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Introduction 

Hypertension and its Importance 

Hypertension or high blood pressure affects approximately 1 billion individuals 
worldwide. About 95% of patients with high blood pressure are considered to be 
suffering from primary or essential hypertension, since no specific cause has been 
identified for their condition [1]. High blood pressure is associated with an increased 
risk for mortality and morbidity from cardiovascular diseases, end-stage renal diseases 
and cerebrovascular events. The benefit of reducing blood pressure by anti-hypertensive 
treatment on risk reduction has been amply demonstrated by a large number of 
randomized clinical trials [2-10]. Despite progress in recent years in the prevention, 
detection, and treatment of high blood pressure (BP), hypertension remains an important 
public health challenge. Aging of the population and the upward trend in obesity, 
diabetes and high dietary salt intake predict continued increases in the total number of 
patients suffering from hypertension. Despite availability of more than 75 anti-
hypertensive drugs in several classes, BP control in the general population remains 
inadequate. Although the proportions of hypertensive patients treated and controlled 
markedly increased during the past decade it appears that 1/3 of the hypertensive 
patients are not being treated and that in another 1/4, treatment failed to lower blood 
pressure.  

Blood pressure control 

Blood pressure is a reflection of the amount of blood pumped by the heart per minute 
(cardiac output) and the ease with which the blood flows through the peripheral 
vasculature (vascular resistance). Because in most forms of chronic hypertension 
cardiac output is within a normal range, the hemodynamic hallmark of hypertension lies 
within an increased peripheral resistance [11]. The basic relationship between arterial 
pressure, cardiac output and total peripheral resistance (TPR) is given by: 

MAP = CO . TPR 

where CO is cardiac output and MAP is mean arterial pressure.  

Total vascular resistance can be approximated by Poisseuille’s law for a vascular 
network: 

R =  
1
N

 .
8ηL
πr4

 

where N is the number of vessels involved, r the radius of the vessels (m), L the length 
of the vessels (m) and η is the viscosity of the blood (N.s/m2). Since the radius is 
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expressed in the fourth power in the equation, vascular resistance and pressure are 
markedly affected by relative small changes in vessel lumen diameter.  

The relationship MAP = CO * TPR states the basic determinants of arterial pressure and 
provides a framework for understanding the influences of various factors that control 
pressure and that are of importance for hypertension.  

Resistance artery structure 

Resistance-sized arteries consist of three distinct layers separated by two elastic laminae 
(Figure 1.1). The endothelium or the tunica intima lines the inside of a blood vessel, 
forming a barrier between the blood stream and the vascular smooth muscle cell layer, 
the tunica media. Both layers are separated by the lamina elastica interna. The outer 
layer or the tunica adventitia is separated from the tunica media by the lamina elastica 
externa. Between the tunica media and the tunica adventitia nerve fibers are found. 
These are both afferent sensorimotor and efferent sympathetic (e.g. [12]). 

 

Figure 1.1: Schematic overview of the structure of resistance arteries and the hemodynamic forces 
which they are exposed to. 

Mathematic relation between hemodynamic forces and arterial wall structure 

Arteries are continuously exposed to the pulsatile mechanical forces resulting from the 
blood pressure and blood flow. Blood pressure causes tangential forces on the vessel 
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wall, known as circumferential wall stress (CWS), that affect the cellular and 
extracellular matrix components of the entire arterial wall. This CWS is defined by the 
law of Laplace: 

CWS =  
TP .  r

Wt
 

where TP is transmural pressure (N/m2), r is lumen radius (m) and Wt is wall thickness 
(m) of the vessel wall. Vascular smooth muscle cells are known to be the sensor of this 
force and translate this into biochemical signals.  

Blood flow, on the other hand, is sensed by the endothelium as a frictional force of the 
streaming blood. This dragging force on the endothelium, called wall shear stress 
(WSS), is defined by the law of Pousseuille: 

WSS =  
4 . η .  Q
π . r3

 

where η is the blood viscosity, Q is the blood velocity, and r is the lumen radius of the 
vessel.  

Acute changes in pressure and flow result in transient adjustments of the vascular wall 
lumen diameter, mediated by myogenic contractile responses or release of paracrine 
vasoactive factors that aim to restore CWS and WSS. An acute increase in blood 
pressure causes narrowing or constriction of the artery (myogenic tone) [13], while an 
acute rise in blood flow results in widening or dilatation of the vessel (flow-induced 
dilatation) [14]. On the other hand, chronic changes in blood pressure and flow result in 
structural adaptations (remodeling) of the arterial wall (diameter and wall mass 
changes) to normalize CWS and WSS [15-17]. Many cardiovascular diseases are 
characterized by arterial remodeling, alterations in shape, composition and function. For 
instance, hypertension is characterized by absolute or relative wall thickening in small 
resistance arteries resulting in smaller lumen diameters and thus increased total 
peripheral resistance [18]. 

Pathogenesis of hypertension  

Important information about the pathogenesis of hypertension has been derived from 
studies in man, but also through the development of experimental models of 
hypertension, primarily in rodents (Table 1.1). In almost all clinical and experimental 
forms of hypertension, blood pressure is maintained by elevated peripheral vascular 
resistance. Five main theories have been proposed in this respect: (1) hyperactivity of 
the sympathetic nervous system, (2) changes in kidney function, (3) vascular smooth 
muscle hyperreactivity, (4) endothelial dysfunction and (5) arterial remodeling. In this 
thesis the focus will be on the latter three aspects (Figure 1.2). Other factors which can 
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broadly be classified as genetic and environmental, contribute as risk factors [19]. These 
include diabetes, obesity, high dietary salt intake, stress, heredity and aging.  

 

Figure 1.2: Possible interactions of arterial structures and peripheral resistance/blood pressure. 

Hyperactivity of the sympathetic nervous system could have many consequences that 
ultimately lead to high blood pressure. These include increased release of noradrenaline 
from peripheral nerve endings activating adrenoceptors on blood vessels, the release of 
catecholamines from the adrenal medulla, the release of renin from juxtaglomular cells 
and the subsequent multiple actions of angiotensin II [20]. 

There is an important role for the kidney in the initiation of increased vascular 
resistance as observed in hypertension. The two main mechanisms that are believed to 
be involved are: (i) impaired salt and water excretion and (ii) increased renin secretion. 
If urine excretion is impaired, blood pressure will rise and thereby restore urine output 
at the expense of hypertension [21]. This shift in renal function could be the result of 
impaired nephrogenesis during early developmental stages [22], a genetic abnormality 
of the kidney function, an increased sympathetic nervous system activity or the actions 
of angiotensin II and aldosterone. Renin dependent hypertension in man is associated 
with some forms of secondary hypertension i.e. renin secreting tumors and renal artery 
stenosis [23]. Animal models of an altered RAS system are the 2K-1C and 1K-1C rat 
models of hypertension (Table 1.1). In these models, the RAS is involved in the 
initiation of high blood pressure by the acute vasopressor action of angiotensin II (Table 
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1.1) [24]. The mechanisms that maintain the elevated blood pressure in the chronic 
phase may involve sodium and water retention and structural vascular changes [11]. 

Species Model References 

Rat Goldblatt 1K-1C [25] 
Rat Goldblatt 2K-1C [25] 
Rat Aortic coarctation [23] 
Rat Transgenic Ren [26] 
Rat Dahl-sensitive [27] 
Rat DOCA-salt [28] 
Rat SHR [29] 
Rat Chronic L-NAME infusion [30] 
Rat Chronic Ang-II infusion [31] 

Table 1.1: Rat experimental models of hypertension. 1K-1C = one kidney one clip, 2K-1C = two kidney 
one clip; SHR, spontaneously hypertensive rat. 

Vascular function and structure in the development of hypertension 

Endothelial-dysfunction and arterial tone (flow/pressure), acute effects 

Functional changes in vascular smooth muscle cells have been described to contribute in 
the development of hypertension. There is evidence in the literature indicating that 
arteries from SHR have an increased sensitivity to contractile substances. This increased 
sensitivity is suggested to be a result of an altered receptor affinity for particular 
agonists (e.g. noradrenaline, serotonin and angiotensin-II), an increase in the density of 
the receptors for these stimuli or an alteration in control of the contractile machinery 
within the arterial smooth muscle cells. 

It is now well established that endothelial cells are important regulators of 
cardiovascular function [32-34]. First of all endothelial cells form a barrier between the 
blood stream and the vascular smooth muscle cells. This position explains the pivotal 
role of the endothelium as a sensor of WSS and the importance of the endothelium in 
the initiation of inflammatory processes. Moreover endothelial cells can produce 
vasoactive factors (relaxing, e.g. nitric oxide [33], EDHF [35], prostacyclin [36, 37], 
and contracting, e.g. prostanoids [37], endothelin-1 [38], …), that can inhibit or 
stimulate contractile reactivity of vascular smooth muscle. Under physiological 
conditions, endothelium-derived relaxing factors (EDRF) appear to dominate over 
endothelium-derived contracting factors (EDCF). In a variety of experimental models of 
hypertension there is an imbalance between EDRF and EDCF favoring the latter [35, 
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37, 39-43]. This imbalance may be important in the pathogenesis of hypertension and its 
cardiovascular complications (Figure 1.3).  

 

Figure 1.3: Balance between (endothelium derived) relaxing factors (EDRFs) and (endothelium 
derived) vasoconsticting factors (EDCFs). The picture on the left shows an example of a “healthy” 
balance. The picture on the right shows an example of a disbalance between EDRFs and EDCFs in 
pathological conditions. 

Traditionally, interaction between the endothelial and vascular smooth muscle cells was 
considered to be a one way communication. Over the years, more and more evidence 
emerged proving that the communication can go both ways. Several studies show the 
existence of heterocellular myoendothelial junctions [44-47]. Through these gap-
junctions, current, ions and small second messengers can diffuse from endothelial cells 
to vascular smooth muscle cells and vice versa. For instance, conductance of 
endothelium derived hyperpolarizing factor occurs through these myoendothelial gap-
junctions [48, 49]. Even during vasoconstriction, a signal can originate in the vascular 
smooth muscle cells and prompt the endothelium to synthesize endothelium derived 
vasoactive factors [49, 50]. 

At the abluminal side of the medial layer sensory-motor nerves (SMN) and sympathetic 
nerves [12] have the ability to produce and secrete vasoactive factors such as NO, 
neuropeptide Y (NPY), substance P, ATP, noradrenaline (NA) and calcitonin-gene 
related peptide (CGRP) [12, 51]. These factors can influence the balance depicted in 
Figure 1.3. Thus nerves in the adventitial layer can influence arterial function and 
possibly compensate for or contribute to endothelial dysfunction in hypertension. 

Endothelial-dysfunction and arterial structure, long term effects 

Last but not least, vascular structure by itself can also participate in the resistance 
defect, as observed in hypertension. The importance of structural changes is 
demonstrated by: (i) the observation that different vascular beds in essential 
hypertension, and animal models of hypertension (SHR) show a higher flow resistance 
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under conditions of maximal dilatation induced pharmacologically or by reactive 
hyperemia, (ii) the presence of structural alterations in blood vessels prior to the 
development of hypertension and (iii) the effects of antihypertensive therapy on 
vascular structure in essential and experimental models of hypertension. There is also 
some evidence that both the sympathetic nervous system and the endothelium may be 
involved in the regulation of vascular structure by trophic influences on the vascular 
smooth muscle [52-57]. 

 

Figure 1.4: Arterial remodeling events (adapted from ref [17]) as a result of chronic changes in wall 
shear stress/circumferential wall stress  

Bakker and colleagues stated that structural remodeling, caused by a decrease as well as 
an increase in flow, is facilitated by inflammation. Vascular tone on the other hand is a 
crucial determinant for the direction of the remodeling response [58]. In both parts of 
this process the endothelium plays a central role. This also means that endothelial 
dysfunction could have a serious impact on peripheral resistance, not only acutely but 
also chronically through vascular remodeling. In hypertensive humans as well as 
experimental hypertension, remodeling of resistance arteries is observed [15, 59-64]. 
Resistance artery remodeling in hypertension can in most instances be characterized by 
an increase in wall to lumen ratio (Figure 1.4). In essential hypertension, arterial 
remodeling is usually described as inward and eutrophic; i.e. resulting from 
rearrangement of the medial material around a smaller diameter [15]. In this case the 
increase in wall to lumen ratio is mainly caused by a decrease of the lumen diameter. 
The arterial changes in secondary hypertension, on the other hand, are mainly 
hypertrophic in nature and involve smooth muscle cell hypertrophy and/or hyperplasia 
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[15, 16]. The main contributor to the increased wall to lumen diameter in these models 
is hypertrophy (Figure 1.4). 

To study the effects of changes in blood flow on resistance artery structure, 
experimental models were designed to impose flow changes in vascular beds. Blood 
flow–modifying surgery in the mesenteric bed is often used to impose such conditions. 
These conditions are created by distal ligation of alternate first-order mesenteric arteries 
chronically exposing these arteries to low blood flow (LF). The patent arteries between 
these then had a compensatory increased blood flow (HF) (Figure 1.5) [16, 65-72]. 

 

Figure 1.5: Schematic 
representation of the applied 
ligation model. 1: Ileum, 2: 
superior mesenteric artery, 3: 
First order branch, 4: ligation, 
5: collateral. Low flow (LF) and 
high flow (HF) arteries are 
shown on the figure, normal 
flow (NF) arteries are harvested 
from a distal part of the 
mesentery. Figure adapted from 
[72] 

 
In young healthy animals the remodeling response to prolonged increases in flow is 
outward hypertrophic remodeling, while a decrease in flow leads to inward hypotrophic 
remodeling [16, 68, 70, 72-74]. In hypertensive animals the situation is more 
complicated. Resistance-sized arteries have already changed structurally in relation to 
the hypertension. Moreover hypertension is often accompanied by endothelial 
dysfunction which can have a major influence on the ability of these arteries to react to 
changes in blood flow.  

Only few studies exist investigating flow–induced arterial remodeling in relation to 
hypertension. Bouvet et al. showed that obese Zucker rats showed an outward 
remodeling response in response to high flow to the same proportions as lean rats. They 
did however not develop (additional) hypertrophy [75]. Gao et al. applied the same 
model in young WKY and SHR. They observed an impaired outward remodeling 
response and marked hypertrophy in SHR [76]. These authors did not investigate the 
effects of a decrease in flow. Ceiler et al. observed that flow-induced remodeling is 
insensitive to chronic L-NAME induced hypertension [70]. This questions the direct 
relationship between flow-induced vasodilatation and flow-induced arterial remodeling, 
that is frequently proposed by others [77, 78]. 
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Treatment of Hypertension (in relation to above items) 

The main goal of current anti-hypertensive treatment is focused on blood pressure 
reduction. Because peripheral resistance is the main contributor to established high 
blood pressure, the aim could be considered tackling the symptoms and not the cause of 
the pathology. In this light it might be equally important to not only lower blood 
pressure but also to attempt to ameliorate structural and functional changes in arteries 
contributing to the peripheral resistance. In other words it might be equally important to 
reverse arterial structure and normalize (arterial) endothelial function. Table 1.2 
summarizes current knowledge about effects of antihypertensive treatments on arterial 
structure and function. 

