfunction. American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology 2008;294(3):R793-R802.
Landmesser U, Dikalov S, Price SR, McCann L, Fukai T, Holland SM, Mitch WE, Harrison DG.
Oxidation of tetrahydrobiopterin leads to uncoupling of endothelial cell nitric oxide synthase in
hypertension. Journal of Clinical Investigation 2003;111(8):1201-1209.
Takimoto E, Champion HC, Li M, Ren S, Rodriguez ER, Tavazzi B, Lazzarino G, Paolocci N,
Gabrielson KL, Wang Y, Kass DA. Oxidant stress from nitric oxide synthase-3 uncoupling
stimulates cardiac pathologic remodeling from chronic pressure load. The Journal of Clinical
Investigation 2005;115(5):1221-1231.
Moens AL, Takimoto E, Tocchetti CG, Chakir K, Bedja D, Cormaci G, Ketner EA, Majmudar M,
Gabrielson K, Halushka MK, Mitchell JB, Biswal S, Channon KM, Wolin MS, Alp NJ, Paolocci N,
Champion HC, Kass DA. Reversal of Cardiac Hypertrophy and Fibrosis From Pressure Overload
by Tetrahydrobiopterin: Efficacy of Recoupling Nitric Oxide Synthase as a Therapeutic Strategy.
Circulation 2008;117(20):2626-2636.
Xue H-M, Yu C-M, Underwood M, Huang J-H, Yang Q. AVE3085 Protects Coronary Endothelium
from the Impairment of Asymmetric Dimethylarginine by Activation and Recoupling of eNOS.
Cardiovasc Drugs Ther 2012;26(5):383-392.
Drummond GR, Cai H, Davis ME, Ramasamy S, Harrison DG. Transcriptional and
Posttranscriptional Regulation of Endothelial Nitric Oxide Synthase Expression by Hydrogen
Peroxide. Circulation Research 2000;86(3):347-354.
Westermann D, Riad A, Richter U, Jäger S, Savvatis K, Schuchardt M, Bergmann N, Tölle M,
Nagorsen D, Gotthardt M, Schultheiss H-P, Tschöpe C. Enhancement of the endothelial NO
synthase attenuates experimental diastolic heart failure. Basic Research in Cardiology
2009;104(5):499-509.
Yang Q, Xue H-M, Wong W-T, Tian X-Y, Huang Y, Tsui SKW, Ng PKS, Wohlfart P, Li H, Xia N,
Tobias S, Underwood MJ, He G-W. AVE3085, an enhancer of endothelial nitric oxide synthase,
restores endothelial function and reduces blood pressure in spontaneously hypertensive rats.
British Journal of Pharmacology 2011;163(5):1078-1085.
Kietadisorn R, Juni RP, Moens AL. Tackling endothelial dysfunction by modulating NOSuncoupling: new insights in pathogenesis and therapeutic possibilities. American Journal of
Physiology - Endocrinology And Metabolism 2011.
Pokharel S, Sharma UC, Pinto YM. Left ventricular hypertrophy: virtuous intentions, malign
consequences. The International Journal of Biochemistry & Cell Biology 2003;35(6):802-806.
Dorn GW. Apoptotic and non-apoptotic programmed cardiomyocyte death in ventricular
remodelling. Cardiovascular Research 2009;81(3):465-473.
Frangogiannis NG. The immune system and cardiac repair. Pharmacological research : the
official journal of the Italian Pharmacological Society 2008;58(2):88-111.
Förstermann U, Sessa WC. Nitric oxide synthases: regulation and function. European Heart
Journal 2012;33(7):829-837.
Förstermann U, Li H. Therapeutic effect of enhancing endothelial nitric oxide synthase (eNOS)
expression and preventing eNOS uncoupling. British Journal of Pharmacology 2011;164(2):213223.
Denninger JW, Marletta MA. Guanylate cyclase and the ⋅NO/cGMP signaling pathway.
Biochimica et Biophysica Acta (BBA) - Bioenergetics 1999;1411(2):334-350.

General discussion | 7
37.
38.
39.

40.

41.
42.

43.
44.

45.

46.

47.

48.
49.
50.

51.
52.

53.

54.

Sun J, Murphy E. Protein S-Nitrosylation and Cardioprotection. Circulation research
2010;106(2):285-296.
Lima B, Forrester MT, Hess DT, Stamler JS. S-Nitrosylation in Cardiovascular Signaling.
Circulation research 2010;106(4):633-646.
Damilano F, Franco I, Perrino C, Schaefer K, Azzolino O, Carnevale D, Cifelli G, Carullo P,
Ragona R, Ghigo A, Perino A, Lembo G, Hirsch E. Distinct Effects of Leukocyte and Cardiac
Phosphoinositide 3-Kinase γ Activity in Pressure Overload–Induced Cardiac Failure. Circulation
2011;123(4):391-399.
Kuwahara F, Kai H, Tokuda K, Takeya M, Takeshita A, Egashira K, Imaizumi T. Hypertensive
Myocardial Fibrosis and Diastolic Dysfunction. Another Model of Inflammation? 2004;43(4):739745.
Förstermann U, Münzel T. Endothelial Nitric Oxide Synthase in Vascular Disease. Circulation
2006;113(13):1708.
Shimizu S, Ishibashi, M., Kumagai, S., Wajima, T., Hiroi, T., Kurihara, T., Ishii, M., Kiuchi, Y.
Decreased cardiac mitochondrial tetrahydrobiopterin in a rat model of pressure overload.
International Journal of Molecular Medicine 2013;31(3):589-596.
Seddon M, Looi YH, Shah AM. Oxidative stress and redox signalling in cardiac hypertrophy and
heart failure. Heart 2007;93(8):903-907.
McNeill E, Crabtree MJ, Sahgal N, Patel J, Chuaiphichai S, Iqbal AJ, Hale AB, Greaves DR,
Channon KM. Regulation of iNOS function and cellular redox state by macrophage Gch1 reveals
specific requirements for tetrahydrobiopterin in NRF2 activation. Free Radical Biology & Medicine
2015;79:206-216.
Hashimoto T, Sivakumaran V, Carnicer R, Zhu G, Hahn VS, Bedja D, Recalde A, Duglan D,
Channon KM, Casadei B, Kass DA. Tetrahydrobiopterin Protects Against Hypertrophic Heart
Disease Independent of Myocardial Nitric Oxide Synthase Coupling. Journal of the American
Heart Association 2016;5(3).
Chen Y, Chen C, Feng C, Tang A, Ma Y, He X, Li Y, He J, Dong Y. AVE 3085, a novel
endothelial nitric oxide synthase enhancer, attenuates cardiac remodeling in mice through the
Smad signaling pathway. Archives of Biochemistry and Biophysics 2015;570:8-13.
Riad A, Westermann D, Van Linthout S, Mohr Z, Uyulmaz S, Becher PM, Rütten H, Wohlfart P,
Peters H, Schultheiss H-P, Tschöpe C. Enhancement of endothelial nitric oxide synthase
production reverses vascular dysfunction and inflammation in the hindlimbs of a rat model of
diabetes. Diabetologia 2008;51(12):2325-2332.
Cirino G, Fiorucci S, Sessa WC. Endothelial nitric oxide synthase: the Cinderella of inflammation?
Trends in Pharmacological Sciences 2003;24(2):91-95.
Liao JK. Linking endothelial dysfunction with endothelial cell activation. The Journal of Clinical
Investigation 2013;123(2):540-541.
Desjardins F, Gratton J-P. Post-translational regulation of eNOS activity in inflammation. In:
Dauphinee S, Karsan A, eds. Endothelial Dysfunction and Inflammation. Basel: Springer Basel;
2010, p 65-80.
Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher AM. Activation of nitric oxide
synthase in endothelial cells by Akt-dependent phosphorylation. Nature 1999;399(6736):601-605.
Fulton D, Gratton J-P, McCabe TJ, Fontana J, Fujio Y, Walsh K, Franke TF, Papapetropoulos A,
Sessa WC. Regulation of endothelium-derived nitric oxide production by the protein kinase Akt.
Nature 1999;399(6736):597-601.
Chen C-A, Druhan LJ, Varadharaj S, Chen Y-R, Zweier JL. Phosphorylation of Endothelial Nitricoxide Synthase Regulates Superoxide Generation from the Enzyme. The Journal of Biological
Chemistry 2008;283(40):27038-27047.
Szabo C, Ischiropoulos H, Radi R. Peroxynitrite: biochemistry, pathophysiology and development
of therapeutics. Nat Rev Drug Discov 2007;6(8):662-680.

197

7 | General discussion
55.

56.
57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.
68.

69.
70.