  
Blood 

Pressure 
Arterial 
structure 

Arterial 
function References 

Alpha blockers ↓ ? +/-  [79] 
Beta-blockers ↓ - +/-  [80] 

Ca channel antagonists ↓ + +/-  [81] 
Diuretics ↓ +/- -  [82] 

Vasodilators/NO 
DONORS ↓ ? ?  [83] 

Aldosterone antagonists  ↓ + +/-  [84] 
ACE inhibitors ↓ ++ +  [85] 

ARBs ↓ + +  [85] 
Renin inhibitors ↓ ? +  [86] 

ERA ↓ (+) +  [87] 
NEP/ECE inhibitors ↔ ? ?  [88] 

Table 1.2: overview of current therapies. ACE = angiontensin converting enzyme, ARB = angiotensin 
receptor blockers, ERA = endothelin receptor antagonists, NEP = neutral endopeptidase, ECE = 
endothelin converting enzyme. 

Endothelin-1, Endothelin-1 receptors and endothelin receptor 

antagonists 

The endothelium-derived contractile factor endothelin-1 (ET1), as identified and 
characterised by Yanagisawa in 1988, is a very potent vasoconstrictor, has mitogenic 
effects on vascular smooth muscle cells and promotes fibrosis [38, 89-91]. An up 
regulation of the ET1 system has been linked to numerous pathologies, including 
moderate to severe hypertension, salt-sensitive hypertension and experimental models 
like the Dahl salt-sensitive rat and DOCA-salt hypertension [92-95] and genetic 
hypertension models like the spontaneously hypertensive rat (SHR) [96].  
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ET1 can bind to EndothelinA (ETA) and EndothelinB (ETB) receptors, both present in the 
vasculature, thereby mediating vasoconstriction (ETA) and counteracting the effects of 
ETA, by endothelium dependent vasodilation and clearance of ET1 through binding to 
the ETB receptor [97-101]. Whenever the ETA receptor activation by ET1 becomes 
dominant and in consequence is not in equilibrium with EDRF’s, i.e. endothelial 
dysfunction (Figure 1.2), cardiovascular problems can arise. The development of ET 
receptor antagonists, selective for ETA or non-selective against ETA and ETB, therefore 
became the next step to encounter the development of primary hypertension and other 
cardiovascular diseases, in addition to well known clinically approved antihypertensive 
drugs.  

In time, endothelin receptor antagonists appeared to have less efficacy in cardiovascular 
conditions like primary hypertension, but have major beneficial effects in treating 
pulmonary arterial hypertension (bosentan and ambrisentan) [102, 103]. Future research 
is needed to resolve the complex pharmacology of ETA receptors. To elaborate further 
on the pharmacological opportunities to treat primary hypertension, in the context of 
this system, also the enzymes involved producing/degrading ET1, are of great of 
interest. 

Functions of the metalloproteases endothelin converting enzyme (ECE) and neutral 
endopeptidase (NEP) 

Neutral endopeptidase (NEP) and endothelin converting enzyme (ECE) are structurally 
similar metalloproteases. They are both involved in the production and in the 
breakdown of several vasoactive peptides like, bradykinin, Ang I, Ang II, natriuretic 
peptides (ANP,BNP and CNP), substance P, CGRP (a functional antagonist of ETA 
receptors) and ET1 (Figure 1.6). Furthermore, NEP and ECE are pivotal in the 
biosynthesis of ET1. ET1, a major EDCF, can be formed through cleavage of big-ET1 
by endothelin-converting enzyme (ECE). Alternatively big-ET1 can be hydrolyzed by 
chymase or MMP-2 to form ET1 (1-31) or ET1 (1-32), respectively. These 
intermediates can then be further processed into ET1 (1-21) by neutral endopeptidase 
(NEP) [104-106].  
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Figure 1.6: Possible involvement of NEP and ECE in the metabolism of vasoactive compounds 

Inhibition of ECE, NEP or ECE/NEP will therefore influence blood and tissue levels of 
ET1 (and other vasoactive peptides (Figure 1.6) and will have physiological 
consequences as discussed next.  

ECE-inhibition 

Although preclinical studies with selective ECE-inhibition show some promise (e.g. 
Martin [107]), selective ECE inhibitors have not emerged into clinical applications. 
Moreover, several studies indicate that a reduction in ECE activity leads to 
accumulation of amyloid β-peptide, which is associated with neurotoxicity early in 
progression of Alzheimer's disease [108-111].  

NEP-inhibition 

Candoxatril was the first potent, orally available NEP inhibitor. Although effective in 
preventing the breakdown of ANP, BNP and CNP [112] and thus prolonging their 
cardiovascular effects, Candoxatril's effects on BP in hypertensive patients were not 
clinically meaningful [113]. One study even reported BP elevations among 
normotensive patients who were given candoxatril [114] which was likely to be 
contributed to increased Ang II [115] and endothelin-1 [116] activity as a consequence 
of neprilysin inhibition.  

ECE/NEP-inhibition 

SLV306 (daglutril) is an orally active, mixed enzyme inhibitor of both ECE and NEP. It 
is a pro-drug being converted in vivo to the active metabolite, KC-12615.  

Big-ET1

NEP/ECE

ET1 CGRP/Substance P/AngINatriuretic peptides/AngIIBradykinin

NEP NEPECE NEP/ECE

Inactive metabolites
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The effect of a SLV306 has been tested in volunteers in a randomized, double-blind 
trial. Following oral administration of three increasing doses of SLV306, big ET1 was 
infused into healthy volunteers. SLV306 dose-dependently attenuated the rise in blood 
pressure after big ET1 infusion and a significant increase in circulating big ET1 levels 
compared with placebo was observed, indicating that SLV306 was inhibiting an 
increasing proportion of endogenous ECE activity. Plasma ANP concentrations also 
significantly increased which is consistent with systemic NEP inhibition [117].  

Parvanova et al. (2013) tested the efficacy of SLV306 in patients with type 2 diabetes 
mellitus who had albuminuria and were already receiving the angiotensin receptor 
antagonist losartan, together with up to two additional anti-hypertensive drugs. The 
authors showed for the first time that the combination decreased ambulatory blood 
pressure (particularly for systolic hypertension) in this patient group which is often 
resistant to treatment. These promising findings give reason to further investigate the 
beneficial cardiovascular effect of dual ECE/NEP inhibition in hypertension [118].  

Goal of this thesis 

It is well established that endothelial dysfunction and arterial remodeling contribute to 
the pathophysiology of hypertension. Whether hypertension affects the ability to 
respond to imposed changes in shear stress and circumferential wall stress is poorly 
characterized. Therefore we aimed to (i) characterize the nature of the endothelial 
dysfunction and the impact on vascular remodeling in rat models of hypertension and 
(ii) establish dual NEP/ECE inhibition as a treatment option with added value in 
hypertension. 

To this end we first elaborate on the peculiar molecular pharmacology of the ETA 
receptor (Chapter 3) 

Secondly we investigated the nature of the endothelial dysfunction in a genetic 
(Chapter 2, 6 and 7) and a non-genetic (Chapter 4 and 5) rat model of hypertension. 

Next we investigated whether endothelial dysfunction altered the ability of arteries to 
respond to imposed shear stress changes (Chapter 2, 5, and 6). 

Thirdly we investigated whether chronic NEP/ECE-inhibition improved endothelial 
function and arterial remodeling in genetic and non-genetic hypertension (Chapter 5, 6 
and 7). Finally we discuss our observations in relation to earlier observations made 
within this topic (Chapter 8). 
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Abstract 

We tested the hypotheses that TSP1 participates in the initiation of remodeling of small 
muscular arteries in response to altered blood flow and that the N-terminal domain of 
TSP1 (hepI) can reverse the pathological inward remodeling of resistance arteries from 
SHR. 

We measured (1) changes in gene/protein expression in MA of 6 week old WKY and 
SHR exposed to either increased (+ 100 %) or reduced blood flow (- 90 %) for 24-40 
hours and (2) structural changes in MA of 12 week old SHR exposed for 3 days to hepI 
in organ culture. 

In both HF and LF of WKY, mRNA expression of eNOS, sGCα1 and PKG1β were 
significantly reduced (p < 0.05), whereas mRNA of TSP1 was markedly increased (p < 
0.05). In MA of young SHR, similar results were obtained except that eNOS mRNA 
was not reduced in LF. Expression of TSP1 protein was significantly increased in LF of 
young WKY and SHR (p < 0.05). Exposure of MA of 12 week old SHR to hepI (1 
µmol/L) resulted in a rapid lumen diameter increase (+ 12 ± 2% after 3 days) without 
alteration in vascular reactivity, distensibility, media surface area or cell number. 

These are the first observations of reduced gene expression of eNOS/sGC/PKG and 
increased expression of TSP1 at the initiation of arterial remodeling in young WKY and 
SHR, irrespective of its outward or inward outcome. Furthermore, a fragment of TSP1 
rapidly and directly reversed pathological inward arterial remodeling of SHR in vitro. 
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Introduction 

In small muscular arteries of young normotensive rats, an increase in blood flow leads 
to an increase in lumen diameter that normalizes wall shear stress. The acute response 
consists of a reduction of the contractile activity of the vascular smooth muscle cells [1-
3]. The response to a chronic increase in blood flow involves increases of the structural 
lumen diameter and of the arterial wall mass [4-7]. Flow-induced vasodilatation and 
remodeling are both endothelium-dependent [4, 8, 9]. In conditions of reduced blood 
flow, acute vasoconstriction and inward hypotrophic arterial remodeling are observed 
[6, 10]. There is strong evidence that an increase in shear stress can stimulate the 
activity and expression of NO-synthase in the endothelium [9, 11-13]. The roles of NO 
and its main receptor soluble guanylyl cyclase (sGC) in flow-related arterial remodeling 
are less clear.  

We previously demonstrated dedifferentiation and increased turnover of smooth muscle 
cells (SMC) during flow-induced remodeling of small arteries [14]. This contrasts to the 
inhibitory effects of NO on SMC dedifferentiation and proliferation [15, 16]. In a RNA 
microarray analysis we observed that flow-related arterial structural changes were 
preceded by altered expression of a large number of genes involved in differentiation 
and proliferation of SMC [17]. This was in turn preceded by a rapid and transient 
change in the expression of a small number of genes including that for the 82 kDa 
subunit of sGC (sGCα1, downregulated) and that for thrombospondin-1 (TSP1, 
upregulated) [18]. The cGMP produced by sGC, stimulates protein kinase G (PKG), 
which is known to inhibit the expression of TSP1 in rat vascular smooth muscle cells 
[19]. A sequence from the N-terminal heparin-binding domain of TSP1 stimulates focal 
adhesion disassembly and increases cell migration through binding to a receptor co-
complex of calreticulin-LRP1 [20-22]. These findings suggest that the eNOS/sGC/PKG 
system would be downregulated at the transition from flow-induced vasodilatation to 
flow-induced remodeling, leading to increased TSP1 expression and matrix 
metalloproteinase 2 (MMP-2) activation, and thereby stimulation of a de-adhesive state 
facilitating reorganization of the arterial wall material [10, 20, 23-25].  

Flow-induced remodeling of small arteries is impaired by high blood pressure [26-28]. 
This might contribute to reduced collateralization and arteriogenesis in ischemia and to 
the increased vascular resistance that characterizes hypertension. There is convincing 
evidence in spontaneously hypertensive rats (SHR) and in human essential 
hypertension, that the extent of inward eutrophic remodeling of resistance arteries is of 
pathogenic significance [24, 29] and actually correlates with the incidence of life 
threatening events [30]. Hence, pharmacological interventions that stimulate outward 
remodeling could offer a therapeutic benefit. 

The goal of this study was twofold. First, we tested the hypothesis that the 
eNOS/sGC/PKG pathway is downregulated and that gene and protein expression of 
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TSP1 are upregulated early (24-40 hours) after the induction of flow-related arterial 
remodeling in vivo. We used 6 week old WKY and 6 weeks old pre-hypertensive SHR 
rats to study differences in molecular and functional outcomes after alterations in blood 
flow. Secondly, we tested the hypothesis that a peptide mimetic of TSP1 (hepI) which 
induces cellular de-adhesion [19-22] can directly reverse the inward remodeling of 
resistance arteries of 12 week old SHR. For these purposes we used rat mesenteric small 
muscular arteries that were exposed to (1) altered blood flow in vivo or to (2) hepI 
during arterial organ culture at constant pressure and flow. 

Material and Methods 

Animals 

Male normotensive Wistar-Kyoto rats (WKY) and Spontaneously Hypertensive rats 
(SHR) were obtained from Charles River (Maastricht, the Netherlands). All animals 
were housed separately and had free access to standard food (SRMA-1210; Hope 
Farms, Woerden, the Netherlands) and tap water. All experiments were conducted 
according to institutional guidelines. This investigation conforms to the Guide for Care 
and Use of Laboratory Animals as published by the US National Institutes of Health 
(NIH Publication No.85-23, revised 1996), and all experimental protocols were 
approved by the Animal Ethics Committee of the Maastricht University. 

MA Ligation model 

Small mesenteric arteries (MA) of 6 week old WKY (n =27) and SHR (n =27) were 
exposed to altered blood flow in vivo as described previously [6, 14, 17, 31]. Briefly, 
rats were anesthetized with isoflurane (Abbott, Kent, UK) and after laparotomy, local 
blood flow was reduced (LF) by distal ligation of three alternate second order MA 
branches. The MA between these had compensatory enhanced flow (HF). We 
previously observed in WKY that the blood flow averages 10% and 200% in LF and HF 
respectively when compared to second order MA outside of the surgical area (normal 
flow, NF) and that these interventions ultimately result in inward hypotrophic (LF) and 
outward hypertrophic arterial remodeling (HF), respectively [6, 14, 31]. Animals 
received buprenorphine (0.05 mg/kg, s.c.; Schering-Plough, Utrecht, Netherlands) as an 
analgesic at three time-points: before surgery, at the end of the day of surgery and the 
next morning. 

Gene expression (RT-PCR) 

At 24 hours after flow-modifying surgery, NF, HF and LF MA segments were isolated 
and pooled for each individual WKY and SHR rat (n = 9). To isolate RNA, Trizol 
reagent (Invitrogen, Leek, NL) in combination with RNeasy Mini Kit (Qiagen, Venlo, 
NL) was used. RNA (100 ng) was then used for first-strand cDNA synthesis with 
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Ready-To-Go You-Prime First-Strand Beads (GE healthcare, Diegem, BE) and pd(N)6 
random hexamer primer (GE healthcare, Diegem, BE). Plasmids containing gene 
fragments of rat MMP2, TSP1 and cyclophilin were used as standard curves, while a 
pool of cDNA of all samples was used for standard curves for the eNOS, sGCα1 and 
PKG1β genes. Taqman RT-PCR for MMP2, TSP1 and cyclophilin was performed in an 
ABI Prism 7700 SDS cycler (Applied-biosystems, Bleiswijk, NL) in combination with 
the appropriate fluorogenic probes, primer and qPCR MasterMix (Eurogentec, 
Maastricht, NL). Taqman RT-PCR for eNOS, sGCα1, PKG1β and cyclophilin was 
performed in a MyiQ iCycler (Biorad, Zwijndrecht, NL) with primers and qPCR 
MasterMix containing the DNA intercalating dye, SYBR-green. Each PCR reaction was 
performed in duplicate wells using the following conditions, 10 min at 95˚C, followed 
by a total of 40 cycles of 15 s at 95˚C and 1 min at 60˚C (15 s at 95˚C and 30 s at 58˚C 
for SYBR-green). Gene expression levels were normalized to the house-keeping gene 
cyclophilin in each sample.  