198

Li H, Witte K, August M, Brausch I, Gödtel-Armbrust U, Habermeier A, Closs EI, Oelze M, Münzel
T, Förstermann U. Reversal of Endothelial Nitric Oxide Synthase Uncoupling and Up-Regulation
of Endothelial Nitric Oxide Synthase Expression Lowers Blood Pressure in Hypertensive Rats.
Journal of the American College of Cardiology 2006;47(12):2536-2544.
Takahashi H, Shibuya M. The vascular endothelial growth factor (VEGF)/VEGF receptor system
and its role under physiological and pathological conditions. Clinical Science 2005;109(3):227.
Scaldaferri F, Vetrano S, Sans M, Arena V, Straface G, Stigliano E, Repici A, Sturm A, Malesci A,
Panes J, Yla–Herttuala S, Fiocchi C, Danese S. VEGF-A Links Angiogenesis and Inflammation in
Inflammatory Bowel Disease Pathogenesis. Gastroenterology 2009;136(2):585-595.e5.
Hood JD, Meininger CJ, Ziche M, Granger HJ. VEGF upregulates ecNOS message, protein, and
NO production in human endothelial cells. American Journal of Physiology - Heart and Circulatory
Physiology 1998;274(3):H1054.
Papapetropoulos A, García-Cardeña G, Madri JA, Sessa WC. Nitric oxide production contributes
to the angiogenic properties of vascular endothelial growth factor in human endothelial cells.
Journal of Clinical Investigation 1997;100(12):3131-3139.
Fukumura D, Gohongi T, Kadambi A, Izumi Y, Ang J, Yun C-O, Buerk DG, Huang PL, Jain RK.
Predominant role of endothelial nitric oxide synthase in vascular endothelial growth factor-induced
angiogenesis and vascular permeability. Proceedings of the National Academy of Sciences of the
United States of America 2001;98(5):2604-2609.
Connelly L, Palacios-Callender M, Ameixa C, Moncada S, Hobbs AJ. Biphasic Regulation of NFκB Activity Underlies the Pro- and Anti-Inflammatory Actions of Nitric Oxide. The Journal of
Immunology 2001;166(6):3873-3881.
Lawrence T. The Nuclear Factor NF-κB Pathway in Inflammation. Cold Spring Harbor
Perspectives in Biology 2009;1(6):a001651.
Davis ME, Grumbach IM, Fukai T, Cutchins A, Harrison DG. Shear Stress Regulates Endothelial
Nitric-oxide Synthase Promoter Activity through Nuclear Factor κB Binding. Journal of Biological
Chemistry 2004;279(1):163-168.
Grumbach IM, Chen W, Mertens SA, Harrison DG. A negative feedback mechanism involving
nitric oxide and nuclear factor kappa-B modulates endothelial nitric oxide synthase transcription.
Journal of Molecular and Cellular Cardiology 2005;39(4):595-603.
Kawashima S, Yamashita T, Ozaki M, Ohashi Y, Azumi H, Inoue N, Hirata K-i, Hayashi Y, Itoh H,
Yokoyama M. Endothelial NO Synthase Overexpression Inhibits Lesion Formation in Mouse
Model of Vascular Remodeling. Arteriosclerosis, Thrombosis, and Vascular Biology
2001;21(2):201.
Ozaki M, Kawashima S, Yamashita T, Ohashi Y, Rikitake Y, Inoue N, Hirata K-I, Hayashi Y, Itoh
H, Yokoyama M. Reduced Hypoxic Pulmonary Vascular Remodeling by Nitric Oxide From the
Endothelium. Hypertension 2001;37(2):322-327.
Channon K. Tetrahydrobiopterin: Regulator of Endothelial Nitric Oxide Synthase in Vascular
Disease. Trends in Cardiovascular Medicine 2004;14(8):323-327.
van Deel ED, Octavia Y, de Boer M, Juni RP, Tempel D, van Haperen R, de Crom R, Moens AL,
Merkus D, Duncker DJ. Normal and high eNOS levels are detrimental in both mild and severe
cardiac pressure-overload. Journal of Molecular and Cellular Cardiology 2015;88(Supplement
C):145-154.
Huang PL. eNOS, metabolic syndrome and cardiovascular disease. Trends in endocrinology and
metabolism: TEM 2009;20(6):295-302.
Bendall JK, Alp NJ, Warrick N, Cai S, Adlam D, Rockett K, Yokoyama M, Kawashima S, Channon
KM. Stoichiometric Relationships Between Endothelial Tetrahydrobiopterin, Endothelial NO
Synthase (eNOS) Activity, and eNOS Coupling in Vivo: Insights From Transgenic Mice With
Endothelial-Targeted GTP Cyclohydrolase 1 and eNOS Overexpression. Circ Res
2005;97(9):864-871.

General discussion | 7
71.

72.
73.
74.

75.
76.
77.

78.
79.

80.

81.
82.

83.

84.
85.

86.
87.
88.

89.
90.

Perrino C, Prasad SVN, Mao L, Noma T, Yan Z, Kim H-S, Smithies O, Rockman HA. Intermittent
pressure overload triggers hypertrophy-independent cardiac dysfunction and vascular rarefaction.
Journal of Clinical Investigation 2006;116(6):1547-1560.
Souders CA, Borg TK, Banerjee I, Baudino TA. Pressure Overload Induces Early Morphological
Changes in the Heart. The American Journal of Pathology 2012;181(4):1226-1235.
Zachary I, Morgan RD. Therapeutic angiogenesis for cardiovascular disease: biological context,
challenges, prospects. Heart 2010;97(3):181.
Karch R, Neumann F, Ullrich R, Neumüller J, Podesser BK, Neumann M, Schreiner W. The
spatial pattern of coronary capillaries in patients with dilated, ischemic, or inflammatory
cardiomyopathy. Cardiovascular Pathology 2005;14(3):135-144.
Carmeliet P. Angiogenesis in health and disease. Nat Med 2003;9(6):653-660.
Sluimer JC, Daemen MJ. Novel concepts in atherogenesis: angiogenesis and hypoxia in
atherosclerosis. The Journal of Pathology 2009;218(1):7-29.
Shiojima I, Sato K, Izumiya Y, Schiekofer S, Ito M, Liao R, Colucci WS, Walsh K. Disruption of
coordinated cardiac hypertrophy and angiogenesis contributes to the transition to heart failure.
Journal of Clinical Investigation 2005;115(8):2108-2118.
Oka T, Akazawa H, Naito AT, Komuro I. Angiogenesis and Cardiac Hypertrophy. Circulation
Research 2014;114(3):565.
Izumiya Y, Shiojima I, Sato K, Sawyer DB, Colucci WS, Walsh K. Vascular Endothelial Growth
Factor Blockade Promotes the Transition From Compensatory Cardiac Hypertrophy to Failure in
Response to Pressure Overload. Hypertension 2006;47(5):887-893.
Sano M, Minamino T, Toko H, Miyauchi H, Orimo M, Qin Y, Akazawa H, Tateno K, Kayama Y,
Harada M, Shimizu I, Asahara T, Hamada H, Tomita S, Molkentin JD, Zou Y, Komuro I. p53induced inhibition of Hif-1 causes cardiac dysfunction during pressure overload. Nature
2007;446(7134):444-448.
de Vries MR, Quax PHA. Plaque angiogenesis and its relation to inflammation and atherosclerotic
plaque destabilization. Current Opinion in Lipidology 2016;27(5):499-506.
Michel J-B, Martin-Ventura JL, Nicoletti A, Ho-Tin-Noé B. Pathology of human plaque
vulnerability: Mechanisms and consequences of intraplaque haemorrhages. Atherosclerosis
2014;234(2):311-319.
Moreno PR, Purushothaman KR, Fuster V, Echeverri D, Truszczynska H, Sharma SK, Badimon
JJ, O’Connor WN. Plaque Neovascularization Is Increased in Ruptured Atherosclerotic Lesions of
Human Aorta. Circulation 2004;110(14):2032.
Ritman EL, Lerman A. The Dynamic Vasa Vasorum. Cardiovascular research 2007;75(4):649658.
Moulton KS, Vakili K, Zurakowski D, Soliman M, Butterfield C, Sylvin E, Lo K-M, Gillies S,
Javaherian K, Folkman J. Inhibition of plaque neovascularization reduces macrophage
accumulation and progression of advanced atherosclerosis. Proceedings of the National
Academy of Sciences of the United States of America 2003;100(8):4736-4741.
Adams RH, Alitalo K. Molecular regulation of angiogenesis and lymphangiogenesis. Nat Rev Mol
Cell Biol 2007;8(6):464-478.
Vaahtomeri K, Karaman S, Mäkinen T, Alitalo K. Lymphangiogenesis guidance by paracrine and
pericellular factors. Genes & Development 2017;31(16):1615-1634.
Kholová I, Dragneva G, Čermáková P, Laidinen S, Kaskenpää N, Hazes T, Čermáková E, Šteiner
I, Ylä-Herttuala S. Lymphatic vasculature is increased in heart valves, ischaemic and inflamed
hearts and in cholesterol-rich and calcified atherosclerotic lesions. European Journal of Clinical
Investigation 2011;41(5):487-497.
Niinimäki E, Mennander AA, Paavonen T, Kholová I. Lymphangiogenesis is increased in heart
valve endocarditis. International Journal of Cardiology 2016;219:317-321.
Sacchi G, Weber E, L C. Histological framework of lymphatic vasa vasorum of major arteries: an
experimental study. Lymphology 1990;23(3):135–139.

199

7 | General discussion
91.

92.

93.

94.
95.

96.
97.

98.
99.

100.
101.

102.

103.

104.
105.

106.

107.

200

Xu X, Lu H, Lin H, Li X, Ni M, Sun H, Li C, Jiang H, Li F, Zhang M, Zhao Y, Zhang Y. Aortic
adventitial angiogenesis and lymphangiogenesis promote intimal inflammation and hyperplasia.
Cardiovascular Pathology 2009;18(5):269-278.
Taher M, Nakao S, Zandi S, Melhorn MI, Hayes KC, Hafezi-Moghadam A. Phenotypic
transformation of intimal and adventitial lymphatics in atherosclerosis: a regulatory role for soluble
VEGF receptor 2. The FASEB Journal 2016;30(7):2490-2499.
Drozdz K, Janczak D, Dziegiel P, Podhorska M, Patrzałek D, Ziółkowski P, Andrzejak R, Szuba
A. Adventitial lymphatics of internal carotid artery in healthy and atherosclerotic vessels. Folia
Histochem Cytobiol 2008;46(4):433-436.
Drozdz K, Janczak D, Dziegiel P, Podhorska M, Piotrowska A, Patrzalek D, Andrzejak R, Szuba
A. Adventitial lymphatics and atherosclerosis. Lymphology 2012;45(1):26-33.
Kutkut I, Meens MJ, McKee TA, Bochaton-Piallat M-L, Kwak BR. Lymphatic vessels: an emerging
actor in atherosclerotic plaque development. European Journal of Clinical Investigation
2015;45(1):100-108.
Eliska O EM, Miller AJ. The absence of lymphatics in normal and atherosclerotic coronary arteries
in man: a morphologic study. Lymphology 2006;39(2):76–83.
Nakano T, Nakashima Y, Yonemitsu Y, Sumiyoshi S, Chen Y-X, Akishima Y, Ishii T, Iida M,
Sueishi K. Angiogenesis and lymphangiogenesis and expression of lymphangiogenic factors in
the atherosclerotic intima of human coronary arteries. Human Pathology 2005;36(4):330-340.
Xu X, Lin H, Lv H, Zhang M, Zhang Y. Adventitial lymphatic vessels- An important role in
atherosclerosis. Medical Hypotheses 2007;69(6):1238-1241.
Lim HY, Rutkowski JM, Helft J, Reddy ST, Swartz MA, Randolph GJ, Angeli V.
Hypercholesterolemic Mice Exhibit Lymphatic Vessel Dysfunction and Degeneration. The
American Journal of Pathology 2009;175(3):1328-1337.
Milasan A, Dallaire F, Mayer G, Martel C. Effects of LDL Receptor Modulation on Lymphatic
Function. Scientific Reports 2016;6:27862.
Martel C, Li W, Fulp B, Platt AM, Gautier EL, Westerterp M, Bittman R, Tall AR, Chen S-H,
Thomas MJ, Kreisel D, Swartz MA, Sorci-Thomas MG, Randolph GJ. Lymphatic vasculature
mediates macrophage reverse cholesterol transport in mice. The Journal of Clinical Investigation
2013;123(4):1571-1579.
Rademakers T, van der Vorst EPC, Daissormont ITMN, Otten JJT, Theodorou K, Theelen TL,
Gijbels M, Anisimov A, Nurmi H, Lindeman JHN, Schober A, Heeneman S, Alitalo K, Biessen
EAL. Adventitial lymphatic capillary expansion impacts on plaque T cell accumulation in
atherosclerosis. Scientific Reports 2017;7:45263.
Llodrá J, Angeli V, Liu J, Trogan E, Fisher EA, Randolph GJ. Emigration of monocyte-derived
cells from atherosclerotic lesions characterizes regressive, but not progressive, plaques.
Proceedings of the National Academy of Sciences of the United States of America
2004;101(32):11779-11784.
Randolph GJ. Emigration of monocyte-derived cells to lymph nodes during resolution of
inflammation and its failure in atherosclerosis. Current opinion in lipidology 2008;19(5):462-468.
Nanjee MN, Cooke CJ, Wong JS, Hamilton RL, Olszewski WL, Miller NE. Composition and
ultrastructure of size subclasses of normal human peripheral lymph lipoproteins: quantification of
cholesterol uptake by HDL in tissue fluids. Journal of Lipid Research 2001;42(4):639-648.
Lim Hwee Y, Thiam Chung H, Yeo Kim P, Bisoendial R, Hii Chung S, McGrath Kristine CY, Tan
Kar W, Heather A, Alexander JSteven J, Angeli V. Lymphatic Vessels Are Essential for the
Removal of Cholesterol from Peripheral Tissues by SR-BI-Mediated Transport of HDL. Cell
Metabolism 2013;17(5):671-684.
Vuorio T, Nurmi H, Moulton K, Pikkarainen J, Robciuc MR, öhman M, Heinonen SE,
Samaranayake H, Heikura T, Alitalo K, Ylä-Herttuala S. Lymphatic vessel insufficiency in
hypercholesterolemic mice alters lipoprotein levels and promotes atherogenesis. Arteriosclerosis,
thrombosis, and vascular biology 2014;34(6):1162-1170.

General discussion | 7
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

Veikkola T, Jussila L, Makinen T, Karpanen T, Jeltsch M, Petrova TV, Kubo H, Thurston G,
McDonald DM, Achen MG, Stacker SA, Alitalo K. Signalling via vascular endothelial growth factor
receptor-3 is sufficient for lymphangiogenesis in transgenic mice. The EMBO Journal
2001;20(6):1223-1231.
Joukov V, Sorsa T, Kumar V, Jeltsch M, Claesson-Welsh L, Cao Y, Saksela O, Kalkkinen N,
Alitalo K. Proteolytic processing regulates receptor specificity and activity of VEGF-C. The EMBO
Journal 1997;16(13):3898-3911.
Achen MG, Jeltsch M, Kukk E, Mäkinen T, Vitali A, Wilks AF, Alitalo K, Stacker SA. Vascular
endothelial growth factor D (VEGF-D) is a ligand for the tyrosine kinases VEGF receptor 2 (Flk1)
and VEGF receptor 3 (Flt4). Proceedings of the National Academy of Sciences of the United
States of America 1998;95(2):548-553.
Cao Y, Linden P, Farnebo J, Cao R, Eriksson A, Kumar V, Qi J-H, Claesson-Welsh L, Alitalo K.
Vascular endothelial growth factor C induces angiogenesis in vivo. Proceedings of the National
Academy of Sciences of the United States of America 1998;95(24):14389-14394.
Rutanen J, Leppänen P, Tuomisto TT, Rissanen TT, Hiltunen MO, Vajanto I, Niemi M, Häkkinen
T, Karkola K, Stacker SA, Achen MG, Alitalo K, Ylä-Herttuala S. Vascular endothelial growth
factor-D expression in human atherosclerotic lesions. Cardiovascular Research 2003;59(4):971979.
Nakao S, Zandi S, Hata Y, Kawahara S, Arita R, Schering A, Sun D, Melhorn MI, Ito Y, LaraCastillo N, Ishibashi T, Hafezi-Moghadam A. Blood vessel endothelial VEGFR-2 delays
lymphangiogenesis: an endogenous trapping mechanism links lymph- and angiogenesis. Blood
2011;117(3):1081-1090.
Nagy JA, Vasile E, Feng D, Sundberg C, Brown LF, Detmar MJ, Lawitts JA, Benjamin L, Tan X,
Manseau EJ, Dvorak AM, Dvorak HF. Vascular Permeability Factor/Vascular Endothelial Growth
Factor Induces Lymphangiogenesis as well as Angiogenesis. The Journal of Experimental
Medicine 2002;196(11):1497-1506.
Hirakawa S, Kodama S, Kunstfeld R, Kajiya K, Brown LF, Detmar M. VEGF-A induces tumor and
sentinel lymph node lymphangiogenesis and promotes lymphatic metastasis. The Journal of
Experimental Medicine 2005;201(7):1089-1099.
Wirzenius M, Tammela T, Uutela M, He Y, Odorisio T, Zambruno G, Nagy JA, Dvorak HF, YläHerttuala S, Shibuya M, Alitalo K. Distinct vascular endothelial growth factor signals for lymphatic
vessel enlargement and sprouting. The Journal of Experimental Medicine 2007;204(6):1431.
Chen Y-X, Nakashima Y, Tanaka K, Shiraishi S, Nakagawa K, Sueishi K. Immunohistochemical
Expression of Vascular Endothelial Growth Factor/Vascular Permeability Factor in Atherosclerotic
Intimas of Human Coronary Arteries. Arteriosclerosis, Thrombosis, and Vascular Biology
1999;19(1):131.
Inoue M, Itoh H, Ueda M, Naruko T, Kojima A, Komatsu R, Doi K, Ogawa Y, Tamura N, Takaya
K, Igaki T, Yamashita J, Chun T-H, Masatsugu K, Becker AE, Nakao K. Vascular Endothelial
Growth Factor (VEGF) Expression in Human Coronary Atherosclerotic Lesions. Possible
Pathophysiological Significance of VEGF in Progression of Atherosclerosis 1998;98(20):21082116.
Veikkola T, Alitalo K. Dual Role of Ang2 in Postnatal Angiogenesis and Lymphangiogenesis.
Developmental Cell 2002;3(3):302-304.
Lobov IB, Brooks PC, Lang RA. Angiopoietin-2 displays VEGF-dependent modulation of capillary
structure and endothelial cell survival in vivo. Proceedings of the National Academy of Sciences
of the United States of America 2002;99(17):11205-11210.
Dellinger M, Hunter R, Bernas M, Gale N, Yancopoulos G, Erickson R, Witte M. Defective
remodeling and maturation of the lymphatic vasculature in Angiopoietin-2 deficient mice.
Developmental Biology 2008;319(2):309-320.
Gale NW, Thurston G, Hackett SF, Renard R, Wang Q, McClain J, Martin C, Witte C, Witte MH,
Jackson D, Suri C, Campochiaro PA, Wiegand SJ, Yancopoulos GD. Angiopoietin-2 Is Required

201

7 | General discussion

123.

124.

125.
126.
127.
128.
129.
130.
131.

132.
133.
134.

135.

136.

137.
138.

139.
140.