Contractile and relaxing reactivity  

To evaluate consequences of altered gene expression for vasomotor control, 2 mm 
arterial segments were harvested at 24 (n=4) and at 32 hours (n=8) after flow modifying 
surgery in 6 week old WKY and SHR. Preparations were mounted in a 5 ml organ 
chamber (Danish Myotechnology, Aarhus, DK) filled with Krebs Ringer bicarbonate 
solution (KRB; 37°C; 95% O2 / 5% CO2) between an isometric force transducer and a 
displacement device. Their diameter was set at 90% of that of the resting vessel at a 
transmural pressure of 100 mmHg. Effects of the endothelium-dependent vasodilator 
acetylcholine, the NO-donor Na-nitroprusside and of the non-selective NOS-inhibitor 
Nω-L-nitro arginine methyl ester (L-NAME) were evaluated in the presence of 3 
µmol/L indomethacin during contractions induced by an equiosmotic KRB solution 
containing 40 mmol/L K+. These steps were taken to rule out influences of 
prostaglandins and endothelium-derived hyperpolarizing factors. Because depolarizing 
high K+ buffer can stimulate release of neurotransmitters from peri-arterial nerves, 
experiments were initiated after exposure of the arteries to phenoxybenzamine (1 
µmol/L, 10 min) and capsaicin (1 µmol/L, 20 min) which irreversibly block α-
adrenoceptors and peri-arterial sensorimotor nerves, respectively [32]. 

Protein expression  

Protein levels were investigated in view of discrepancies between mRNA levels on the 
one hand and vasomotor responses on the other hand. At 32 hours and at 40 hours after 
flow-modifying surgery, NF, HF and LF MA segments (n=9, each group) were isolated 
and pooled from 3 WKY and 3 SHR rats and snap-frozen in liquid nitrogen. Pooled 
arteries were crunched at -800C and resuspended in ice cold RIPA buffer (50 mM HCl 
pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate and 1 mM EDTA) 
containing protease and phosphatase-inhibitors (1mM PMSF, 1 mM NaVO4, 1 mM 
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NaF, 1 µg/ml aprotinin, 1 µg/ml pepstatin and 1 µg/ml leupeptin) to extract total 
protein. The lysates were cleared by centrifugation. Protein content of the lysates was 
determined with the BCA method [33]. Lysates were subsequently run on a criterion 
bis/tris gradient gel, and blotted to a nitrocellulose membrane. Membranes were blocked 
with 1:1 oddysey blocking buffer:PBS and were subsequently incubated with antibodies 
diluted in 1:1 oddysey blocking buffer:PBS against: eNOS (BD Transduction 
Laboratories, Franklin Lakes, USA, 1:2500), sGCα1 (Santa Cruz, Santa Cruz, USA 
1:2000), PKG1β (Biovision, Zurich, CH, 1:500), MMP2 (Santa Cruz, Santa Cruz, USA 
1:500,detecting the pro (72kDa)- and the active (62kDa) form of MMP2) and TSP1 
(Abcam, Cambridge, USA, 1:500). Primary antibodies were detected with secondary 
antibodies labeled with the near infrared dye IRdye800 and visualized with an odyssey 
detection system. TSP1 antibody was detected with secondary antibodies labeled with 
biotin. Biotin was subsequently detected with IRdye800 labeled streptavidin. Protein 
expression levels were normalized to the house-keeping protein GAPDH in each run. 

Arterial organ culture  

To investigate whether hepI could reverse inward arterial remodeling in hypertension, 
we used MA segments of 12 week old SHR in organ culture as described by Bakker et 
al. [10, 34]. The vessels were mounted on two glass micropipettes in a stainless steel 
organ chamber. Vessels were pressurized at 80 mmHg (no flow) and incubated in Hanks 
balanced salt solution (HBSS) for 60 min at 37°C, before baseline measurements of 
diameter and reactivity were obtained. Thereafter the vessels were exposed intra-
luminally as well as extra-luminally to culture medium (Leibovitz (n=6) or 5% dFCS-
DMEM (n=6)) with or without 1 µmol/L hepI for 3 days. The parallel experiments with 
Leibovitz and 5% dFCS in DMEM yielded quantitatively identical results. The data 
were pooled for subsequent analysis. 

At the start of the experiments and at daily intervals, passive pressure-diameter (P/D) 
curves were constructed [13]. The culture medium was replaced by Ca2+-free HBSS 
containing 10 μmol/L Na-nitroprusside to inactivate arterial smooth muscle tone. The 
cannulated arterial segments were pressurized using a feedback controlled pressure 
source (Living Systems Instrumentation, Burlington, USA) and placed on the stage of 
an invertoscope (Nikon TMS, Abingdon, USA) equipped with a video camera 
(Stemmer) and a digital device (LSI) for recording of lumen diameter. Intra-arterial 
pressure was increased in 10 mmHg steps from 20 to 120 mmHg. After each step, the 
vessel was allowed to equilibrate until a stable diameter was reached (2 minutes). 
Findings were expressed as percentage change from vessel diameter on day 0 at 80 
mmHg. From the P/D relationships arterial distensibility was calculated by the 
following formula: DC = (1/ΔP)*(ΔD/Dn-1)*100 (DC = distensibility, P = intraluminal 
pressure, D = diameter at a given intraluminal pressure). After the highest pressure was 
reached, pressure was returned to 80 mmHg and the HBSS-solution was replaced by 
culture medium with or without 1.0 µmol/L hepI. 
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On day 0 and day 3 of the culture period the viability of the vessels was verified by 
recording diameter changes at 80 mmHg in response to 1 µmol/L serotonin, 10 µmol/L 
phenylephrine and 1 µmol/L acetylcholine in HBSS. Finally the vessels were fixed in 
neutral buffered formalin at 80 mmHg and 37°C and stored in 70% ethanol. 

Histology and morphometry 

Fixed vessels were embedded in paraffin and cross-sections (4 µm) were stained with 
Lawson’s solution (Boom, Meppel, the Netherlands) to visualize the internal and 
external elastic laminae. Cross-sectional area (mCSA), thickness, cellular density of the 
tunica media, and the lumen diameter were determined as previously described [6, 13, 
14, 17, 26, 31]. 

Solutions, culture media and drugs 

Leibovitz medium (Invitrogen, Leek, NL) was supplemented with 1 mg/mL albumine 
(Sigma Aldrich, Zwijndrecht, NL), 20 mg/mL ciprofloxacin (Bayer, Leverkusen, DE), 
100 U/mL penicillin, 100 μg/mL streptomycin and 2.5 U/mL amphotericin B 
(Invitrogen, Leek, NL). DMEM (Invitrogen, Leek, NL) was supplemented with 2.5 mM 
glutamine, 100 IU/mL penicillin, 100 µg/mL streptomycin and 5% dialyzed fetal-calf 
serum. All pharmacological agents were purchased from Sigma Aldrich, (Zwijndrecht, 
NL). The hepI peptide (ELTGAARKGSGRRLVKGPD) was synthesized by Anaspec 
Inc (San Jose, USA) and purified by HPLC [21]. The peptide was confirmed to be 
>95% pure by HPLC and mass spectrometry. 

Statistical analysis 

Results are expressed as means ± SEM. Statistical significance of differences between 
groups was evaluated by analysis of variance (ANOVA for consecutive measurements 
for pressure-diameter curves) or 1-way ANOVA followed by Bonferroni or paired t-test 
(SPSS 11.5). A value of P<0.05 was considered significant.  

Results 

Gene expression under basal conditions 

Figure 2.1 illustrates expression of genes encoding protein kinase G (PKG) and 
candidate modulators and targets of this enzyme in mesenteric small arteries of 6 week 
old WKY and SHR rats. In control arteries with normal flow (NF), mRNA levels were 
high for sGCα1 and PKG1β, intermediate for eNOS, and low for MMP2 and TSP1. 
Although expression of eNOS tended to be smaller in NF of SHR, the expression levels 
of all five genes did not differ significantly between NF arteries of 6 weeks old SHR 
and WKY rats. 
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Altered gene expression during initiation of flow-related arterial remodeling in vivo 

Changes in gene expression in MA exposed for 24 hours to altered blood flow in vivo 
are summarized in Figure 2.1. Consistent with earlier RNA microarray observations 
[17, 18], the expression of sGCα1 was significantly reduced and that of TSP1 was 
markedly increased in arteries from WKY rats exposed to high blood flow (HF). 
Surprisingly, the findings were very similar in vessels exposed to increased (HF) or 
reduced (LF) blood flow. In both HF and LF arteries of WKY rats, the expression of 
eNOS, sGCα1 and PKG1β was significantly reduced, whereas TSP1 was markedly 
increased and MMP2 was not appreciably altered. In HF of SHR, qualitatively and 
quantitatively similar findings were obtained, except that there was a less marked 
downregulation of eNOS possibly due to the already reduced basal levels. Also in 
arteries of SHR exposed to reduced blood flow (LF), largely similar results were 
obtained, with the exception that eNOS and TSP1 expression were affected to a lesser 
extent. Collectively these results indicate that either an increase or a decrease in blood 
flow both lead to a concurrent reduction of eNOS, sGCα1 and PKG1β and to a marked 
increase of TSP1 mRNA levels within 24 hours in rat mesenteric small muscular 
arteries.  
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Figure 2.1: mRNA expressions of eNOS, sGCα1, PKG1β, TSP1 and MMP2 in mesenteric small arteries 
exposed to normal blood flow (NF, black bars) or for 24 hours to increased blood flow (HF, hatched 
bars) or reduced blood flow (LF, crosshatched bars) in 6 week old Wistar Kyoto (WKY) rats and 
Spontaneously Hypertensive rats (SHR) in vivo, normalized to the housekeeping gene cyclophylin. 
Results are expressed as the mean ± SEM (n = 6). * p<0.05 versus NF. 
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Figure 2.2: In vitro contractile reactivity of mesenteric small arteries of 6 week old WKY rats (panel A) 
and SHR rats (panel B) exposed to normal flow (black bars) or for 32 hours to increased (hatched bars) 
or reduced blood flow (cross-hatched bars). Means ± SEM (n = 8-11). Normalized diameter and 
maximal contraction in response to 125 mmol/L K+ (top left) and the effect of indomethacin and L-
NAME on contractile responses to 40 mmol/L K+ (top right) are shown along with the relaxing 
responses to acetylcholine during K+-induced contraction in the presence of indomethacin (bottom left) 
and the relaxing responses to Na-nitroprusside during K+-induced contraction in the presence of 
indomethacin and L-NAME (bottom right) for NF (closed circle), HF (open circle) and LF (closed 
triangle). *p<0.05 versus NF; #p<0.05 INDO versus INDO + L-NAME. 
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Figure 2.3: Changes in protein 
expression of eNOS (A), sGCα1 (B), 
PKG1β (C), MMP2 (pro/act, D/E) 
and TSP1 (F), in mesenteric small 
arteries exposed for 32 and 40 hours 
to normal (black bars), increased 
(hatched bars) or reduced 
(crosshatched bars) blood flow in 6 
week old WKY and SHR rats in vivo. 
Means ± SEM (n = 6). *p<0.05 versus 
NF. 
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Vasomotor responses 

To evaluate potential functional consequences of the observed downregulation of the 
NO/sGC/PKG pathway, we recorded arterial contractile reactivity in vitro in MA of 6 
week old WKY and SHR rats. At 24 hours after flow-modifying surgery there were no 
statistically significant differences between NF, HF or LF arteries (n = 4-6, data not 
shown). Because changes in the abundance and activity of proteins lag behind changes 
in mRNA expression, functional analyses were repeated at 32 hours after altered blood 
flow in vivo. These results are summarized in Figure 2.2 A). These findings indicate that 
the marked and concurrent reductions of the mRNA levels for eNOS, sGCα1 and 
PKG1β were not accompanied by remodeling in WKY. Similar results were obtained in 
SHR, as shown Figure 2.2 B. In contrast to WKY, the diameter of SHR LF arteries did 
not differ from that of NF and HF arteries. 

Altered protein expression during initiation of flow-related arterial remodeling in vivo 

Figure 2.3 summarizes changes in protein expression in MA exposed for 32 (left panel) 
and 40 hours (right panel) to altered blood flow in vivo. These time-points were chosen 
to allow  

protein synthesis to occur and are based on the 24 hour gene expression experiments 
and the earlier observation that in low flow conditions specifically, the inward 
remodeling response manifests within 2 days [14]. In both HF and LF arteries of WKY 
and SHR rats, the protein levels of eNOS, sGCα1, PKG1β and MMP2 (pro/act) were 
not significantly altered after 32 and 40 hours of flow modifying surgery (Figure 2.3 A-
E). Protein expression for TSP1 was significantly increased in LF arteries of both WKY 
and SHR (Figure 2.3 F). After 40 hours of exposure to LF, protein expression of TSP1 
was below threshold in NF, HF and LF arteries.   

Arterial structural effects of the hepI sequence of TSP1 

To evaluate structural consequences of upregulated TSP1 mRNA and protein 
expression, isolated arteries were exposed to hepI under constant conditions of pressure 
(80 mmHg) and flow (no flow) in vitro. These experiments were deliberately performed 
in arteries of 12 week old SHR that display an inward eutrophic remodeling which 
contributes to the increased peripheral resistance and blood pressure [24, 29]. In the 
untreated arteries, the diameter at 80 mmHg and the relationship between passive 
diameter and transmural pressure did not change during the 3 day culture period (Figure 
2.4). The presence of 1 µmol/L hepI, however, resulted in an increase of the diameter at 
80 mmHg and in an upward shift of the pressure-diameter curves (p < 0.05 for day 1, 
day 2 and day 3)(Figure 2.4). Arterial structural diameter was increased by 7.5 ± 1.9 % 
within 24 hours and increased further to +12.6 ± 2.4 % after 3 days (Figure 2.4). 
Exposure to hepI did not modify calculated distensibility (Figure 2.4), general arterial 
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histology (not shown), and did not result in statistically significant changes in media 
cross sectional area (13693 ± 4043 µm2 versus 12881 ± 3182 µm2) or cell number (52 ± 
11 versus 54 ± 8 nuclear profiles/section) indicating that the hepI-induced outward 
remodeling was eutrophic in nature. 

 

Figure 2.4: Effects of time (control, top left) and 1 ± mol/L hepI (hepI, top right) on passive pressure-
diameter relationships in mesenteric small arteries (MA) of 12 week old SHR during organ culture. 
Calculated distensibility for control MA (day 0 and day 3, bottom left) and hepI treated MA (day 0 and 
day 3, bottom right). Values are shown as means ± SEM (n = 12). Closed circle, day 0; open circle, day 
1; closed triangle, day 2; open triangle, day 3. *p<0.05, versus day 0. 

In an additional set of experiments we tested whether hepI displayed vasomotor effects. 
Contractile responses of freshly isolated arteries to 25 mmol/L K+ were reduced by 
acetylcholine and enhanced by indomethacin and L-NAME indicating intact 
endothelium. Depolarization-induced contractions were not modified by 0.0001 - 1.0 
µmol/L hepI indicating that hepI does not display major acute vasomotor effects. After 
3 days in vitro, 1 µmol/L serotonin and 10 µmol/L phenylephrine reduced arterial 
diameter to 45 ± 4% and 47 ± 3% of baseline, respectively, in untreated vessels and to 
44 ± 3% and 46 ± 4% of baseline, respectively, in arteries that had been exposed to 
hepI. Moreover, 1 µmol/L acetylcholine reversed the serotonin-induced constriction by 
66 ± 5% in untreated vessels and by 63 ± 5% in hepI treated arteries. These findings 
indicate that exposure to hepI for three days did not adversely affect vasoconstriction or 
endothelium-dependent vasodilatation. 
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Discussion 

We demonstrate for the first time i) rapid and concurrent downregulation of eNOS, sGC 
and PKG mRNA and upregulation of TSP1 mRNA expressions at the initiation of flow-
related remodeling and ii) a direct effect of the calreticulin/LRP1 binding sequence of 
TSP1 on the structural lumen diameter in small muscular arteries of the rat. That the 
latter was observed in the narrowed arteries of SHR rats, suggests a therapeutic potential 
for the pathways involved. 