202

for Postnatal Angiogenesis and Lymphatic Patterning, and Only the Latter Role Is Rescued by
Angiopoietin-1. Developmental Cell 2002;3(3):411-423.
Zheng W, Nurmi H, Appak S, Sabine A, Bovay E, Korhonen EA, Orsenigo F, Lohela M, D’Amico
G, Holopainen T, Leow CC, Dejana E, Petrova TV, Augustin HG, Alitalo K. Angiopoietin 2
regulates the transformation and integrity of lymphatic endothelial cell junctions. Genes &
Development 2014;28(14):1592-1603.
Theelen TL, Lappalainen JP, Sluimer JC, Gurzeler E, Cleutjens JP, Gijbels MJ, Biessen EAL,
Daemen MJAP, Alitalo K, Ylä-Herttuala S. Angiopoietin-2 blocking antibodies reduce early
atherosclerotic plaque development in mice. Atherosclerosis 2015;241(2):297-304.
Verstrepen L, Carpentier I, Verhelst K, Beyaert R. ABINs: A20 binding inhibitors of NF-κB and
apoptosis signaling. Biochemical Pharmacology 2009;78(2):105-114.
Dieterich LC, Seidel CD, Detmar M. Lymphatic vessels: new targets for the treatment of
inflammatory diseases. Angiogenesis 2014;17(2):359-371.
Vuorio T, Tirronen A, Ylä-Herttuala S. Cardiac Lymphatics - A New Avenue for Therapeutics?
Trends in Endocrinology & Metabolism 2017;28(4):285-296.
Kim H, Kataru RP, Koh GY. Regulation and implications of inflammatory lymphangiogenesis.
Trends in Immunology 2012;33(7):350-356.
Kivelä AM, Huusko J, Ylä-Herttuala S. Prospect and progress of gene therapy in treating
atherosclerosis. Expert Opinion on Biological Therapy 2015;15(12):1699-1712.
McLaren JE, Ramji DP. Interferon gamma: A master regulator of atherosclerosis. Cytokine and
Growth Factor Reviews 2009;20(2):125-135.
Chaitanya GV, Franks SE, Cromer W, Wells SR, Bienkowska M, Jennings MH, Ruddell A, Ando
T, Wang Y, Gu Y, Sapp M, Mathis JM, Jordan PA, Minagar A, Alexander JS. Differential Cytokine
Responses in Human and Mouse Lymphatic Endothelial Cells to Cytokines in Vitro. Lymphatic
Research and Biology 2010;8(3):155-164.
Shao X, Liu C. Influence of IFN- α and IFN- γ on Lymphangiogenesis. Journal of Interferon &
Cytokine Research 2006;26(8):568-574.
Wang L, Zhu J, Shan S, Qin Y, Kong Y, Liu J, Wang Y, Xie Y. Repression of interferon-[gamma]
expression in T cells by Prospero-related Homeobox protein. Cell Res 2008;18(9):911-920.
Chung SW, Kang BY, Kim SH, Pak YK, Cho D, Trinchieri G, Kim TS. Oxidized Low Density
Lipoprotein Inhibits Interleukin-12 Production in Lipopolysaccharide-activated Mouse
Macrophages via Direct Interactions between Peroxisome Proliferator-activated Receptor-γ and
Nuclear Factor-κB. Journal of Biological Chemistry 2000;275(42):32681-32687.
Flister MJ, Wilber A, Hall KL, Iwata C, Miyazono K, Nisato RE, Pepper MS, Zawieja DC, Ran S.
Inflammation induces lymphangiogenesis through up-regulation of VEGFR-3 mediated by NF-κB
and Prox1. Blood 2010;115(2):418-429.
Saaristo A, Veikkola T, enholm b, Hytönen M, Arola J, Pajusola K, Turunen P, Jeltsch M,
Karkkainen Mj, Kerjaschki D, Bueler H, Ylä-herttuala S, Alitalo K. Adenoviral VEGF-C
overexpression induces blood vessel enlargement, tortuosity, and leakiness but no sprouting
angiogenesis in the skin or mucous membranes. The FASEB Journal 2002;16(9):1041-1049.
Bramos A, Perrault D, Yang S, Jung E, Hong YK, Wong AK. Prevention of Postsurgical
Lymphedema by 9-cis Retinoic Acid. Annals of Surgery 2016;264(2):353-361.
Choi I, Lee S, Kyoung Chung H, Suk Lee Y, Eui Kim K, Choi D, Park EK, Yang D, Ecoiffier T,
Monahan J, Chen W, Aguilar B, Lee HN, Yoo J, Koh CJ, Chen L, Wong AK, Hong Y-K. 9-Cis
Retinoic Acid Promotes Lymphangiogenesis and Enhances Lymphatic Vessel Regeneration.
Circulation 2012;125(7):872.
Schlegel A. Zebrafish Models for Dyslipidemia and Atherosclerosis Research. Frontiers in
Endocrinology 2016;7:159.
Den Broeder MJ, Kopylova VA, Kamminga LM, Legler J. Zebrafish as a Model to Study the Role
of Peroxisome Proliferating-Activated Receptors in Adipogenesis and Obesity. PPAR Research
2015;2015:11.

General discussion | 7
141.

142.
143.

144.

145.
146.

147.

148.

149.

150.
151.

152.

153.

154.

155.

156.
157.

Otis JP, Zeituni EM, Thierer JH, Anderson JL, Brown AC, Boehm ED, Cerchione DM, Ceasrine
AM, Avraham-Davidi I, Tempelhof H, Yaniv K, Farber SA. Zebrafish as a model for apolipoprotein
biology: comprehensive expression analysis and a role for ApoA-IV in regulating food intake.
Disease Models & Mechanisms 2015;8(3):295-309.
Hölttä-Vuori M, Salo Veijo TV, Nyberg L, Brackmann C, Enejder A, Panula P, Ikonen E.
Zebrafish: gaining popularity in lipid research. Biochemical Journal 2010;429(2):235.
Stoletov K, Fang L, Choi S-H, Hartvigsen K, Hansen LF, Hall C, Pattison J, Juliano J, Miller ER,
Almazan F, Crosier P, Witztum JL, Klemke RL, Miller YI. Vascular Lipid Accumulation, Lipoprotein
Oxidation, and Macrophage Lipid Uptake in Hypercholesterolemic Zebrafish. Circulation
Research 2009;104(8):952.
Fang L, Green SR, Baek JS, Lee S-H, Ellett F, Deer E, Lieschke GJ, Witztum JL, Tsimikas S,
Miller YI. In vivo visualization and attenuation of oxidized lipid accumulation in
hypercholesterolemic zebrafish. The Journal of Clinical Investigation 2011;121(12):4861-4869.
Yoon Y, Yoon J, Jang M-Y, Na Y, Ko Y, Choi J-H, Seok SH. High Cholesterol Diet Induces IL-1β
Expression in Adult but Not Larval Zebrafish. PLOS ONE 2013;8(6):e66970.
O’Hare EA, Wang X, Montasser ME, Chang Y-PC, Mitchell BD, Zaghloul NA. Disruption of ldlr
causes increased LDL-c and vascular lipid accumulation in a zebrafish model of
hypercholesterolemia. Journal of Lipid Research 2014;55(11):2242-2253.
Liu C, Gates KP, Fang L, Amar MJ, Schneider DA, Geng H, Huang W, Kim J, Pattison J, Zhang
J, Witztum JL, Remaley AT, Dong PD, Miller YI. Apoc2 loss-of-function zebrafish mutant as a
genetic model of hyperlipidemia. Disease Models & Mechanisms 2015;8(8):989-998.
Okuda KS, Misa JP, Oehlers SH, Hall CJ, Ellett F, Alasmari S, Lieschke GJ, Crosier KE, Crosier
PS, Astin JW. A zebrafish model of inflammatory lymphangiogenesis. Biology Open
2015;4(10):1270-1280.
Astin JW, Jamieson SMF, Eng TCY, Flores MV, Misa JP, Chien A, Crosier KE, Crosier PS. An In
Vivo Antilymphatic Screen in Zebrafish Identifies Novel Inhibitors of Mammalian
Lymphangiogenesis and Lymphatic-Mediated Metastasis. Molecular Cancer Therapeutics
2014;13(10):2450.
Hogan BM, Bos FL, Bussmann J, Witte M, Chi NC, Duckers HJ, Schulte-Merker S. ccbe1 is
required for embryonic lymphangiogenesis and venous sprouting. Nat Genet 2009;41(4):396-398.
Cermenati S, Moleri S, Neyt C, Bresciani E, Carra S, Grassini DR, Omini A, Goi M, Cotelli F,
François M, Hogan BM, Beltrame M. Sox18 Genetically Interacts With VegfC to Regulate
Lymphangiogenesis in Zebrafish. Arteriosclerosis, Thrombosis, and Vascular Biology
2013;33(6):1238-1247.
Helker CSM, Schuermann A, Karpanen T, Zeuschner D, Belting H-G, Affolter M, Schulte-Merker
S, Herzog W. The zebrafish common cardinal veins develop by a novel mechanism: lumen
ensheathment. Development 2013;140(13):2776.
Le Guen L, Karpanen T, Schulte D, Harris NC, Koltowska K, Roukens G, Bower NI, van Impel A,
Stacker SA, Achen MG, Schulte-Merker S, Hogan BM. Ccbe1 regulates Vegfc-mediated induction
of Vegfr3 signaling during embryonic lymphangiogenesis. Development 2014;141(6):1239-1249.
Villefranc JA, Nicoli S, Bentley K, Jeltsch M, Zarkada G, Moore JC, Gerhardt H, Alitalo K, Lawson
ND. A truncation allele in vascular endothelial growth factor c reveals distinct modes of signaling
during lymphatic and vascular development. Development (Cambridge, England)
2013;140(7):1497-1506.
van Impel A, Zhao Z, Hermkens DMA, Roukens MG, Fischer JC, Peterson-Maduro J, Duckers H,
Ober EA, Ingham PW, Schulte-Merker S. Divergence of zebrafish and mouse lymphatic cell fate
specification pathways. Development (Cambridge, England) 2014;141(6):1228-1238.
Chen H, Griffin C, Xia L, Srinivasan RS. Molecular and cellular mechanisms of lymphatic vascular
maturation. Microvascular research 2014;0:16-22.
Yin W, Carballo-Jane E, McLaren DG, Mendoza VH, Gagen K, Geoghagen NS, McNamara LA,
Gorski JN, Eiermann GJ, Petrov A, Wolff M, Tong X, Wilsie LC, Akiyama TE, Chen J,

203

7 | General discussion

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

204

Thankappan A, Xue J, Ping X, Andrews G, Wickham LA, Gai CL, Trinh T, Kulick AA, Donnelly
MJ, Voronin GO, Rosa R, Cumiskey A-M, Bekkari K, Mitnaul LJ, Puig O, Chen F, Raubertas R,
Wong PH, Hansen BC, Koblan KS, Roddy TP, Hubbard BK, Strack AM. Plasma lipid profiling
across species for the identification of optimal animal models of human dyslipidemia. Journal of
Lipid Research 2012;53(1):51-65.
Tsutsumi K, Hagi A, Inoue Y. The Relationship between Plasma High Density Lipoprotein
Cholesterol Levels and Cholesteryl Ester Transfer Protein Activity in Six Species of Healthy
Experimental Animals. Biological and Pharmaceutical Bulletin 2001;24(5):579-581.
Zadelaar S, Kleemann R, Verschuren L, de Vries-Van der Weij J, van der Hoorn J, Princen HM,
Kooistra T. Mouse Models for Atherosclerosis and Pharmaceutical Modifiers. Arteriosclerosis,
Thrombosis, and Vascular Biology 2007;27(8):1706.
Santos A, Fernández-Friera L, Villalba M, López-Melgar B, España S, Mateo J, Mota RA,
Jiménez-Borreguero J, Ruiz-Cabello J. Cardiovascular imaging: what have we learned from
animal models? Frontiers in Pharmacology 2015;6:227.
Prescott MF, McBride CH, Hasler-Rapacz J, Von Linden J, Rapacz J. Development of complex
atherosclerotic lesions in pigs with inherited hyper-LDL cholesterolemia bearing mutant alleles for
apolipoprotein B. The American Journal of Pathology 1991;139(1):139-147.
van Ditzhuijzen NS, van den Heuvel M, Sorop O, van Duin RWB, Krabbendam–Peters I, van
Haeren R, Ligthart JMR, Witberg KT, Duncker DJ, Regar E, van Beusekom HMM, van der
Giessen WJ. Invasive coronary imaging in animal models of atherosclerosis. Netherlands Heart
Journal 2011;19(10):442-446.
Alviar CL, Tellez A, Wallace-Bradley D, Lopez-Berestein G, Sanguino A, Schulz DG, Builes A,
Ballantyne CM, Yang C-Y, Kaluza GL. Impact of adventitial neovascularisation on atherosclerotic
plaque composition and vascular remodelling in a porcine model of coronary atherosclerosis.
EuroIntervention: journal of EuroPCR in collaboration with the Working Group on Interventional
Cardiology of the European Society of Cardiology 2010;5(8):981-988.
Visuri MT, Honkonen KM, Hartiala P, Tervala TV, Halonen PJ, Junkkari H, Knuutinen N, YläHerttuala S, Alitalo KK, Saarikko AM. VEGF-C and VEGF-C156S in the pro-lymphangiogenic
growth factor therapy of lymphedema: a large animal study. Angiogenesis 2015;18(3):313-326.
Honkonen KM, Visuri MT, Tervala TV, Halonen PJ, Koivisto M, Lähteenvuo MT, Alitalo KK, YläHerttuala S, Saaristo AM. Lymph Node Transfer and Perinodal Lymphatic Growth Factor
Treatment for Lymphedema. Annals of Surgery 2013;257(5):961-967.
Lähteenvuo M, Honkonen K, Tervala T, Tammela T, Suominen E, Lähteenvuo J, Kholová I,
Alitalo K, Ylä-Herttuala S, Saaristo A. Growth Factor Therapy and Autologous Lymph Node
Transfer in Lymphedema. Circulation 2011;123(6):613.
Hong G, Lee JC, Robinson JT, Raaz U, Xie L, Huang NF, Cooke JP, Dai H. Multifunctional in vivo
vascular imaging using near-infrared II fluorescence. Nat Med 2012;18(12):1841-1846.