In arteries, wall shear stress and circumferential wall stress are homeostatically 
controlled by vasomotor and structural changes of lumen diameter and wall thickness 
[6, 9, 35]. The transition from the acute vasomotor responses to the chronic structural 
responses is poorly understood. Here we concentrated on subacute effects of altered 
local blood flow in the interconnected arterial trees of the mesenteric vascular bed. In 
this system of young rats, increased and reduced blood flow ultimately lead to outward 
hypertrophic and inward hypotrophic remodeling, respectively [5-7, 14, 17, 18, 27, 28, 
31]. Both structural responses involve marked changes in gene expression and in 
cellular turnover and differentiation [14, 17] which are preceded by a rapid and transient 
transcriptional response of a comparatively small number of genes [18]. The latter 
candidate initiators of remodeling might be a target for interventions aimed at improved 
collateralization in ischemia and reversal of the adverse structural narrowing of 
resistance arteries in hypertension. We focussed on changes occurring within 24 hours 
in a cell-cell signaling and signal transduction system that was shown to be involved in 
flow-induced vasodilatation [9, 11-13], vascular smooth muscle cell de-differentiation 
and proliferation [15, 16] and in the expression of a modulator of cellular adhesion and 
extracellular matrix, such as TSP1 [19, 22]. 

The wall shear stress resulting from blood flow can alter the activity and expression of 
type III NOS (eNOS) in the endothelium [9, 11, 12]. The main NO-receptor in vascular 
smooth muscle is the heterodimeric soluble guanylyl cyclase sGCα1β1 [36-38]. The 
cGMP produced by this enzyme stimulates protein kinases, in the vascular wall 
primarily PKG1β [36-38], which inhibit vasoconstriction, dedifferentiation and 
expression of TSP1 in vascular smooth muscle [19, 22]. In this study we confirmed 
several earlier findings like (i) inhibitory effects of low blood flow on the mRNA 
expression of eNOS [9, 12] and (ii) association between reduced mRNA expression of 
PKG and increased mRNA expression of TSP1 [19, 22]. The overall picture of our 
observations is, however, unexpected. Reduced mRNA expression of eNOS was 
accompanied by reduced mRNA expression of sGCα1 and PKG1β, which is not 
observed in eNOS-deficient mice [36, 37, 39, 40]. The mRNA expression of both 
sGCα1 and of PKG1β was reduced, although in a variety of vascular SMC culture 
models a negative feedback interaction between these effectors has been demonstrated 
[41]. Most surprising is that concurrent down regulation of eNOS, sGCα1 and PKG1β 
gene expressions were observed in vessels exposed to reduced blood flow and in vessels 
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exposed to increased blood flow. This was found in two strains of rats (WKY and 
SHR). The finding suggests a general response to an altered hemodynamic 
microenvironment that prepares the tissue for adequate structural changes aimed at 
restoring stresses independent from the direction of the initiating change. This may be 
required to initiate cellular de-differentiation, de-adhesion and turnover and 
extracellular matrix reorganization that take part in both outward hypertrophic 
remodeling and in inward hypotrophic remodeling. 

In addition, we studied protein expression and vasomotor responses to monitor turnover 
and activity of eNOS/sGC/PKG pathway components in response to altered blood flow 
in vivo. Protein expression of TSP1 was increased in LF MA of both WKY and SHR at 
32 hours after flow modifying surgery. However, no statistically significant changes in 
the protein levels of the other proteins and in vasomotor responses to NO-synthase 
blockade, an endothelium dependent vasodilator and an NO-donor were observed after 
32 or 40 hours exposure of rat arteries to altered blood flow. 

Although shear stress can at least transiently stimulate activity and expression of eNOS 
[9, 11, 12], there is no consensus on the precise role of eNOS in flow-induced arterial 
remodeling. Caveolin-mediated activation of eNOS seems to be required for the inward 
remodeling of ligated carotid arteries in mice [42]. In a rabbit carotid artery A-V fistula 
model, chronic L-NAME treatment inhibits outward remodeling and the contribution of 
NO can be attributed to stimulation of MMP9 [43]. Chronic L-NAME does, however, 
not impair inward and outward remodeling of mesenteric small arteries in the rat model 
that we used here [31]. In this rat mesenteric model, doubling of blood flow does not 
result in increased expression of eNOS after 2 or 7 days, whereas a four fold increase in 
blood flow leads to a significant increase in eNOS at these time points [44]. In a similar 
mouse mesenteric model, Dumont et al. [7] observed increased expression of eNOS and 
activity of MMP9 at 4 days that contributed to the structural outcome. Differences 
between species, arteries and extent of blood flow alterations may contribute to these 
divergent findings. TSP1, as already mentioned, is a large matricellular protein with 
many functions, particularly the ability of the hepI sequence of TSP1 to signal cellular 
de-adhesion [22]. This sequence of TSP1 binds to the receptor co-complex of 
calreticulin/LRP1 and stimulates focal adhesion disassembly and increased cell 
migration [20, 22, 45, 46]. To evaluate a possible contribution of TSP1 to small artery 
remodeling arteries were exposed to the hepI peptide mimetic in vitro [19]. 

As described by Bakker et al [34, 47], rat mesenteric small arteries could be maintained 
for 72 hours in arterial organ culture at constant pressure and in the absence of flow 
without noticeable alterations in viability of the smooth muscle and endothelium. In this 
static in vitro setting the arterial diameter did not change while narrowing of LF arteries 
developed within 40 hours in vivo (present study and [14]). This indicates that the 
absence of flow is in itself not a potent stimulus for inward remodeling. Administration 
of hepI in vitro resulted in a diameter increase and in an upward shift of the pressure-
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diameter relationship within 24 hours. The 12% increase in lumen diameter observed 
with hepI in vitro is comparable to the diameter response to doubling of blood flow in 
vivo [14, 17, 31]. HepI-induced outward remodeling was not accompanied by changes 
in wall mass or vasomotor control. Although TSP1 was upregulated in vessels exposed 
to increased or reduced blood flow in vivo, exogenous hepI caused outward, but not 
inward arterial remodeling. The role of vasomotor responses in arterial remodeling may 
help explain this paradox. Prolonged vasoconstriction has been shown to reorganize 
cell-matrix interactions [23] and to lead to a narrower arterial lumen (inward 
remodeling) in vitro [10, 48]. We now propose that TSP1 expressed in response to a 
change in shear stress can lead to an intermediate de-adhesive state [20] and that the 
levels of transmural pressure and vasoconstrictor/vasodilator tone will determine the 
outward or inward nature of the resulting arterial structural change. A distending 
pressure, but no vasomotor tone was present during culture allowing the Hep-1 induced 
de-adhesive state to result in outward arterial remodeling. That 3 days of exposure to 
Hep-1 increased diameter without altering arterial distensibility contributes to the 
suggestion that the remodeling resulted from a de-adhesive state rather than from major 
changes in the extracellular matrices. 

Effects of altered blood flow on the mRNA’s and proteins investigated were largely 
similar in 6 week old WKY and SHR. This suggests that the pathways investigated are 
not likely involved in the inward remodeling of resistance arteries that contributes to the 
elevated total peripheral vascular resistance and blood pressure in SHR [24, 29, 30]. 
Despite this limited pathophysiological relevance, hepI, that lacks apparent vasomotor 
effects was found to rapidly and directly reverse inward arterial remodeling of 
mesenteric resistance arteries of the hypertensive 12 week old SHR. This strengthens 
the proposal that small artery structure is a directly amenable pharmaco-therapeutic 
target. 
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Abstract 

The paracrine signaling peptide endothelin-1 (ET1) is involved in cardiovascular 
diseases, cancer and chronic pain. It acts on class A G-protein-coupled receptors 
(GPCRs) but displays atypical pharmacology. It binds tightly to ET receptor type A 
(ETA) and causes longlasting effects. In resistance arteries, the long-lasting contractile 
effects can only be partly and reversibly relaxed by low-molecular-weight ETA 
antagonists (ERAs). However, the neuropeptide calcitonin-generelated peptide 
selectively terminates binding of ET1 to ETA. We propose that ET1 binds polyvalently 
to ETA and that ERAs and the physiological antagonist allosterically reduce ETA 
functions. Combining the two-state model and the two-domain model of GPCR function 
and considering receptor activation beyond agonist binding might lead to better anti-
endothelinergic drugs. Future studies could lead to compounds that discriminate 
between ETA-mediated effects of the endogenous isopeptides ET1, ET2 and ET3 and 
that become more effective when the activity of the endogenous endothelin system is 
elevated. 
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Introduction 

We predicted the existence of endothelium-derived contractile factors (EDCFs) in 1982 
[1]. In 1988, one of these EDCFs was identified as the 21-amino-acid bicyclic peptide 
endothelin-1 (ET1), which causes sustained and long-lasting vasoconstrictor and 
vasopressor effects [2]. The endothelin system in mammals includes three 21-aminoacid 
bicyclic signaling peptides (ET1, ET2 and ET3), the enzymes involved in their 
synthesis and degradation (endothelin-converting enzymes and, to a lesser extent, 
chymase and neutral endopetidase) and two G-protein-coupled receptors (GPCRs, ETA 
and ETB) [3-5]. These GPCRs are involved in embryonic development and 
cardiovascular homeostasis, and in the pathogenesis of cardiovascular and renal 
diseases, diabetes, cancers and chronic pain [6-10]. Prolonged ETA stimulation causes 
vasospasm, inflammation, oxidative stress, and cell growth and proliferation. In blood 
vessels, endothelial ETBs counteract these deleterious effects of ETA [11] and scavenge 
ET1 from the circulation [12, 13]. There is ongoing debate on the therapeutic effects of 
selective ETA versus mixed ETA and ETB antagonists [8]. Here we focus on the peculiar 
molecular pharmacology of ETA.  

Based on its amino acid sequence, ETA is a class A GPCR [5, 14]. Compared with the 
well-known rhodopsin, β-adrenoceptor, adenosine and muscarinic members of this 
family [15], it displays atypical pharmacological properties. Most notably, agonist-
induced effects of ETA stimulation persist for several hours and are little affected by 
desensitization, tachyphylaxis or tolerance [2, 4, 16]. In this article, we discuss the 
mechanisms and consequences of long-lasting ET1-induced ETA-mediated effects. 

ETA-mediated signaling 

GPCRs are flexible seven-transmembrane (7TM) proteins that can isomerize between 
inactive and active conformations.Binding of the endogenous agonist to its orthosteric 
binding site on the GPCR promotes transition of the receptor from an inactive to an 
active state that can interact with intracellular proteins involved in signal transduction 
[17] such as GTP-binding regulatory proteins and arrestins. Activated ETA can bind 
both low-molecular-weight monomeric G proteins (Ras and Rho) and heterotrimeric G 
proteins. Several subtypes of Gα subunits can be activated. This promiscuity explains 
stimulation of various signal transduction pathways. These include calcium influx, 
phospholipase Cβ, phospholipase D, protein kinase C (PKC), mitogen-activated protein 
kinases (MAPKs), Ca2+/ calmodulin-dependent kinases and, at a higher level of 
complexity, stimulation of vasospasm, oxidative stress, inflammation and cellular 
proliferation [18]. Whether Gβγ subunits contribute to signaling (as is the case for 
several other GPCRs [19]) has not been investigated yet. ETA can be phosphorylated by 
G-receptor kinases (GRKs) and subsequently bind arrestins [20-22]. Arrestin-mediated 
signaling, which is increasingly recognized for other GPCRs [15], has also been 
demonstrated for ETA [9]. It was originally proposed that activated G proteins, GRK-
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mediated phosphorylation and arrestin binding cause desensitization, tachyphylaxis, 
internalization and tolerance of GPCRs [15]. However, because ETA-mediated 
vasopressor responses persist for a long time, chronically activated ETA seems to be 
little affected by these negative feedback mechanisms. This might involve tight binding 
of endothelins to ETA [4, 16]. The molecular mechanisms of ongoing signaling by 
activated ETA, however, remain to be established. Candidates include (i) inhibition of 
GRK activity by nitrosylation [23], (ii) G-protein-independent arrestin-mediated 
signaling [9] and (iii) rapid recycling of internalized ETA [24] in tissue and in in vivo 
systems where the long-lasting effects of ET1 are most prominent. 

Agonist binding 

ETA activation is promoted by binding of the endogenous peptidergic agonists to their 
orthosteric binding site on the receptor. ET1 and ET2 (Trp6-Leu7-ET1) bind with equal 
high affinity to ETA, whereas the third endogenous isopeptide ET3 (Thr2-Phe4-Thr5-
Tyr6-Lys7-Tyr14-ET1) binds with considerably less affinity [3, 5]. This agonist–
receptor binding is not influenced by GTP, which reduces the affinity of many GPCRs 
for their agonists. Truncation, amidation or extension of the C-terminal Trp21 of ET1 
abolishes binding. The linear analogue 4Ala-ET1 (in which both disulfide bonds are 
absent due to replacement of all four cysteine residues by alanine) does not bind to ETA. 
These observations indicate that the C-terminal tail, selected amino acids in the N-
terminal loop and both disulfide bonds are all required for polyvalent binding of 
endogenous peptides to ETA [16, 25, 26]. The orthosteric binding site of ETA would 
thus contain more than one functional domain. Studies using site-directed mutagenesis, 
chimeric receptors and photoaffinity labeling indicate that these orthosteric binding 
domains are located between TM helices 1, 2, 3 and 7, and between TMs 4, 5 and 6 of 
ETA, respectively [25, 27-30]. Hilal-Dandan et al. proposed that the ultimate polyvalent 
ET1–ETA complex is preceded by one or more transitory conformations [31]. However, 
the equilibrium dissociation constants and the structure–affinity relationships of these 
intermediates have not been defined. Results of binding studies using intact 
radioactively labeled ET1 provide information about the kinetics of the formation of the 
ultimate complex and include the influences of receptor activation on agonist affinity 
[32, 33]. The rate of association between ET1 and ETA is comparable to that for 
angiotensin II (another potent vasoactive peptide) acting on the AT1a GPCR. The rate 
of dissociation (0.0005 min–1) is, however, 100 times slower. As a result, complexes 
composed of radioactively labeled ET1 and ETA cannot be dissociated by cold agonists, 
and their half-life ranges from 7 to 77 h [4]. ET1 thus binds tightly to ETA. 

Model of receptor binding and activation 

It has been proposed that ETAs display an inactive conformation (R) or an active 
conformation (R*) that can bind one or more G proteins (G) and other effector proteins 
(Figure 3.1a). An orthosteric agonist (e.g. ET1) binds sequentially and polyvalently to R 
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and promotes its activation (R!R* conversion). A first transitory complex (R-et) is a 
prerequisite for subsequent formation of the quasi-irreversible R-ET complex (Figure 
3.1b). Although R-et binding and G-R*-et function might exhibit typical class A GPCR 
behavior, R-ET binding and G-R*-ET function do not. The initial transitory complexes 
might exhibit dynamic equilibrium and susceptibility to desensitization and tolerance. 
By contrast, the ultimate complexes are tight and their effects are long-lasting and 
persistent (Figure 3.1b). Figure 3.1c,d illustrates the effects of a neutral competitive 
antagonist and an allosteric modulator in this situation, respectively. Recent work by 
our research team revealed functional observations [16] that, in combination with earlier 
structure–affinity relationships [25, 34], suggest roles for different parts of the agonist 
molecule and different domains of ETA in (i) the dynamic interaction, 

Figure 3.1: Activation, agonist binding and modulation of ETA. (a) The receptor occurs in an inactive 
conformation (R) or in an active conformation (R*) that can bind one or more signaling molecules (G). 
(b) Sequential binding of an endothelin isopeptide to the receptor resulting in the formation of a tight 
complex (RET) that promotes receptor activation. (c) An orthosteric ligand (A, e.g. a neutral 
competitive antagonist) hinders binding of the endothelin isopeptide. (d) An allosteric ligand (B) can 
modulate the affinity of the receptor for the orthosteric agonist and can modulate receptor activation. 
An ideal allosteric inhibitor would promote dissociation of preexisting RET complexes and/or promote 
the transition from activated (R*) to inactive receptors (R). Thick arrows indicate the formation of 
slowly dissociating complexes. Grey arrows indicate reduced apparent affinity due to competitive 
antagonism. 
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(ii) ultimate tight binding and (iii) activation of the receptor. We therefore propose that 
ET1 consists of two functional parts (Figure 3.2). One part of the agonist would be 
responsible for association with ETA. This would concentrate another part of the agonist 
at another domain of the receptor, which could then bind tightly and activate the 
receptor. For various other endogenous peptides that act on class B GPCRs, the reported 
structure–activity relationships are in line with the presence of distinct ‘address’ and 
‘message’ domains [35-38]. For ET1, such detailed information is not available yet, but 
structural analyses indicate a flexibility of the agonist molecule [25] that might be 
essential for the two parts of the agonist to interact sequentially with ETA (Figure 3.2). 
In the event that ET1 consists of functional parts separated by a hinge region [25], the 
orthosteric binding site of ETA contains at least two functional domains (Figure 3.2). 
This suggestion is supported by studies using engineered receptors and photoaffinity 
labeling [27-30, 34]. 

 

Figure 3.2: Two-domain and two-state model of ETA function. (a) The agonist molecule (e.g. ET1) is 
flexible and is composed of two functional parts separated by a hinge region. (b) The orthosteric site of 
the receptor contains two binding domains and exists in inactive (blue) or active (reddish) 
conformations. The arrows (black) indicate preferred reactions, with the thickest ones representing the 
formation of a tight complex. The conformations of the receptor on the left-hand side can be acted on 
by low-molecular-weight ERA, which can modulate the agonist affinity and/or efficacy of the receptor. 
& and # indicate proposed conformations that, when acted on by low-molecular-weight ERA, display (i) 
reduced sensitivity to ET1 and (ii) partial and reversible reduction of long-lasting effects initiated by 
ET1, respectively. 

During the past decade, it became increasingly clear that the affinity and efficacy of 
small agonists acting on the orthosteric binding site of a GPCR can be modulated by 
ligands that bind to a topographically distinct (allosteric) binding site on the same 
GPCR molecule [33, 39-42]. This allosteric modulation involves cooperativity between 
the affinity and efficacy of the distinct ligands acting on their distinct binding sites. In 
our opinion, a large agonist molecule such as ET1 that consists of two parts and that 
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acts on two orthosteric binding domains of a receptor engages similar cooperativity 
between the orthosteric binding domains (Figure 3.2); in other words, endothelins might 
be considered as endogenous bitopic agonists [43] of at least ETA. 

Long-lasting agonism  

Conditions of dynamic equilibrium govern most classical and modern theories of 
molecular pharmacology [44]. These conditions do not easily apply to ETA in view of 
the slow dissociation of the agonist–receptor complex [4, 31, 45, 46]. Hence, reported 
affinity measures (e.g. the ‘equilibrium’ dissociation constant Kd) must be regarded as 
approximations. When the dissociation rate constant of the agonist–receptor complex 
(k–1) is considerably less than its association rate constant (k+1), very low 
concentrations of agonist can act locally with high potency because Kd=k–1/ k+1 [47]. 
This is an effective mechanism for a paracrine mediator. However, conditions of 
dynamic equilibrium become hard to establish in routine experimental settings such as 
ligand-binding and concentration–response studies. Not only is the agonist 
concentration a crucial factor, but the duration and history of agonist exposure also 
become determining factors that influence binding and effects [4, 16]. Figure 3.3 
illustrates this for ET1–ETA induced contractile responses in isolated arteries. Over 
time, the concentration–response curve shifts to the left; the agonist seems to become 
more potent. Moreover, the response persists if the organ chamber content is flushed 
and free (unbound) agonist is no longer available. The halflife of the response is >20 
min (compared to < 1 min for the classical vasoconstrictor agonist noradrenaline) [16]. 
In theory, both the tightness of agonist–receptor complexes (R*-ET and R-ET in Figure 
3.1) and the slow reversibility of receptor activation (slow conversion of R* to R in 
Figure 3.1) can contribute to such long-lasting agonism. However, using fluorescently 
labeled ET1 in the same functional assay system, we established that the contractile 
response and binding of the agonist to the cell membrane of smooth muscle cells in the 
intact arterial wall were maintained for >20 min in the absence of the free ligand [16]. 
Moreover, intravenous bolus administration of ET1 in vivo causes a long-lasting 
increase in blood pressure [2, 48] despite the short half-life of the peptide in circulation 
(T1/2 <1.5 min) as a result of its scavenging by  
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Figure 3.3: Long-lasting agonism of ET1. Idealized tracings of wall tension (WT) versus time (t) 
recorded in four isolated arterial segments as detailed in [16,61]. The presence of vasoactive compounds 
is indicated by the colored horizontal bars, with their thickness representing the concentration. At 
washout (Wo), free (unbound) compounds were flushed from the organ chamber. (a) Over time, a low 
concentration of ET1 (light blue) causes strong vasoconstriction that persists after Wo. (b) 
Vasoconstrictor responses to increasing concentrations of ET1 resulting in a response that persists in 
the absence of free peptide. An ETA antagonist (ERA, e.g. BQ123, dark blue line) was transiently 
applied on top of the long-lasting contraction. (c) The presence of an ERA (e.g. BQ123, dark blue line) 
shifts the ET1 concentration–response curve to higher concentrations. The same compound causes a 
small and transient reduction in the vasoconstrictor response that had been initiated by ET1 (b). (d) 
Arterial contractile responses initiated by ET1 are transiently relaxed by a functional antagonist 
(dashed green line, e.g. acetylcholine that causes release of endothelium-derived relaxing factors) but 
can be reversed by a putative indirect allosteric inhibitor (full green line, e.g. exogenous or 
endogenously released CGRP). 

the lungs and its elimination by the kidneys [12, 13]. These in vitro arterial contractile 
responses to ET1 and the in vivo vasopressor effects of ET1 can be prevented by prior 
application of a selective ETA antagonist (ERA). In summary, ET1 binds tightly to ETA 
and consequently causes long-lasting cardiovascular effects not only in vitro, but also in 
vivo. 

ERAs 

Antagonists are still frequently seen as agents that can occupy an orthosteric binding 
site without altering the activation of the receptor [17], in other words, as neutral 
competitive antagonists. According to the International Union of Basic and Clinical 
Pharmacology (IUPHAR), however, ‘an antagonist is a drug that reduces the action of 
another drug, generally an agonist’ [47]. An antagonist can thus be a chemical 
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antagonist, a functional antagonist, a physiological antagonist, a neutral competitive 
antagonist, an inverse agonist and a negative allosteric modulator. In most ligand-
binding and functional experiments, the latter three cannot be discriminated unless the 
allosteric inhibitory effect is only moderate [47]. Soon after the discovery of ET1 and 
the cloning of its ETA and ETB receptors, low-molecular-weight compounds were 
identified that can prevent the binding and effects of radioactively labeled ET1 [3, 5, 6, 
8]. Initially, these ERAs resulted from screening efforts (e.g. BQ123 [39, 49] and 
bosentan [50]). Subsequently, rational drug design focused on the C-terminal 
hexapeptide that is common to all endogenous ET isopeptides was applied [51]. Today, 
several classes of peptidergic, nonpeptidergic, hydrophilic, lipophilic and orally active 
ERAs are available [52]. Some of these do not discriminate between ET receptor 
subtypes, whereas others display selectivity for either ETA or ETB. One ERA, bosentan 
(Tracleer1), is registered worldwide for application in pulmonary hypertension. Several 
others are in advanced clinical development [6, 8, 52]. The literature on these agents 
tends to suggest that all ERAs act as neutral competitive antagonists. However, ERAs 
can prevent agonist binding, but do not reverse established agonist– receptor complexes 
in membrane preparations [31, 45] or in tissue [16]. This adds evidence of the tight 
nature of the agonist–receptor complexes. As a result, certain ERAs prevent responses 
to ET1 but do not influence responses that were initiated by the peptide [53]. 
Surprisingly, in most cases ERAs not only prevent but also reduce (albeit to a smaller 
extent) ET1-induced effects in vitro and in vivo [48, 54]. We recently reported such a 
situation in isolated resistance arteries using a non-selective ERA, the pyrimidine 
sulfonamide bosentan, and three ETA-selective ERAs, the cyclic pentapeptide BQ123, 
the pyrazole SB234551 and the butenolide PD156707 [16]. For all four compounds, we 
observed partial and reversible relaxation of the contractions during and after exposure 
to ET1 (Figure 3.3). This was not accompanied by reversal of the binding of 
fluorescently labeled ET1 [16]. Effects of different ERAs differ in the same test system 
(e.g. FR139317 vs BQ123, bosentan, PD156707 and SB234551 in rat mesenteric 
arteries [16, 53]) and different effects were obtained with the same ERA in different 
preparations (e.g. PD156707 in rat mesenteric arteries and human mammary arteries 
[16, 55]). Interpretation of the effects of ERAs will thus have to include their system 
dependence, which ranks among the criteria for allosteric modulation. Two mechanisms 
can explain the actions of ERAs on ETA. The low-molecular-weight compounds either 
(i) compete at only one of the orthosteric binding domains of ETA or (ii) bind at a 
distinct allosteric site that modulates the affinity and efficacy of the orthosteric domains 
(Figures 3.1c,d and 3.2). In the first model [16], ERAs and ET1 compete at a domain on 
ETA that would correspond to R-et in Figure 3.1, which is a prerequisite for irreversible 
binding of ET1 at another domain (represented by R-ET in Figure 3.1). Binding at this 
domain can modulate the activation triggered by the occupied second domain. In this 
view, ERAs can act as either neutral competitive antagonists or inverse agonists on the 
orthosteric domain, depending on whether the orthosteric domains display cooperativity 
for receptor activation. The notion that low-molecular-weight ERAs bind to an 
orthosteric domain is suggested by observations that at least some of them (e.g. BQ123 
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and ABT-627) promote internalization of ETA [56, 57]. In the second model, ERAs act 
as allosteric inhibitors, reducing the affinity and/or efficacy of the orthosteric binding 
domains within the orthosteric binding site (Figure 3.1d). Molecular modeling studies 
indicate that the binding site of some ERAs does not fully coincide with the ET1 
binding domains [27, 30]. It has been proposed that the binding site of some ERAs is 
located somewhat deeper in the cleft between TMs 1, 2, 3 and 7 of the ETA. If the ERA 
and ET1 binding sites partly overlap, then the two models are not mutually exclusive. 
Furthermore, both models might not equally apply to distinct classes of ERAs. This 
remains to be established. There is currently no nomenclature in pharmacology that 
discriminates between antagonists that bind to either (i) one of two orthosteric binding 
domains or (ii) an allosteric binding site that is topographically distinct from both of the 
two orthosteric binding domains. 

Allosteric inhibitors 

In general, candidate drugs that bind to a GPCR at a site that is distinct (allosteric site) 
from the binding site of the endogenous agonist (orthosteric site) are attracting 
increasing attention [39, 41, 58]. Allosteric modulators display saturability of their 
effect, probe dependence, differential effects on the affinity and efficacy of orthosteric 
ligands, and system dependence [39, 41, 58]. In 2000, it was reported that the effects of 
salicylates on ETA meet some of these criteria [45, 46]. In addition, they promoted the 
dissociation of ET1–ETA, and thus accelerated the fading of vasoconstrictor responses 
initiated by ET1 and enhanced the inhibitory effects of the prototype ERA BQ123 [45, 
46]. Important criteria of allosteric modulation such as probe (or agonist) dependence 
and the saturability of effects were not addressed. The structure–activity relationship for 
salicylates differs from that of their best-known target (cyclooxygensases) and 
millimolar rather than micromolar concentrations of the compounds are required for 
their proposed allosteric effect on ETA. It is therefore not likely that allosteric 
modulation of ETA function contributes to therapeutic effects of these aspirin-like 
compounds in patients. These observations suggest the existence of an allosteric 
modifier site on ETA that recognizes salicylate-like molecules. 