Summary

205

Addendum | Summary

Summary
Cardiovascular disease (CVD) remains the most common cause of death in
Europe and worldwide accounting for 31% of all deaths. Importantly, atherosclerosis is
by far the most important cause of CVD, accounting for 80% atherosclerosis of CVD
worldwide. Atherosclerosis is a lipid-driven chronic inflammatory disease, leading to
the formation of plaques at vital segments of the arterial tree. Atherosclerotic plaques
are deposits of cholesterol, lipids and cellular debris in the artery wall, resulting in
narrowing of the larger arteries. Initial atherosclerotic lesions are characterized by
subendothelial accumulation of macrophages and macrophage-derived foam cells. In
progressive stages of disease development, medial smooth muscle cells will
proliferate, migrate into the intima and produce collagen, forming a fibrous cap that
covers the plaque (i.e. stable lesion). The vulnerable plaque is characterized by an
extensive lipid core in the central atheroma, a high level of inflammation and
a thin and inflamed fibrous cap covering the large necrotic core (thin-cap
fibroatheromas; TFCA). In the final disease stage this vulnerable plaque will rupture
leading to thrombus formation which can occlude the lumen causing distal ischemia
and acute cardiovascular events (e.g. myocardial infarction (MI), stroke).
Endothelial cells play an important role in maintaining cardiovascular
homeostasis. In this thesis we have focused on the molecular regulators thereof. The
aim of this thesis is two-fold: 1) to study endothelial cells (EC) dysfunction mediated by
impaired NO in heart failure, and 2) to define new molecular regulators of lymphatic
EC (LEC) in atherosclerosis.
The first part of the thesis involves a study of endothelial dysfunction in the
heart and vessels, which is often characterized by impaired NO bioavailability, leading
to vasoconstriction, coagulation and inflammation. When chronic, this can lead to
several pathological conditions, including MI, hypertension and atherosclerosis. In this
dissertation it is hypothesized that modulation of endothelial nitric oxide synthase
(eNOS) can protect against pressure overload-induced left ventricular hypertrophy.
In the first part of this thesis (chapter 2-5) are focused on the molecular
mechanism of eNOS and its essential cofactor tetrahydrobiopterin (BH4), as well as
potential therapeutic interventions to modulate eNOS in the pathogenesis of
myocardial and endothelial dysfunction. As discussed in chapter 2, BH4 is a critical
regulator of cardiovascular homeostasis, and substantial evidence implicates BH4 as
a key regulator of eNOS in the setting of cardiovascular disease. Strategies to
maintain BH4 bioavailability may be achieved by 1) enhancing the regeneration of
BH4 from the inactive form BH2, 2) chemically stabilizing BH4, and 3) reducing
oxidative degradation. Indeed, eNOS-generated NO has a crucial role in the regulation
of endothelial function. Chaper3 provides an extensive overview of the important role
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of eNOS-uncoupling in the pathogenesis of endothelial dysfunction. Evidence
suggests that modulation of eNOS by stabilizing eNOS function, and suppressing
eNOS-derived ROS is a promising therapeutic target for endothelial dysfunction.
Subsequently, in chapter 4, two, novel pharmacologic small molecule compounds that
transcriptionally enhance eNOS gene expression, AVE9488 and AVE3085, are
discussed. These compounds are designed to increase eNOS transcription and
enhance NO signaling and bioavailability. Interestingly, AVE have been shown to also
increase BH4 bioavailability reversing eNOS uncoupling, and to augment eNOS
activity. Although their precise mode of action remains to be clarified, AVE are likely to
interact with eNOS uncoupling. Subsequently, in chapter 5, we test if AVE3085 can
prevent pressure overload-induced left ventricular (LV) hypertrophy. We have
demonstrated that AVE 3085 attenuates the pathological LV changes caused by
pressure overload. Surprisingly, these effects are seen in the absence of
transcriptional upregulation of eNOS. Importantly, we provide a novel beneficial
function of AVE3085 treatment on eNOS stability, demonstrating by an increase in
eNOS dimer to monomer ratio and by a decrease in myocardial ROS generation. This
effect is likely the result of protection of BH4 against oxidation by ROS. Possible
mechanisms for AVE3085 mediate modulation/dampening of transverse aortic
constriction -induced inflammatory responses and fibrosis may result from (I) indirect
effects secondary to inhibition of macrophage infiltration and inflammatory signaling
mediated by NO and/ or BH4, or (2) pleiotropic effects of AVE3085 on antiinflammatory and anti-fibrotic effect.
The second part of this thesis is centered on the role of LEC in
atherosclerosis. Angiogenesis, the sprouting of new blood vessels from the preexisting ones, is essential for physiological development. Pathological angiogenesis
contributes to pathogenesis of cardiovascular diseases. Although plaque angiogenesis
has been linked to proinflammatory and proatherosclerotic effects, lymphatic vessels
have only recently been implicated in the pathogenesis of MI and atherosclerosis,
where proper lymphatic drainage seemed to protect against disease. The lymphatic
system is increasingly recognized as a critical process in atherosclerosis to transport
cholesterol and immune cells to the lymph nodes and eventually to the circulation.
However, the precise driving factors and consequences of lymphangiogenesis in the
context of human atherosclerosis still remain to be elucidated. Plaque-resident
factors specifically involved in pathologic lymphangiogenesis during atherosclerosis
development and progression may well represent novel approaches for therapeutic
modulation of plaque lymphangiogenesis. In this part, it is hypothesized that gene
network analysis can provide powerful predictions of candidate genes and those
genes represent potential novel targets for regulating lymphangiogenesisassociated atherosclerosis in human (approaches will be described below).
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In chapter 6 we attempt to identify novel players in pathologic
lymphangiogenesis in atherosclerosis. We employ a bioinformatics approach,
weighted gene coexpression network analysis (WGCNA), to identify networks and
candidate genes relevant to plaque lymphangiogenesis in humans. In this study, we
+
correlate phenotypic traits i.e. LVD, identified by D2-40 in human atherosclerotic
tissue with transcription profiles, derived from the same tissue. We are able to identify
modules with high correlation to LVD, unveiling a novel role for the phosphatase
TNIP2, as a VEGF- independent key regulator of plaque lymphangiogenesis in
humans ex vivo, in LEC in vitro and in zebrafish in vivo. In addition, we also provide
transcription factor binding sites, miRNAs, and potential pathways which may be
involved in TNIP2-mediated plaque lymphangiogenesis. TNIP2-responsive genes are
enriched in lymphatic signature genes and suggest the involvement of type I/II IFN
signaling, and lipid/cholesterol homeostatic regulation in TNIP2 functional effects.
Finally, in chapter 7 we have discussed the most relevant findings of this
thesis and provided the future perspectives. Altogether, this thesis affords novel
insights into the molecular regulation of endothelial cells in CVD, with particular focus
on eNOS and TNIP2. In conclusion, enhancement of functional eNOS can ameliorate
endothelial and heart function in heart failure. In vessels, TNIP2 induction could
represent an interesting target to stimulate plaque lymphangiogenesis, thereby
promoting inflammation resolution in plaque. Considering the therapeutic potential of
my findings we may conclude that (I) AVE3085 helps maintaining eNOS functionality
and thus may improve eNOS/NO signaling dependent cardiovascular function, and (II)
TNIP2 induction will increase lymphangiogenic responses in plaque, which could
improve lymphatic drainage of constituents, cytokines and inflammatory cells from
plaque ,and thus may dampen atherosclerosis progression. Therefore, the next
challenge is to translate these findings to clinical applications for cardiovascular
diseases prevention and/or treatment.
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Samenvatting
Hart- en vaatziekten (HVZ) zijn nog altijd de meest voorkomende
doodsoorzaak en vertegenwoordigen 31% van alle sterfgevallen in wereldwijd.
Belangrijk is dat atherosclerose verreweg de belangrijkste oorzaak is van HVZ, goed
voor 80% van alle HVZ wereldwijd. Atherosclerose is een chronische
ontstekingsziekte, geïnitieerd door verhoogde lipide bloedspiegels, die leidt tot de
vorming van atherosclerotische plaques in de grote slagaders. Deze plaques bestaan
uit afzettingen van cholesterol, lipiden en cellulaire resten in de vaatwand, wat
resulteert in een vernauwing van de slagaders. Vroege atherosclerotische plaques
worden gekenmerkt door subendotheliale accumulatie van macrofagen en macrofaag
schuimcellen. In gevorderde stadia van de ziekte zullen mediale gladde spiercellen
prolifereren, migreren naar de intima en collageen produceren, waarbij een
vezelachtige kap wordt gevormd die de plaque bedekt (d.w.z. een stabiele plaque). De
instabiele plaque wordt daarentegen gekenmerkt door een grote, lipidenrijke kern in,
veel ontstekingscellen en een dunne fibreuze kap. Als de instabiele plaque scheurt,
leidt dit tot thrombusvorming, afsluiting van het lumen, en vervolgens tot distale
ischemie en acute cardiovasculaire aandoeningen, zoals een hartinfarct of beroerte.
Endotheelcellen spelen een belangrijke rol bij het handhaven van
cardiovasculaire homeostase. In dit proefschrift hebben we ons gericht op de
moleculaire regulatoren van het endotheel. Het doel van dit proefschrift is tweeledig:
1) onderzoek naar endotheelcel (EC) dysfunctie gemedieerd door verstoorde functie
van stikstofoxide (NO) bij hartfalen, en 2) identificatie van nieuwe moleculaire
regulatoren van lymfatische EC (LEC) in atherosclerose.
Het eerste deel van het proefschrift (hoofdstuk 2-5) bestudeert endotheel
dysfunctie in hart en bloedvaten, wat vaak wordt gekenmerkt door een verminderde
biologische beschikbaarheid van NO. Dit veroorzaakt vasoconstrictie, coagulatie en
ontsteking, en leidt bij chronische dysfunctie tot verschillende pathologische
aandoeningen, waaronder een hartinfarct, hypertensie en atherosclerose. In dit
proefschrift wordt de hypothese geformuleerd dat hypertrofie van het linkerventrikel
geïnduceerd door drukoverbelasting verminderd kan worden door modulatie van
endotheel NO synthase (eNOS).
In hoofdstuk 2 wordt de rol van tetrahydrobiopterin (BH4) besproken, een
belangrijke regulator van eNOS functie en vervolgens van cardiovasculaire
homeostase en HVZ. De biologische beschikbaarheid van BH4 kan gehandhaafd
worden door 1) het verbeteren van de regeneratie van BH4 uit de inactieve vorm BH2,
2) chemische stabilisatie van BH4 en 3) het verminderen van oxidatieve afbraak van
BH4. Inderdaad heeft eNOS-afhankelijke productie van NO een cruciale rol in de
regulatie van de endotheel functie. Hoofdstuk 3 geeft een uitgebreid overzicht van de
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belangrijke rol van eNOS-ontkoppeling in de pathogenese van endotheel dysfunctie.
De stabilisatie van eNOS-functie en het onderdrukken van radikaal (ROS) produktie
door eNOS zijn veelbelovende therapeutische methoden voor het verbeteren van
endotheel dysfunctie. Vervolgens worden in hoofdstuk 4 twee nieuwe
farmacologische stoffen besproken, AVE9488 en AVE3085. Deze stoffen zijn
ontworpen om eNOS-transcriptie te verhogen, en NO-signalering en biologische
beschikbaarheid te verbeteren. Interessant genoeg, verhogen AVE’s ook de
biologische beschikbaarheid van BH4, wat de ontkoppeling van eNOS omkeert, en zo
de eNOS-activiteit versterkt. Hoewel het precieze mechanisme nog moet worden
opgehelderd, heeft AVE waarschijnlijk een wisselwerking met de ontkoppeling van
eNOS. Vervolgens bestuderen we in hoofdstuk 5 of AVE3085 linker ventrikel (LV)
hypertrofie kan voorkomen. We hebben aangetoond dat AVE 3085 de pathologische
veranderingen in het LV die worden veroorzaakt door drukoverbelasting vermindert.
Verrassenderwijs worden deze effecten waargenomen in de afwezigheid van
verhoogde genexpressie van eNOS. Belangrijk is dat we een nieuw gunstige effect
van de behandeling met AVE3085 op de stabiliteit van eNOS hebben ontdekt, wat
blijkt uit de toegenomen verhouding van eNOS-dimeer tot monomeer, en verlaagde
ROS-generatie. Dit effect is waarschijnlijk het gevolg van de bescherming van BH4
tegen oxidatie door ROS. DeAVE3085-afhankelijke
vermindering LV
ontstekingsreacties en fibrose kunnen het gevolg zijn van (I) indirecte effecten
secundair aan de remming van macrofaag infiltratie en ontstekingssignalering
gemedieerd door NO en / of BH4, of (2) pleiotrope effecten van AVE3085 op
ontsteking- en fibrose remming.
Het tweede deel van dit proefschrift concentreert zich op de rol van LEC bij
atherosclerose. Angiogenese, het ontspruiten van nieuwe, kleine bloedvaten uit reeds
bestaande bloedvaten, is essentieel voor de fysiologische ontwikkeling. Pathologische
angiogenese draagt daarentegen bij aan de ontwikkeling van HVZ. Hoewel plaque
angiogenese is gekoppeld aan pro-inflammatoire en pro-atherosclerotische effecten,
is het beschermende effect van drainage door lymfevaten in de ontwikkeling van HVS
in proefdieren pas recent aangetoond. Het lymfestelsel wordt steeds meer herkend als
een essentiële link in atherogenese, om cholesterol en immuun cellen via de
lymfeklieren af te voeren naar het bloed. De precieze regulatoren en consequenties
van lymfangiogenese in de context van humane atherosclerose moeten echter nog
worden opgehelderd. Plaque factoren die specifiek betrokken zijn bij de vorming van
pathologische lymfangiogenese tijdens de ontwikkeling en progressie van
atherosclerose, zijn mogelijk interessante nieuwe aangrijpingspunten voor de
interventie in plaque-lymfangiogenese. In dit deel wordt de hypothese getest dat
netwerkanalyse een krachtige methode is kandidaat genen te identificeren die
lymfangiogenese in humane atherosclerose reguleren.
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In hoofdstuk 6 gebruiken we een bio-informatica methode, gewogen
gencoëxpressie-netwerkanalyse (WGCNA), om netwerken en kandidaat-genen te
identificeren die relevant zijn voor plaque-lymfangiogenese bij mensen. In deze studie
correleren we fenotypische kenmerken, d.w.z. dichtheid van D2-40+ lymfevaten (LVD)
in humane atherosclerotische plaques met genexpressie patronen van dezelfde
plaque. We hebben inderdaad gen modules geïdentificeerd die sterk correleerden
met LVD. Er is een nieuwe functie vastgesteld voor de fosfatase TNIP2, die –
onafhankelijk van VEGF, plaque-lymfangiogenese reguleert bij de mens ex vivo, LEC
in vitro en in de zebravis in vivo. Daarnaast leverde deze bio informatica methode ook
transcriptiefactoren, micro RNA's en potentiële cellulaire processen op, die de
regulatie van plaque lymfangiogenese door TNIP2 verklaren. TNIP2-afhankelijke
genen zijn verrijkt in een genset, waarvan bekend is dat deze genen lymfangiogenese
reguleren. Ook zijn TNIP2-afhankelijke genen betrokken bij type I / II IFN-signalering
en lipide/cholesterol metabolisme.
Ten slotte worden in hoofdstuk 7 de meest relevante bevindingen van dit
proefschrift en de toekomstperspectieven besproken. Samenvattend, biedt dit
proefschrift nieuwe inzichten in de moleculaire regulatie van endotheelcellen bij HVZ,
in het bijzonder onder invloed van eNOS en TNIP2. We concluderen ten eerste dat
verbetering van functioneel eNOS de functie van endotheelcellen en het hart bij
hartfalen kunnen verbeteren. Ten tweeden, kan stimulatie van TNIP2 In slagaders een
interessant aanpak vormen voor het stimuleren van plaque-lymfangiogenese, om de
ontstekingsresolutie in plaques te verbeteren. Wat betreft de therapeutische
mogelijkheden van mijn bevindingen kunnen we concluderen dat (I) AVE3085 helpt de
eNOS-functionaliteit te behouden en daardoor de eNOS / NO-afhankelijke
cardiovasculaire functie kan verbeteren, en (II) stimulatie van TNIP2 kan de
lymfangiogenese reacties in plaque verhogen, wat de lymfedrainage van lipiden,
cytokines en ontstekingscellen van plaque kan verbeteren, en zon de progressie van
atherosclerose kan remmen. De volgende uitdaging is de om deze bevindingen te
vertalen naar de patiënt voor preventie en / of behandeling van hart- en vaatziekten.
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Valorization
Social and economic value of the current thesis
Cardiovascular disease (CVD) is the most costly class of diseases, in
comparison to other major diagnostic groups. Thus it accounts for an immense global
1
health and economic burden . A staggering 17 million people worlwide die annually
from myocardial infarction and stroke (www.who.org). In the United States, CVD was
responsible for an estimated health expenditure of around $316.1 billion in 2012 and
1
2013 , and projections are even more alarming, with total costs expected to increase
1
by 117 % between 2012 and 2030 . Atherosclerosis, specifically the rupture of an
atherosclerotic plaque, is the main underlying cause of this tremendous cardiovascular
2
mortality and morbidity . Despite pharmacological advancements, no therapy is
3
presently able to fully eradicate atherosclerosis or prevent plaque rupture .
The studies contained within this thesis investigated novel therapeutic options
in CVD, focusing on (I) heart failure as a consequence of pressure overload, and (II)
atherosclerosis. Subsequently, we have demonstrated that (I) the small molecule
AVE3085 helps to maintain eNOS function, and thus may improve eNOS/NO
signaling-dependent cardiovascular function, and (II) TNIP2 induction is associated
with lymphangiogenic responses in the atherosclerotic plaque, while TNIP2
knockdown prevented normal lymphangiogenic development in vitro and in zebrafish
in vivo. This secondary finding implies that TNIP2 induction could improve lymphatic
drainage of constituents, cytokines and inflammatory cells from human plaques, thus
potentially dampening atherosclerosis progression. These findings are relevant both to
healthcare providers and to individuals at risk for CVD. Furthermore, the knowledge
acquired here will directly contribute to the expertise of the cardiovascular researchers
involved, allowing them to continue to advance our understanding of the molecular
mechanisms of CVD. While this thesis presents data from basic research, and is not
applicable for direct translation into clinical practice, it nevertheless provides a novel
starting point for future developments in cardiovascular research, and potential for the
development of new therapies.
Current and future treatment of heart failure
Classification of heart failure (HF) is based on left ventricular ejection fraction
(EF). A reduced EF in patients with clinical signs and symptoms of HF is referred to
as, HF with reduced ejection fraction (HFrEF). However, more than 50 % of all HF
patients exhibit HF with preserved ejection fraction (HFpEF). These patients are
predominantly elderly women, and have high rates of associated comorbidities, such
4, 5
as obesity and hypertension . Unlike HFrEF, the diagnosis of HFpEF is difficult;
being easily missed by echocardiography - especially in patients who often show
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normal EF, have multiple comorbidities and have no obvious physical signs of fluid
6, 7
overload
.
HF cannot be cured, but it can be treated. The goal of treatment in patients
with HF is to improve their clinical status, functional capacity and quality of life,
8, 9
preventing hospital admission and reducing mortality . However, life prolongation
10
dependents upon the inhibition of cardiac remodeling . Anti-neuroendocrine
treatment (i.e. angiotensin converting enzyme inhibitors, mineralocorticoid receptor
antagonists, and beta-blockers) has been shown to reverse modeling, and is proven to
be effective in treating patients with HFrEF. In contrast, modern heart failure
4, 9, 11
pharmacotherapy has not been shown to improve outcome in HFpEF
. As such,
there is a great unmet need for new therapeutic approaches for HFpEF. It has been
well documented that oxidative stress, decreased NO bioavailability and dysfunctional
eNOS (uncoupled eNOS) contribute to myocardial remodeling and dysfunction in
12, 13
HFrEF and HFpEF
. This indicates that maintaining or restoring eNOS
functionality, subsequently increasing NO bioavailability, is a promising therapeutic
intervention in HF.
Perspectives on AVE3085
In chapter 5, we have demonstrated that AVE 3085 attenuates the
pathological left ventricular changes caused by pressure overload. AVE 3085
enhanced eNOS function by restoring its coupling ability, and subsequently reducing
myocardial reactive oxygen species (ROS) generation. This effect most likely results
from increased protection of BH4 from ROS-mediated oxidation. In addition, AVE3085
has been shown to ameliorate diastolic dysfunction and reverse cardiac remodeling in
14
DAHL; a salt sensitive rat model of HFpEF . These findings create new opportunities
to use the eNOS/ NO pathway as a therapeutic target in the treatment of HF.
AVE3085 may have advantages over several other eNOS modulators. For
instance, administration of BH4 has been shown to improve systolic and diastolic
15, 16
function in experimental HF
. However, BH4 has a relatively narrow dose–
response window, which remains a point of concern for the translatability of BH4
17, 18
supplementation for clinical disease
. Upon oral administration, BH4 is largely
oxidized to BH2, which can then be re-reduced once inside the cell. This conversion
19
may be limited by diseases with oxidative stress . Moreover, higher doses of BH4
might tip the balance toward more BH2, which can then compete with BH4 to impair
17, 18
eNOS coupling, leading to a paradoxical reversal of benefit
. This suggests that
alternative pharmacological approaches to prevent BH4 oxidation or increase BH4
biosynthesis may be a more rational therapeutic strategy to improve eNOS
20
functionality . This can potentially be accomplished by AVE3085 alone, or in
combination with other eNOS modulators; restoring BH4 bioavailability to
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therapeutically perturb nitroso-redox balance in cardiovascular disease. For instance,
folic acid and its metabolically active form 5-methyltetrahydrofolate (5-MTHF),
increased binding affinity of BH4 to eNOS, and enhanced the regeneration of BH4
21, 22
from its inactive form dihydrobiopterin (BH2)
. Moreover, Vitamin C or L-ascorbic
23
acid have been shown to stabilize BH4 . Clearly, additional studies are needed to
further clarify the potential role of AVE3085, with or without co-supplementation, for
the treatment and/or prevention of cardiovascular disease. In future studies, I would
determine the effect of AVE3085 in eNOS-deficient mice to confirm that AVE3085 is
indeed eNOS-dependent. Furthermore, I would evaluate the effect of AVE3085 on
reversal of pre-existing pressure overload-induced compensated cardiac dilation and
decompensated dilation mice models, as this pathophysiology is more relevant to the
patient clinical situation. In fact, AVE3085 has entered Phase I clinical trials for
congestive heart failure in Europe (Sanofi Aventis business report 2007) and thus, has
undergone pharmacokinetic and pharmacodynamic studies. The future study could
24
therefore start at Phase II: according to the timeline of drug developments , if
AVE3085 is approved by FDA, it may be launched to the market in a minimum of 7-10
years.
Current and future treatment of atherosclerosis
Atherosclerosis is a chronic inflammatory disease associated with
25
dyslipidemia . In addition to healthy lifestyle changes, current atherosclerosis
therapies focus on lowering blood cholesterol levels, improving blood pressure control
26
and preventing thrombotic complications . However, these strategies are not
effective in all patients, and do not directly address the inflammatory mechanisms
27, 28
driving atheroprogression
. Results from the recent clinical trial “CANTOS”
suggested that targeted anti-inflammatory therapy, i.e. canakinumab, a therapeutic
monoclonal antibody targeting interleukin-1β, leads to reduced cardiovascular risk
29
and atherosclerosis, without lowering cholesterol level . However, effect on
cardiovascular mortality was not observed in this trial, and patients who received
canakinumab were at greater risk of death from infection than those who received a
30
placebo . The tremendous costs associated with this new compound, along with
minimal health benefits, indicate that new therapeutic interventions able to decrease
metabolic disorder-associated inflammation are required. Emerging evidence has
strongly suggested that lymphatics are critical for immune response and cholesterol
metabolism in atherosclerosis, indicating an essential contribution of
lymphangiogenesis to atherosclerosis regression. Below, I will discuss
prolymphangiogenesis as a potential novel therapeutic approach for atherosclerosis.
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Therapeutic lymphangiogenesis – a new avenue for atherosclerosis treatment
The role of angiogenesis in atherosclerosis has been studied extensively;
however, research on plaque lymphangiogenesis is relatively new. Lymphatics can be
31-33
detected in human as well as mouse atherosclerotic plaque adventitia
, suggesting
a contribution to atherosclerotic lesion progression. Enhancement of lymphatic
function represents a potential therapeutic target in atherosclerosis, through the
promotion of immune cell (e.g. macrophage) egression from the plaque, and
prevention of cholesterol accumulation. In addition, prolymphangiogetic therapy may
32
prevent local edema, caused by leakage from the plaque vasa vasorum , or enhance
the efficiency of proangiogenic therapy in CVD, by reducing revascularization and
34
angiogenesis-related edema
. Advances in understanding the molecular
underpinning of plaque lymphangiogenesis will offer insight into therapeutic options,
potentially leading to the discovery of novel lymphangiogenic agents able to reverse
atherosclerosis.
The identification of suitable target genes to influence the disease
28
development is necessary for successful gene therapy . In chapter 6, we provided a
new insight in bioinformatics; demonstrating the success of a weighted gene
coexpression network analysis (WGCNA) in identifying and validating key regulators
of plaque lymphangiogenesis. Unlike a more traditional approach that focuses on
differentially expressed individual genes, our approach is unique: we have employed
WGCNA to capture high-order gene–gene interrelation in association with phenotypic
trait i.e. plaque lymphangiogenesis. WGCNA gives information about functional
35
connections, providing a true systems medicine perspective . To provide proof of
concept that WGCNA can identify functionally relevant genes, in chapter 6, we have
investigated the role of the candidate genes, and demonstrated that TNIP2 is indeed a
novel regulator of inflammatory lymphangiogenesis. Together, we provide insights that
WGCNA in can effectively integrate cardiovascular gene expression and trait data, to
identify novel therapeutic targets or potential genetic biomarkers of the diseases.
Perspectives on TNIP2 as a novel regulator of inflammatory lymphangiogenesis
We show in chapter 6 that TNIP2 appears to be a specific regulator of
pathologic lymphangiogenesis in atherosclerotic plaque instability. We postulate that
TNIP2 may represent a much more suitable clinical target, possibly superior to other
prolymphangiogenic agents. For instance, VEGF-C treatment has been reported to
induce angiogenesis, increase inflammation and induce blood vascular leakage,
leading to local edema which further impairs lymphatic function in experimental animal
36, 37
models
. These deleterious effects may promote plaque instability and rupture. In
contrast, TNIP2 is not a growth factor per se, but interacts with A20, which exerts anti217
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38, 39

. TNIP2 did not affect angiogenesis in our zebrafish studies
atherogenic properties
and possibly would not promote the blood vascular “side effects”. Nevertheless, the
role of TNIP2 in angiogenesis remains to be elucidated. The beneficial effects of
TNIP2 may extend beyond its prolymphangiogenic properties, as TNIP2 can interfere
with the inflammatory process in atherogenesis at multiple levels, i.e. NFκB, the
Ang1/Tie2 axis, PPARs and IFNγ. It is well known that NFκB directly controls several
proatherogenic genes and thus integrates multiple processes contributing to the
40
formation of atherosclerotic plaques . Indeed, TNIP2 exerts inhibitory effects on
41
NFκB activation . Moreover, it has been suggested that Ang 1/Tie2 exhibits anti42
atherogenic effects . Interestingly, TNIP2 structurally and functionally interacts with
Ang1/ Tie2 signaling, leading to the inhibition of NFκB –dependent inflammatory gene
43-45
expression
. Importantly, it has been suggested that anti-inflammatory drugs with
pro-lymphangiogenic activity are appealing treat inflammatory conditions. This is
because the activation of lymphatic function reduces the severity of tissue
46, 47
inflammation and thus, contributes to accelerated inflammation resolution
. In
chapter 6, we have highlighted such a regulatory role for TNIP2 in the PROX1 axis,
enhancing PPAR-related lipid and cholesterol metabolism signaling and inhibiting that
of IFNγ; indicating that TNIP2 exerts, not only lymphangiogenic, but also antiinflammatory effects in lymphatic endothelial cells. Together, these findings suggest
that TNIP2 may be an interesting target for the development of novel therapeutic
strategies to treat inflammatory diseases, particularly in atherosclerosis. Further steps
will have to be taken to confirm the findings in relevant animal models of
atherosclerosis. For instance, target validation studies can be tested by
overexpression or deletion of TNIP2 in atherogenic ApoE-deficient mice, or in mice
with perivascular carotid collar placement-induced atherosclerosis. Subsequently, a
small molecular weight chemical compound (SMOL) should be designed and tested in
vitro and in vivo. In addition, the protection of intellectual property is required for the
potential compounds, in order to eliminate the competition and to gain the freedom to
48
operate . Furthermore, large animal efficacy and toxicity studies are required; for
49, 50
which I prefer PCSK9-overexpressing mini pigs
, as their phenotype more closely
resembles human plaques. Importantly, porcine models allow investigation of the
51, 52
. Thus,
impact of adventitial neovascularization by coronary imaging technologies
this may suitable to investigate adventitial lymphangiogenesis, and therefore will be
easier to translate the results to the human situation. Subsequently, the suitable drug
will eventually be utilized in multiple phases of human clinical trials and human
randomized control studies. The particular target patients include those afflicted with
atherosclerosis, MI and potentially lymphedema. In total, the de novo drug
24
development requires 10-20 years before market launch . GlaxoSmithKline may
here be involved in developing the compounds; the company has an ongoing
investigation of the TNIP2/ TPL-2/ NFκB1 p105 complex for anti-inflammatory
53
pharmaceuticals .
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In conclusion, although our findings cannot directly be translated into clinical
application, we have provided a very promising concept which has therapeutic
potential in future treatment and prevention of CVD. Further studies in combination
with experimental verification are strongly encouraged to clarify their detailed role, and
subsequently meet their clinical reality.
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List of abbreviations