Physiological antagonism 

Tight receptor binding and long-lasting agonism by an endogenous signaling molecule 
such as ET1 are not compatible with homeostatic control of cardiovascular function in 
vivo. We therefore evaluated candidate endogenous counterbalancing mechanisms for 
specific inhibition of ET1 receptor function [16].We tested whether one or more 
vasodilator compounds that can be produced in blood vessels could terminate arterial 
contractile responses initiated by ET1. Agents were either exogenously administered to 
isolated arteries or were endogenously released using accepted stimuli that act 
indirectly, such as acetylcholine and capsaicin [16, 59-61]. Both endothelium-derived 
relaxing factors and vasodilator neuropeptides were considered. In the endothelium, 
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nitric oxide (NO) (i) inhibits the synthesis and release of ET1 and (ii) is produced in 
response to ET1 acting on endothelial ETB [11, 62]. Endothelium-derived NO and 
hyperpolarizing factor relax the contractile responses of arterial smooth muscle to ETA 
stimulation [16, 61, 63]. Endothelium-derived relaxing factors can thus be important 
functional antagonists of ET1 responses. It has been reported that this is also the case in 
human conductance and resistance coronary arteries [64]. However, in contrast to 
consequences of ET1- induced signaling, ET1–ETA interaction does not seem to be 
modified by endothelium-derived relaxing factors. The endothelium-dependent 
vasodilator acetylcholine did not promote dissociation of ET1–ETA complexes (Figure 
3.3) [16], and NOS and COX inhibition did not modify the potency of contractile 
responses to ET1 and their irreversibility [16, 61]. In the kidneys, sensorimotor nerves 
counterbalance effects of ET1 through release of one of their neurotransmitters, 
calcitonin-gene-related peptide (CGRP) [65]. In rat mesenteric arteries, stimuli of peri-
arterial sensorimotor nerves and exogenous CGRP relax contractile responses to ET1 
more potently than responses to other vasoconstrictors [61]. CGRP receptor stimulation 
by both exogenous and endogenously released neuropeptide promotes dissociation of 
arterial smooth muscle ET1–ETA complexes [16]. Because CGRP acts on its own 
heterotrimeric GPCR [38] and not directly on ETA, these observations illustrate cross-
talk between peptidergic GPCRs that results in reduced affinity (increased rate of 
dissociation) of one of them (ETA) for its endogenous agonist (ET1), which represents 
indirect allosteric modulation (Figures 3.3 and 3.4). The signal transduction involved in 
this CGRP–ETA crosstalk differs from the mechanisms underlying the general 
vasodilator effects of CGRP [66]. It does not involve adenylyl cyclase, cAMP, NO or 
activation of ATP-sensitive K+ channels [16]. Whether it is due to (i) direct interaction 
between the two types of receptors, (ii) a receptor-activity modifying protein or (iii) an 
as yet unknown second messenger could be addressed in cells that express both types of 
receptors and in membrane preparations of these cells. It remains to be established 
whether CGRP–ETA crosstalk is an incidental oddity of the rat mesenteric artery or if it 
also applies to other vascular beds and other species and if it is sufficiently widespread 
and powerful to result in systemic cardiovascular effects. Nevertheless, it illustrates the 
potential for allosteric mechanisms triggered not only by exogenous compounds (e.g. 
salicylates), but also by endogenous systems (e.g. CGRP) (Figure 3.4). It is noteworthy 
in this respect that peri-arterial sensorimotor nerves are acted on by active ingredients of 
chili peppers, mustard, wasabi and garlic [67, 68]. These stimulate TRP channels on the 
nerves, which leads to release of neuropeptides (including CGRP). Some of the health 
benefits associated with consumption of these foods might involve an indirect (through 
CGRP) but selective anti-endothelinergic component. 
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Figure 3.4 Modulation of ETA function by exogenous compounds and endogenous systems. On the cell 
membrane (grey) of vascular smooth muscle cells in the arterial wall, the function (affinity and efficacy) 
of ETA receptors (blue 7TM structure) can be modulated by an orthosteric ligand [e.g. a competitive 
antagonist (light blue square) with a structure that resembles part of the endogenous endothelinergic 
agonist (dark blue, bitopic structure)]. An exogenous allosteric inhibitor is represented by the pink 
ellipsoid. In addition, perivascular sensorimotor nerves (SMNs) can be stimulated to release the 
neuropeptide CGRP (grey bent line) that acts on postjunctional CGRP receptors [calcitonin receptor-
like receptor (CRLR), orange 7TM; RAMP1, yellow TM structure] that (i) cause cAMP-dependent 
vasodilatation and (ii) promote dissociation of ET1–ETA complexes through an as yet unidentified 
mechanism 

Concluding remarks 

Some of the clinical trials of putative neutral competitive ERAs have been less 
successful than anticipated [6, 8, 11]. This might be because of underestimation of the 
complexity of the molecular pharmacology of ETA. To resolve this, it will be necessary 
to define the signaling mechanisms during the long-lasting effects resulting from ETA 
stimulation. G-protein-independent arrestin-mediated signaling is worth considering 
[69, 70]. In the meantime, it might be informative to combine models elaborated for 
GPCRs that are acted on by small agonists (e.g. two-state, cubic ternary complex, 
allosteric ternary complex and allosteric ternary two-state models [32, 33, 39, 41-43]) 
with models elaborated for GPCRs that are acted on by high-molecular-weight peptides 
(e.g. two-domain model [35, 36, 38]). Testing of reversing or curative effects of putative 
antagonists should take into consideration that ET1 dissociates only slowly from ETA. 
Renewed interest in structure–activity relationships of endothelins and their receptors 
might focus on (i) potentially distinct address and message domains and (ii) both 
affinity and efficacy, including those for recruitment of arrestin. It is also worth 
considering currently available and future ERAs and physiological antagonists of ETA 



ETA-receptor Antagonists or Allosteric Modulators? 
 

61 
 

as negative allosteric modulators. The criteria of allosterism that should be addressed 
[39, 41, 42] include at least distinct effects on agonist affinity and efficacy, saturability 
and the probe (or agonist) dependence of these effects. Although challenging, these 
approaches could result (at least in theory) in drugs that become more effective the more 
the endogenous ET system is activated and in drugs that can discriminate between the 
ETA-mediated effects of the distinct endogenous endothelins ET1, ET2 and ET3 [39, 
41, 42]. Because a prominent feature of ETA pharmacology is tight binding of 
endogenous agonists, particular attention to the rate of dissociation and to the residence 
time of the agonist on the receptor is required. Several excellent reviews have recently 
examined various techniques that can be used to study aspects of drug–target binding 
[71, 72]. The reported roles of ETA in a broad variety of diseases [6-9] and our recent 
finding that endogenously released CGRP and CGRP receptor activation can act as 
endogenous indirect negative allosteric modulators of ETA function [4, 16, 61] should 
provide motivation to investigate these issues.  
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Abstract 

In resistance-sized arteries, the smooth muscle can influence release of vasoactive 
factors by the endothelium. We tested the hypothesis that in resistance arteries of 
DOCA-salt hypertensive rats this myo-endothelial coupling triggers release of 
contractile quantities of endothelin-1 (ET1). In male Wistar rats, one kidney was 
removed and the animals were given drinking water containing 1% NaCl and 0.2% KCl 
after implantation with a pellet with deoxy-corticosterone (DOCA salt hypertensive rats, 
HT) or without DOCA (normotensive rats, NT). 6 weeks later, mesenteric small arteries 
were isolated and their ET1 content was determined by radioimmunoassay or their 
contractile and relaxing responses were recorded by wire myography in presence of 10 
µM indomethacin after desensitization of sensorimotor nerves with capsaicin. Blood 
pressure was increased in DOCA (HT) rats. In HT arteries, ET1 content was not altered 
but could be selectively increased by high K+ buffer and this was prevented by 
NEP/ECE-inhibitors (10 µM phosphoramidon or 10 µM SOL1). Endothelium-
dependent relaxing responses to acetylcholine in absence and presence of the NOS-
inhibitor L-NAME or high K+ did not differ between HT and NT arteries and were not 
modified by NEP/ECE-inhibitor or ET-receptor antagonist (1 µM bosentan). L-NAME 
caused an endothelium-dependent increase of contractile responses to 11-40 mM K+ in 
both HT and NT arteries. In HT but not NT arteries, bosentan reduced contractile 
responses to high K+ in absence and presence of L-NAME. This was endothelium-
dependent and tended to be sensitive to NEP/ECE inhibition. We conclude that in 
resistance arteries of rats with DOCA-salt hypertension, endothelium-dependent 
relaxations are not modified but a contractile myo-endothelial coupling involving ET1 
can be unmasked. 
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Introduction 

The endothelium influences underlying arterial smooth muscle by release of relaxing 
factors, release of contractile factors and, especially in small muscular resistance-sized 
arteries, via heterocellular gapjunctions [1-6]. These can participate in non-NO-
mediated endothelium-dependent relaxation and endothelium-dependent smooth muscle 
hyperpolarization (EDH). Through these junctions the smooth muscle can, however, 
also in turn activate the endothelium [7-9]. In a recent study of this myo-endothelial 
coupling in rat mesenteric resistance arteries, we observed that selective arterial smooth 
stimulation causes release of endothelium-derived NO and of the endothelium-derived 
contractile factor endothelin-1 (ET1) when NO-synthases (NOS) are inhibited [8]. 

Endothelial dysfunction in cardiovascular diseases is frequently defined as a reduction 
of the vasodilatation in response to direct stimulation of the endothelium with 
acetylcholine (ACh) [1, 10]. It is often attributed to reduced bioavailability of 
endothelium-derived NO (EDNO). In large conduit arteries of spontaneously 
hypertensive rats (SHR) there seems also to be a role for endothelium-derived 
contractile cyclo-oxygenase products [11]. In these SHR, diabetes and aging, not only 
EDNO but also EDH is reduced in resistance arteries of at least some vascular beds. 
Although ET1 is clearly involved in the inflammatory aspects of DOCA-salt 
hypertension in the rat and ET1 function is upregulated when the bioavailability of 
EDNO is reduced, the contribution of this endothelium-derived contractile peptide to 
endothelial dysfunction is unclear [12-14].  

In this study we tested the hypothesis that resistance artery responses to arterial smooth 
muscle stimulation involve endothelium-derived ET1 in an experimental animal model 
of hypertension. Because rat mesenteric resistance arteries have been observed to 
contain heterocellular gap-junctions that participate in endothelium-dependent reactivity 
and because the endothelin system is activated in DOCA-salt hypertensive rats, we 
studied these tissues from this experimental animal model. We determined changes in 
arterial ET1 content and the effects of inhibition of metalloproteases (enzymes that are 
involved in the synthesis of ET1) and of ET-receptor antagonism on arterial reactivity. 
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Material and Methods 

Animals, model and surgery 

10 week old Wistar rats (Charles River, Maastricht, the Netherlands) were used in all 
experiments, which were performed in accordance with the ethical committee for 
animal welfare of the Maastricht University.  

All animals were anesthetized with isoflurane (1-4%) and the left kidney was removed. 
After a 1 week recovery period, a pellet containing deoxy-corticosterone acetate 
(DOCA, 100 mg, Sigma Aldrich, Zwijndrecht, the Netherlands) or a control silicon 
pellet was implanted subcutaneously. All animals were given high-salt drinking water 
(1% NaCl and 0.2% KCl) for 6 weeks after DOCA/control-pellet implantation. In total, 
13 normotensive rats (NT) and 14 DOCA-salt hypertensive rats (HT) were investigated. 

Intra-arterial blood pressure was measured in conscious unrestrained rats via a 
heparinized (5 U/ml) indwelling polyethylene catheter that was introduced into the left 
femoral artery 2 days before measurement. The arterial catheter was connected to a 
pressure transducer (Micro Switch 150 PC) and its output was sampled at 2.5 kHz. 
Mean arterial pressure (MAP) was calculated using the IDEEQ data-acquisition system 
(instrument services, Maastricht University, the Netherlands). Animals were euthanized 
by isoflurane (>4%). 

Physiological solutions and drugs 

The Krebs Ringer bicarbonate-buffered physiological salt solution (KRB) that was 
continuously aerated with 95% O2/5% CO2 and maintained at 37°C contained (in mM): 
118.5 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25.0 NaHCO3 and 5.5 
glucose. Bosentan (BOS) was obtained from Actelion Pharmaceuticals (Basel, 
Switzerland) and was dissolved in DMSO. Phophoramidon (PRD) was obtained from 
Sigma Aldrich (Zwijndrecht, The Netherlands) and dissolved in DMSO. Capsaicin and 
indomethacin (INDO) were purchased from Sigma Aldrich (Zwijndrecht, the 
Netherlands) and dissolved in ethanol. Acetylcholine (ACh), noradrenaline (NA), 
phenylephrine (PHE), thrombin and the nitric oxide synthase inhibitor Nω-nitro-L-
arginine (L-NAME) were all purchased from Sigma Aldrich (Zwijndrecht, the 
Netherlands) and dissolved in KRB. High K+-KRB solution was KRB in which all NaCl 
was replaced by KCl. Solutions containing 10–40 mM K+ were prepared by mixing 
appropriate volumes of KRB and K+ -KRB. 

The dual NEP/ECE inhibitor SOL1 (2-{[1-({[(3S)-1-(carboxymethyl-2-oxo-2,3,4,5-
tetrahydro-1H-1-benzazepin-3-yl]amino}carbonyl)cyclopentyl]methyl}-4-[[3-
methylamino) propyl](methyl)amino]-4-oxobutanoic acid; Abbott) effectively inhibits 
big-ET1 to ET1 conversion in vivo at a dose of 3µmol/kg i.v [15].  
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Arterial ET1 content 

Mesenteric arterial trees containing 1st to 4th order side branches were isolated and 
subsequently incubated for 30 minutes at 37°C in 500 µl KRB buffer in absence or 
presence of the dual NEP/ECE inhibitors phosphoramidon (10 µM) or SOL1 (10 µM). 
Arteries were then stimulated for 3 hours at 37°C by adding 5 U/ml thrombin [16]. A 
different set of arterial branches was incubated for 30 minutes at 37°C in 500 µl KRB or 
high potassium K+-KRB buffer (125 mM K+) in the absence or presence of the nitric 
oxide synthase inhibitor L-NAME (100 µM), phosphoramidon (10 µM) or SOL1 (10 
µM). The arteries were then snap-frozen and protein was extracted from homogenized 
arteries in 1M acetic acid at 100 °C for 15 minutes. The homogenate was then 
centrifuged at 14000g for 15 minutes at 4 0C. The supernatant was applied to SepPak 
C18 cartridges (Waters, the Netherlands) and the eluate was dried in a centrifugal 
concentrator. The dried sample was reconstituted in assay buffer for radioimmunoassay. 
ET1 levels were measured by a commercially available radiommunoassay kit (S2024, 
Bachem, Basel, Switzerland) and were normalized to total protein concentration as 
determined using the BCA-method. 

Wire Myography 

Third order mesenteric resistance artery segments (2 mm long) were isolated and 
mounted in wire myographs for the recording of isometric tension development [17]. 
From part of the arterial segments the endothelium was mechanically removed by 
sliding a horse hair through the lumen of the vessel. Each experiment started by 
progressively stretching the arterial segment to the diameter at which the largest 
contractile response to 10 µM NA could be obtained (optimal diameter). To prevent the 
peri-arterial sensorimotor nerves from releasing vasodilator neurotransmitters such as 
calcitonin gene-related peptide (CGRP), all arterial segments were exposed to capsaicin 
(1 µM, during 20 min) [18, 19]. To avoid influences of contractile and relaxing cyclo-
oxygenase products, all experiments were performed in the continuous presence of 
indomethacin (1 µM). Contractile responses to increasing concentrations of K+ (5.9-40 
mM) and PHE (0.16–20 µM) and relaxing responses to increasing concentrations of 
ACh (0.01-10 µM) during these contractions, were recorded. These contractile and 
relaxing concentration-response curves were constructed in the absence and presence of 
nitric oxide synthase inhibition (L-NAME, 100 µM), dual NEP/ECE inhibition 
(phosphoramidon, 10 µM) and ET-receptor antagonism (bosentan, 1 µM).  

Statistical analysis 

Radio-immuno-assay results are shown as mean ± SEM. Significance of the differences 
between the different groups was determined by ANOVA. Contractile responses were 
expressed as a percentage of the maximal response to NA prior to the administration of 
any pharmacological inhibitor. Relaxing responses were expressed as percentage of the 
level of precontraction. Individual concentration-response curves were fitted to a non-
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linear sigmoid regression curve (Graphpad Prism 5.0). Sensitivity (pEC50) and maximal 
effect (Emax) are shown as mean ± SEM. One-way ANOVA was used to compare pEC50 
and Emax. A Bonferroni post-test was used to compare multiple groups. A P value 
<0.05 was considered statistically significant. 
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Results 

General characteristics 

Mean arterial blood pressure was markedly increased (173 ± 3 versus 114 ± 3 mmHg, P 
< 0.001) while body weight (338 ± 8 versus 368 ± 12 g), optimal lumen diameter of 
mesenteric resistance arteries (262 ± 7 versus 252 ± 6 µm) and the maximal contractile 
response of these arteries to noradrenaline (3.28 ± 0.19 versus 3.09 ± 0.11 N/m) were 
not significantly modified in DOCA-salt treated rats compared to control rats. 

Arterial ET1 content 

The content of immunoreactive ET1 did not differ significantly between mesenteric 
arteries of DOCA-salt hypertensive rats (HT) and those of normotensive (NT) rats (16.9 
± 2.1 versus 13.7 ± 0.9 fmol/mg protein) (Figure 4.1). Presence of the metalloprotease 
inhibitors phosphoramidon or SOL1 (10 µM) did not alter arterial ET1 content under 
basal conditions. Incubation with thrombin (5 U/ml) during 3 hours) caused a two fold 
increase of the ET1 content in arteries from HT (to 24.4 ± 1.2 fmol/mg protein, P < 
0.05) and NT rats (to 26.1 ± 1.1 fmol/mg protein, P < 0.001) and this was in both cases 
prevented by presence of phosphoramidon or SOL1 (Figure 4.1). Exposure to 
depolarizing buffer (125 mM K+ in exchange for Na+, during 30 min) stimulated a 
marked increase of the ET1 content in arteries from HT rats (to 31.5 ± 3.6 fmol/mg 
protein, P < 0.05) but not NT rats (to 12.5 ± 0.3 fmol/mg protein, NS). This stimulation 
was prevented by phosphoramidon and SOL1 (Figure 4.1). Presence of 100 µM L-
NAME did not modify basal arterial ET1 content and the observations after exposure to 
high K+ in arteries of HT and NT rats (data not shown). 

 

Figure 4.1: ET1 content in MA without stimulation (KRB, left panel), after stimulation with thrombin 
(middle panel) and after stimulation with 125 mM K+ (right panel). Effects of pretreatment with PRD 
(crosshatched) and SOL1 (black). Data shown as mean ± SEM. *: p<0.05 non stimulated vs stimulated, 
#: p < 0.05 no pretreatment vs pretreatment. 
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Endothelium-dependent relaxing responses to acetylcholine 

Relaxing responses to ACh (0.01 – 10.0 µM) were investigated in mesenteric resistance 
arteries in the presence of 10 µM indomethacin i) during contraction induced by 20 µM 
phenylephrine, ii) during contraction induced by 40 mM K+ and iii) during contraction 
induced by 20 µM phenylephrine in the presence of 100 µM L-NAME. The latter two 
have been attributed to endothelium-derived NO (EDNO) and endothelium-dependent 
hyperpolarization (EDH), respectively [8]. The sensitivity and maximal response to the 
three types of ACh-induced relaxation did not differ significantly between mesenteric 
resistance arteries of HT and NT rats (Figure 4.2 and Table 4.1). Moreover, presence of 
the ET-receptor antagonist bosentan (1 µM) or of the NEP/ECE-inhibitor 
phosphoramidon (10 µM) did not significantly modify the overall responses to ACh and 
the EDNO- or EDH-related components in resistance arteries of HT or NT rats (Figure 
4.2 and Table 4.1). In denuded arteries of NT and NT rats, ACh failed to cause 
relaxation during either K+- or phenylephrine-induced contraction (data not shown). 

pEC50  EDNO   EDHF  

 CON BOS PRD CON BOS PRD 

NT 6,74 ± 0,17 6,70 ± 0,10 6,78 ± 0,15 6,33 ± 0,20 6,22  ± 0,24 6,28 ± 0,14 
HT 6,81 ± 0,11 6,84 ± 0,15 6,86 ± 0,16 6,13 ± 0,3 6,20 ± 0,19 6,31 ± 0,23 

       
Emax  EDNO   EDHF  

 CON BOS PRD CON BOS PRD 

NT 50 ± 6 50 ± 3 57 ± 6 57 ± 7 61 ± 5 67 ± 4 
HT 66 ± 5 66 ± 6 64 ± 7 49 ± 6 61 ± 7 58 ± 7 

Table 4.1: Overview of pEC50 and Emax values of ACh-induced relaxations in 3rd order MA of NT and 
HT. In the absence and presence of BOS or PRD. Data are shown as mean ± SEM. EDNO refers to 
ACh-induced relaxations after a potassium precontraction in the presence of INDO. EDHF refers to 
Ach-induced relaxations after a PHE precontraction in the presence of L-NAME and INDO. 
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Figure 4.2: Panels A and B depict the response to increasing concentrations of ACh (0.01-10 µM) 
during a PHE (20 µM) precontraction in presence of INDO (1 µM) and L-NAME (100 µM). EDHF-type 
responses were not significantly different in DOCA-salt hypertensive rats (HT, open squares) compared 
to normotensive rats (NT, closed circles). No effect of acute bosentan (BOS, in red) or phosphoramidon 
(PRD, in blue) administration was observed. Panels C and D depict the response to increasing 
concentrations of ACh (0.001-10 µM) during a K+-induced (40 mM) precontraction in presence of 
INDO (1 µM). EDNO-type responses were not significantly different in DOCA-salt hypertensive rats 
(HT, open squares) compared to normotensive rats (NT, closed dots). No effect of acute BOS (in red) or 
PRD (in blue) administration was observed. Data are shown as mean ± SEM. 

Endothelium-dependent responses to smooth muscle stimulation 

Contractile responses to phenylephrine (0.15 – 20 µM) were compared in mesenteric 
resistance arteries of HT and NT rats in the continuous presence of 10 µM indomethacin 
and the effects of NOS-inhibition, NEP/ECE inhibition, ET-receptor antagonism, and of 
mechanical removal of the endothelium were evaluated. Maximal responses to the α1-
adrenoceptor agonist did not differ between HT and NT rats and were not significantly 
modified by either intervention in arteries from both types of rats (Figure 4.3). 
Sensitivity to phenylephrine was significantly smaller in intact arteries of HT compared 
to NT (Figure 4.3). In arteries of HT rats, the sensitivity to phenylephrine was not 
significantly modified by L-NAME, phosphoramidon or bosentan (Figure 4.3). In 
arteries of NT, however, L-NAME and denudation significantly increased the sensitivity 
to phenylephrine and the effect of L-NAME was absent in denuded arteries and in the 
presence of bosentan although it was not prevented by phosphoramidon (Figure 4.3).  
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Figure 4.3: Contractile responses to increasing concentrations of PHE in the presence of INDO (closed 
dots) in NT (A + C) and HT (B + D) MA. Open squares depict the effect of L-NAME. The effect of acute 
BOS or PRD administration is shown in red and in blue, respectively. Data shown as mean ± SEM. 

Using similar conditions we also compared arterial contractile effects of K+ (5.9 to 40 
mM; Figure 4.4). Responses to the depolarizing solutions did not differ between intact 
and denuded arteries of HT and NT rats (Figure 4.4 A-L). In arteries of NT rats, K+-
induced contractions were increased by L-NAME but not modified by phosphoramidon 
or bosentan (Fig. 4 A,C,E,G). The effect of L-NAME was endothelium-dependent and 
resistant to NEP/ECE-inhibiton and ET-receptor antagonism (Figure 4.4 A, C, E. G). 
Also in arteries of HT rats, L-NAME caused an endothelium-dependent increase of K+-
induced contractions (Fig 4 B,F). In these resistance arteries from DOCA-salt HT rats, 
however, bosentan and to a lesser extent phosphoramidon reduced K+-induced 
contractions in both the absence and presence of L-NAME (Figure 4.4 B, F). These 
effects of bosentan were endothelium-dependent (Figure 4.4 B, D, F, H) indicating a 
contribution of endothelium-derived ET1 to depolarization-induced contractile 
responses of resistance arteries of DOCA-salt HT rats.  
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Figure 4.4: Contractile responses to 
increasing concentrations of K+ in the 
presence of INDO (closed dots) in NT 
(A - K) and HT (B - L) in intact (A + 
B, E + F, I + J) and denuded (C + D, 
G + H, K + L) MA. Open squares 
depict the effect of L-NAME. The 
effect of BOS, PRD or SOL1 is shown 
in red, blue and green, respectively. A 
inhibitory effect of BOS (B) on K+ 
induced contractions is observed in 
MA of HT. This effect is not observed 
in MA of NT (A) and denuded MA of 
HT (D). Data shown as mean ± SEM. 
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Discussion 

With this work, we show that activating arterial smooth muscle by depolarizing buffer 
triggers the production and release of endothelin-1 in and from the endothelium in 
mesenteric resistance arteries of DOCA-salt hypertensive rats. These effects are 
observed on the level of protein content as well as functionally, and can be (partly) 
reversed by mechanical denudation, acute bosentan, acute phoshoramidon and acute 
SOL1 treatment. While SOL1 as well as phosphoramidon succeed in significantly 
reducing endothelin-1 production in vitro, NEP inhibition is not effective and dual 
NEP/ECE inhibition is slightly less effective than ET-receptor blockade on a functional 
level. Endothelium-dependent relaxing responses were not significantly altered in 
mesenteric resistance arteries of 6 weeks DOCA-salt hypertensive rats. 

Endothelin-1 is not only a very potent vasoconstrictor [20, 21] but is also a pro-
inflammatory agent, has mitogenic effect on vascular smooth muscle cells and promotes 
fibrosis [22-25]. An up regulation of the ET1 system has been linked to numerous 
pathologies including moderate to severe hypertension, salt-sensitive hypertension and 
experimental models like the Dahl salt-sensitive rat and DOCA-salt hypertension [26-
29].  

We tested the hypotheses that in the mesenteric bed of DOCA-salt hypertensive rats, (i) 
activated arterial smooth muscle can stimulate the endotheliu m to release ET1 which 
contributes to endothelial dysfunction and (ii) the endothelial dysfunction is mainly 
restricted to contractile rather than relaxing factors. To this end we (i) measured ET1 
content in arteries of normotensive and DOCA-salt hypertensive rats and (ii) assessed 
acute vasomotor responses of arteries from normotensive and DOCA-salt hypertensive 
rats. 

Thrombin is a well described stimulus for ET1 production and release from isolated 
arteries [16]. After a 3 hour incubation period with thrombin the ET1 levels in 
mesenteric arteries of both normotensive and DOCA-salt hypertensive rats were 
increased 2-fold. These results demonstrate the validity of the assay. A candidate 
indirect stimulus for endothelial ET1 production and release, depolarization with high 
K+ [8], significantly increased ET1 levels in arteries from DOCA-salt hypertensive rats. 
In normotensive controls however depolarization did not influence arterial ET1 content. 
This suggests that the contribution of ET1 to arterial function is altered in mesenteric 
arteries of DOCA-salt hypertensive rats. 

To strengthen the validity of the radio-immuno assay and of our pharmacological tools 
we tested the ability of the dual NEP/ECE inhibitor phosphoramidon and SOL1 to 
prevent the production of ET1. Phosphoramidon as well as SOL1 significantly reduced 
the content of ET1 in mesenteric resistance arteries of both normotensive and DOCA-
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salt hypertensive rats, produced by thrombin stimulation and in DOCA-salt 
hypertensive rats produced by K+ stimulation.  

Endothelial dysfunction is often regarded as a phenomenon associated with 
hypertension, frequently caused by reduced NO bioavailability or blunted EDH 
responses. In this study, we do observe considerable increases in blood pressure, 
however we did not detect any significant differences in the EDNO component or the 
EDH component of the ACh-induced relaxation responses in mesenteric resistance 
arteries of DOCA-salt hypertensive rats. On the other hand, we observe a decreased 
effect of NO synthase inhibition on PHE induced contraction and increased effects of 
NO synthase inhibition on K+ induced contractions. It is conceivable that reduced NO 
availability might be more pronounced in arteries with a bigger contribution of EDNO 
to stimulated endothelium-dependent relaxation like large conduit arteries [30]. 

Basic functional properties (optimal diameter, maximal pre-contraction) of third order 
mesenteric resistance were not altered by DOCA-salt hypertension, and as described 
above no classic endothelial dysfunction was observed, but earlier studies [31] showed 
that DOCA-salt hypertension is accompanied by severe arterial stiffening which could 
also be a considerable contributor to an increase in mean arterial pressure [32] . 

We observed an inhibitory effect of an endothelin receptor antagonist on K+-induced 
stimulation of the arterial smooth muscle in DOCA salt hypertensive rats. A large 
portion of this effect could be mimicked by inhibiting ET1 production through 
NEP/ECE inhibition. NEP inhibition did not produce the same effects, suggesting that 
ECE activity is the major contributor to this effect. The effects of the ET-receptor 
antagonist as well as the effect of the dual NEP/ECE inhibitor are absent after 
mechanical removal of the endothelium. This implies that activating the arterial smooth 
muscle prompts (possibly through myo-endothelial gap junctions) the endothelium to 
produce and release ET1 which will further activate the arterial smooth muscle.  

Bilateral communication between the arterial smooth muscle and the endothelium is not 
a new concept. Elevation of intracellular calcium in arterial smooth muscle induced the 
release of endothelium-derived vasodilators in rat mesenteric arteries, indicating a 
myoendothelial coupling [7, 9]. Hilgers and De Mey [8] observed that in twelve to 
sixteen week old normotensive WKY rats, inhibition of NO synthase during stimulation 
of arterial smooth muscle with Ca-channel activator (BaK8644), alpha1-agonist or peri-
arterial nerve stimulation, enhances contraction by increased effect of endothelium-
derived ET1. These effects could be prevented by uncouplers of gap-junctions 
suggesting a role for heterocellular gap junctions in this mechanism. These gap 
junctions could also serve as a gateway between the endothelium and the smooth 
muscle cells (and vice versa) in the myo-endothelial feedback mechanism we describe 
here. Probably due to the pathology in DOCA-salt hypertensive rats it is not necessary 
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to inhibit nitric oxide synthase to uncover the enhancing effects of ET1 on contractions 
although the effect was further increased by NOS inhibition. 

Because ET receptor blockade was more effective than either dual NEP/ECE inhibitor 
there could be a NEP/ECE independent pathway of ET1 production. The residual effect 
could also be due to ET1 precursor ET1 (1-32) which was described by Fernandez-
Patron and colleagues to behave as an ETA receptor agonist [33]. Production of this 
precursor is probably not inhibited by NEP/ECE inhibition, because it is formed out of 
big-Endothelin (1-38) by vascular matrix metalloproteinase-2 (MMP-2, galatinase A). 
Another option is the existence of ET1 storage in Weibel Palade bodies which can 
provide an explanation for the difference between ET-receptor antagonism and 
NEP/ECE inhibition [21]. 

In conclusion we observed that a pronounced feedback mechanism exists stimulating 
ET1 release from the endothelium during K+- induced activation of vascular smooth 
muscle in DOCA-salt hypertensive rats. The effects of endogenous ET1 could be 
completely inhibited by mechanical removal of the endothelium and by the non-
selective ET-receptor antagonist bosentan, and partly by inhibiting the synthesis 
pathways with the dual NEP/ECE inhibitors phosphoramidon and the novel compound 
SOL1. These observations emphasize the importance of the myo-endothelial coupling 
component of endothelium-dependent vasodilatation. 
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Abstract 

Arteries from young healthy animals respond to chronic changes in blood flow and 
blood pressure by structural remodeling. We tested whether the ability to respond to 
decreased (-90%) or increased (+100%) blood flow is impaired during development of 
DOCA-salt hypertension in rats, a model for an upregulated endothelin-1 system. 
Mesenteric small arteries (MrA) were exposed to low (LF) or high blood flow (HF) for 
4 or 7 weeks. Bioavailability of vasoactive peptides was modified by chronic treatment 
of the rats with the dual NEP/ECE inhibitor SOL1. 

After 3 and 6 weeks of hypertension, MrA showed hypertrophic arterial remodeling (3: 
media cross sectional area (mCSA): 10±1.103 to 17±2.103 µm2; 6: 13 ± 2.103 µm2 to 24 
± 3.103 µm2). After 3 but not 6 weeks of hypertension, the arterial diameter was 
increased (Ø: 385±13 to 463±14 µm). SOL1 reduced hypertrophy after 3 weeks of 
hypertension (mCSA: 6.103±1.103 µm2).  