5-MTHF
ACE
ACS
ACVRL1
ADMA
Ang
ANP
apoE
AT2
b.i.d.
BEC
BH2
BH4
BMC
BMI
BNP
cav-1
CHD
CHF
COUP-TFII
CRP
CVD
DAB
DHF
DHFR
DHPR
DLL4
DM
dpf
EC
EDHF
EDR
EF
eNOS
EPC
FA
++
Fe
FGF
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5-methyltetrahydrofolate
angiotensin-converting enzyme
acute coronary syndromes
activin A receptor like type 1
asymmetric dimethylarginine
angiopoetin
A-type natriuretic peptide
apolipoprotein E
angiotensin II
bis in die/ two times a day
blood endothelial cells
dihydrobiopterin
tetrahydrobiopterin
bone marrow-derived mononuclear cells
body mass index
B-type natriuretic peptide
caveolin-1
coronary heart disease
congestive heart failure
chicken ovalbumin upstream promoter-transcription factor II
C-reactive protein
cardiovascular disease
3,3’-Diaminobenzidine
diastolic heart failure
dihydrofolate reductase
dihydropteridine reductase
delta-like 4
diabetes mellitus
days post-fertilization
endothelial cells
endothelium-derived hyperpolarization factor
endothelium-dependent relaxation
ejection fraction
endothelial nitric oxide synthase
endothelial progenitor cells
folic acid
ferrous ion
fibroblast growth factor
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Foxc2
FS
GO
GTPCH
HDL
HE
HF
HFmrEF
HFpEF
HFrEF
HIF
hpf
HUVEC
I/R
ICAM-1
ICMP
IFNG/γ
IHD
IL1B/β
IPH
ISVs
LEC
LPS
LV
LVD
LVEDD
LVESD
LYVE-1
MDA
MHC
MI
miR
mtNOS
MVD
NFκB
NO
Notch1
NOX
NRP2
ORA
oxLDL

forkhead box C2
fraction shortening
gene ontology
GTP cyclohydrolase
high-density lipoprotein
hematoxylin and eosin
heart failure
heart failure with mid-range ejection fraction
heart failure with preserved ejection fraction
heart failure with reduced ejection fraction
hypoxia-inducible factor
hours post-fertilization
human umbilical vein endothelial cells
ischemia/reperfusion
intracellular adhesion molecule-1
ischemic cardiomyopathy
interferon gamma
ischemic heart disease
interleukin 1 beta
intraplaque haemorrhage
intersegmental vessels
lymphatic endothelial cells
lipopolysaccharide
left ventricular
lymphatic vessel density
left ventricular end-diastolic diameter
left ventricular end-systolic diameter
lymphatic vessel hyaluronan receptor 1
malondialdehyde
myosin heavy chain
myocardial infarction
microRNA
mitochondrial NOS
microvessel density
nuclear factor kappa beta
nitric oxide
notch homolog 1, translocation associated (Drosophila)
NADPH oxidases
neuropilin-2
over-representation analysis
oxidized-low density lipoprotein
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p.o.
PAD
PDPN
PKG
PLB
PLs
PPARG/γ
PPIN
PROX1
PSR
PSS
RCT
RIN
ROS
SDF-1
siRNA
SMC
SOX18
STAT1
STP
STZ
TAC
TD
TFBS
TFCA
TGF-β
TLR4
TNFA/α
TNIP2
VASP
VCAM-1
VEC
VEGF
VEGFR
VSMC
VV
WGCNA
WSS
WT
XO
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per os/ orally
peripheral arterial disease
podoplanin
protein kinase G
phospholamban
parachordal vessels
peroxisome proliferator-activated receptor gamma
protein-protein interaction network
prospero homeobox 1
picro-sirius red
plaque structural stress
reverse cholesterol transport
RNA Integrity Number
reactive oxygen species
stromal cell-derived factor 1
small interfering RNA
smooth muscle cells
sex determining region Y box 18
signal transducer and activator of transcription 1
staurosporine
streptozotocin
transverse aortic constriction
thoracic duct
transcription factor binding site
thin-cap fibroatheromas
transforming growth factor beta
toll-like receptor 4
tumor necrosis factor alpha
TNFAIP3 Interacting Protein 2
vasodilator-stimulated phosphoprotein
vascular cell adhesion molecule-1
venous endothelial cells
vascular endothelial growth factor
vascular endothelial growth factor receptor
vascular smooth muscle cells
vasa vasorum
weighted gene co-expression network analysis
wall (or endothelial) shear stress
wild-type
xanthine oxidase
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