Diameter of HF arteries of normotensive rats increased (Ø: 463±22 µm) but no 
expansion occurred in HF arteries of hypertensive rats (Ø: 471 ±16 µm). .MrA from 
SOL1 treated hypertensive rats did show a significant diameter increase (Ø: 419±13 to 
475±16 µm). Arteries exposed to LF, showed inward remodeling in normotensive and 
hypertensive rats (mean Ø between 235 and 290 µm), and infiltration of 
monocyte/macrophages. SOL1 treatment did not affect arterial diameter of LF arteries 
but reduced infiltration of monocyte/macrophages. 

We show for the first time that flow-induced remodeling is impaired during 
development of DOCA-salt hypertension and that this can be prevented by chronic 
NEP/ECE inhibition. 
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Introduction 

Blood flow is an important regulator of vascular function and structure. An acute 
alteration in blood flow initially leads to a change in vasomotor tone which modifies the 
arterial diameter in order to normalize wall shear stress. When the increase in blood 
flow is sustained, arteries can structurally remodel to restore normal values of wall shear 
stress and circumferential wall stress [1]. Both flow-mediated dilatation and flow-
mediated remodeling are endothelium-dependent processes [2, 3]. Structural remodeling 
of the arterial wall in response to hemodynamic changes can occur under both 
physiological and pathological conditions, for example in the uterine vascular bed 
during pregnancy and in hypertension, respectively [4-6]. 

Because in established hypertension cardiac output is within the normal range, the 
increased blood pressure is mainly due to increased vascular resistance [7]. This is 
associated with an increased wall to lumen ratio in the systemic resistance arteries. In 
essential hypertension, this arterial remodeling is usually described as inward and 
eutrophic; i.e. resulting from rearrangement of the medial material around a smaller 
diameter [8]. The arterial changes in secondary and experimental hypertension, on the 
other hand, are mainly hypertrophic in nature and involve smooth muscle cell 
hypertrophy and/or hyperplasia [8, 9]. Remodeling of the vascular wall in hypertension 
is also associated with changes in the composition of the extracellular matrix leading to 
increased stiffness [10]. 

While anti-hypertensive therapy is mainly focused on lowering the blood pressure, 
preventing or reversing the arterial structural changes might be more beneficial for the 
morbidity and mortality of hypertensive patients [11]. Angiotensin II is thought to play 
an important role in the pathological alterations in the vascular wall, as is supported by 
the partial reversal of these alterations by chronic treatment with inhibitors of 
angiotensin-converting enzyme or antagonists of AT1-receptors [12, 13]. Endothelin-1 
(ET1), another vasoactive peptide might also be involved in the arterial structural 
changes in pathophysiological conditions. Apart from being a potent vasoconstrictor, 
ET1 is also a potent growth promoting and pro-inflammatory agent [14-18]. Production 
of ET1 is reported to be increased in salt-dependent models of hypertension like DOCA 
(deoxycorticosterone acetate)-salt induced hypertension, a model showing pronounced 
endothelial dysfunction [19] and arterial hypertrophy [20, 21]. ET1 can be formed 
through cleavage of big-ET1 by endothelin-converting enzyme (ECE). Alternatively 
big-ET1 can be hydrolyzed by chymase or MMP2 to form ET1 (1-31) or ET1 (1-32), 
respectively. Both are further processed into ET1 by neutral endopeptidase (NEP) [22-
24]. Thus a dual inhibitor of NEP and ECE reduces ET1 production by inhibiting all 
three pathways [25]. Recently Kalk et al. [26] reported that the dual NEP/ECE inhibitor 
SLV338 reduces smooth muscle hypertrophy, interstitial fibrosis and perivascular 
fibrosis in the 2 kidney one clip model, partly by suppression of TGF-β1 expression.  
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Here we tested the hypotheses that (1) flow-induced remodeling of resistance arteries is 
reduced during the development of DOCA-salt hypertension and that (2) treatment with 
a dual NEP/ECE inhibitor has beneficial effects on flow-induced arterial remodeling in 
this setting. 

Methods 

Animals, model and surgery 

10 week old Wistar rats (Charles River, Maastricht, the Netherlands) were used in all 
experiments which were performed in accordance with the ethical committee for animal 
welfare of the Maastricht University.  

All animals were anesthetized with isoflurane (1-4%) and the left kidney was removed. 
Blood flow–modifying surgery was performed in the animals by distal ligation of 
alternate first-order mesenteric arteries to create arteries chronically exposed to low 
blood flow (LF). The patent arteries between these then had a compensatory increased 
blood flow (HF). Arteries from a distant part of the intestine were considered control 
arteries exposed to normal flow (NF) [9, 27]. After a 1 week recovery period, a DOCA 
pellet (100 mg, Sigma Aldrich, Zwijndrecht, the Netherlands) (n=28) or a control 
silicon pellet (n=29) was implanted subcutaneously. All animals were given high-salt 
drinking water (1% NaCl and 0.2% KCl). In total, 16 normotensive rats and 14 
hypertensive rats were investigated after 3 weeks and 13 normotensive and 14 
hypertensive rats after 6 weeks.  

Intra-arterial blood pressure was measured in conscious unrestrained rats via a 
heparinized (5 U/ml) indwelling polyethylene catheter that was introduced into the left 
femoral artery 2 days before measurement. The arterial catheter was connected to a 
pressure transducer (Micro Switch 150 PC) and its output was sampled at 2.5 kHz. 
Mean arterial pressure (MAP) was calculated using the IDEEQ data-acquisition system 
(Instrument Services, Maastricht University, The Netherlands). 

Preliminary dose-finding experiments were carried out to identify appropriate doses of 
the dual NEP/ECE inhibitor SOL1 (2-{[1-({[(3S)-1-(carboxymethyl-2-oxo-2,3,4,5-
tetrahydro-1H-1-benzazepin-3-yl]amino}carbonyl)cyclopentyl]methyl}-4-[[3-
methylamino)propyl](methyl)amino]-4-oxobutanoic acid; Abbott [25]). A dose of 50 
mg/kg/day drastically decreased urinary ET1 content (from 32.89 ± 3.91 to 1.35 ± 0.25 
pg/ml p< 0.001) in DOCA-salt hypertensive rats (n = 3). Animals were randomly 
assigned to the treatment groups (n=7). Osmotic minipumps (2ml4, Alzet, Cupertino, 
CA, USA) were implanted subcutaneously, simultaneously with the DOCA pellet, for 
chronic continuous drug treatment over the next 3 weeks. The vehicle group received 
osmotic minipumps containing a saline solution for the same period of time.  



Arterial Remodeling in DOCA-salt Hypertension 
 

91 
 

Determination of arterial remodeling 

3 or 6 weeks after the induction of hypertension, animals were euthanized with 
isoflurane (>4%) and arteries exposed in vivo to high flow (HF) or low flow (LF) 
conditions were isolated. Arteries located outside the region of ligation were used as 
normal flow controls (NF). Arteries were mounted on two glass micropipettes in an 
organ chamber filled with Ca 2+-free Krebs Ringer solution (144 mM NaCl, 4.7 mM 
KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 14.9 mM HEPES, and 5.5 mM glucose; pH 
7.4). 10 µM Na-nitroprusside (SNP, Sigma Aldrich, Zwijndrecht, The Netherlands) was 
added to ensure maximal vasodilatation. A pressure-diameter relationship was 
established by recording the lumen diameter while gradually increasing the distending 
pressure (20-120 mmHg, 10 mmHg steps). After the experiment, vessels were fixed at 
80 mmHg in 4% phosphate buffered formaldehyde solution for 1 hour and stored in 
70% ethanol. 

Arterial distensibility was calculated by: DC = (1/ΔP)*(ΔD/Dn-1)*100 with DC = 
distensibility, P = intraluminal pressure and D = measured diameter [28]. A linear 
regression was performed on the pressure-distensibility curves between 20 and 80 
mmHg for every artery considered and the slope was calculated as an index of arterial 
stiffness. 

Histological analyses 

Fixed vessels were embedded in paraffin and cross-sections (4 μm) were stained with 
Lawson’s solution (Boom, Meppel, The Netherlands). Media cross-sectional area 
(mCSA) was determined from the circumferences of the internal and external elastic 
laminae. The average number of nuclear profiles in the media was determined by 
counting on haematoxylin-eosin stained cross-sections (# nuclei). The elastin density 
was determined in 4 areas of the media and 4 areas of the adventitia in every vessel 
using Leica Qwin software. Measurements were averaged for every layer individually in 
every vessel. Elastin content was calculated as percentage elastin positive area per total 
area. To stain collagen, cross-sections were deparaffinized and incubated in 
phosphomolybdenic acid (0.2%) for 5 minutes, followed by incubation with Sirius red. 
After washing with 0.1 M HCl for 2 minutes, sections were dehydrated and protected 
with coverslips. The content of collagen in the media and adventitia was quantified as 
described as for elastin. 

To identify smooth muscle cells and monocyte/macrophages, immunoperoxidase 
staining was performed with primary monoclonal antibodies directed against smooth 
muscle α-actin and rat monocyte/macrophages, respectively (ASMA (A-2547) and CD-
68 (ED-1) [29] (Sigma Aldrich, Zwijndrecht, The Netherlands, dilution 1:5000). After 
incubation with these monoclonal antibodies, the sections were incubated with 
peroxidase-conjugated rabbit anti-mouse immunoglobulins (Dako, Enschede, the 
Netherlands). Visualization was performed with DAB as a substrate. 
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Statistical analysis 

Results are expressed as means ± SEM. Statistical significance of differences between 
groups was evaluated by analysis of variance (ANOVA for consecutive measurements 
for pressure-diameter curves) or 1-way ANOVA followed by Bonferroni or paired t-test 
(graphpad 5.0). A value of P < 0.05 was considered statistically significant.  

Results 

General characteristics 

In normotensive rats, body weight and mean arterial pressure (MAP) did not change 
significantly between 14 and 17 weeks of age (Table 5.1). DOCA-salt treatment did not 
modify body weight but increased MAP after 3 weeks and even more after 6 weeks 
(Table 5.1). Administration of the dual NEP/ECE inhibitor SOL1 (50 mg/kg.day) to 
DOCA-salt rats during 3 weeks did not modify body weight but attenuated the increase 
in MAP (Table 5.1).  

 3 weeks 6 weeks 
General 

characteristics NT HT HT+SOL1 NT HT 

Body Weight (g) 353 ± 6 331 ± 6 359 ± 9 368 ± 12 338 ± 8 
MAP (mmHg) 118 ± 2 150 ± 5 *** 136 ± 2 & 114 ± 3 173 ± 3 *** 

Diameter (µm)  
Normal Flow 385 ± 13 452 ± 12 * 419 ± 13 414 ± 20 451 ± 12 

High Flow 463 ± 22 
### 471 ± 16 475 ± 16 # 455 ± 21 486 ± 12 

Low Flow 270 ± 10 
### 

290 ± 14 
### 253 ± 6 ### 265 ± 14 

### 
265 ± 14 

### 
mCSA (103 

µm2)  
Normal Flow 10 ± 1 16 ± 1 ** 14 ± 2 13 ± 2 24 ± 3 ** 

High Flow 15 ± 2 # 16 ± 1 14 ± 2 14 ± 1 21 ± 2 
Low Flow 11 ± 3 12 ± 2 # 7 ± 1 & 11 ± 3 16 ± 2 
# nuclear 

profiles (media)  
Normal Flow 45 ± 3 58 ± 4 42 ± 3 & 49 ± 5 66 ± 7 

High Flow 56 ± 3 # 53 ± 5 45 ± 4 41 ± 3 53 ± 4 
Low Flow 65 ± 8 # 57 ± 9 42 ± 4 40 ± 4 90 ± 13 
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stiffness factor 
(mmHg-2)  

Normal Flow -0,034 ± 
0,002 

-0,022 ± 
0,002 *** 

-0,021 ± 
0.002 

-0,031 ± 
0,002 

-0,016 ± 
0,002 *** 

High Flow -0,031 ± 
0,002 

-0,018 ± 
0,002 *** 

-0,019 ± 
0,002 

-0,027 ± 
0,003 

-0,017 ± 
0,002 ** 

Low Flow -0,003 ± 
0,001 ### 

-0,004 ± 
0,001 ### 

-0,002 ± 
0.001 ### 

-0,006 ± 
0,001 ### 

-0,001 ± 
0,001 ### 

elastin/collagen 
ratio  

Normal Flow 2,7 ± 0,8 1,3 ± 0,5 0,8 ± 0,5 5,7 ± 2,3 1,8 ± 0,3 
High Flow 2,1 ± 0,5 2.0 ± 0,7 3,5 ± 1,2 2,74 ± 0,6 1,8 ± 0,5 
Low Flow 9,1 ± 6,3 1,3 ± 0,4 2,8 ± 1,1 4,0 ± 0,9 6.0 ± 3.0 # 

% ED-1 positive 
area  

Normal Flow 0,02 ± 0,01 0,17 ± 0,11 0.08 ± 0.02 0,03 ± 0,01 0,02 ± 0,01 
High Flow 0,03 ± 0,01 0,29 ± 0,11 0.11 ± 0.05 0,01 ± 0,01 0,03 ± 0,01 

Low Flow 1,24 ± 0,56 
# 

5.89 ± 3.10 
## 

0.24 ± 0.09 
& 0,38 ± 0,23 1,41 ± 0,63 

# 

Table 5.1: General animal characteristics and overview of structural parameters. Data are shown as 
mean ± SEM. *: p < 0.05, **: p < 0.01, ***: p < 0.001 NT versus HT; #: p < 0.05, ###: p < 0.001 versus 
NF, &: p < 0.05 HT versus HT + SOL1. NT: normotensive rats, HT: DOCA-salt hypertensive rats. 

In normotensive rats, the size of mesenteric small arteries (MrA) tended to increase 
between 14 and 17 weeks of age (Figure 5.1 A,B and Figure 5.2). The increases in 
lumen diameter (Ø: 385 ± 13 to 414 ± 20 µm), media cross sectional area (mCSA: 10 ± 
1 to 13 ± 2 103 µm2) and in the number of nuclear profiles per medial section (# nuclei: 
45 ± 3 to 49 ± 5) did, however, not reach statistical significance. 

Resistance artery remodeling in DOCA-salt hypertensive rats  

MrA diameter was significantly increased after 3 weeks of DOCA-salt hypertension (Ø: 
385 ± 13 to 452 ± 12 µm, p < 0.05; Figure 5.1 C and Figure 5.2 A). After 6 weeks of 
hypertension, MrA diameter tended to be increased (Ø: 414 ± 20 to 451 ± 12 µm; 
Figure 5.1 D and Figure 5.1 B) but this was no longer statistically significant compared 
to arteries from age-matched normotensive rats. After both 3 and 6 weeks of DOCA-salt 
hypertension, significant media hypertrophy was observed (mCSA: 3 weeks: 10 ± 1 to 
16 ± 1 103 µm2, p < 0.01; 6 weeks: 13 ± 2 to 24 ± 3 103 µm2, p < 0.01; Figure 5.2 C, D). 
This was accompanied by hyperplasia and by increased arterial wall stiffness. # nuclei 
averaged 45 ± 3 and 58 ± 4 at 3 weeks (p < 0.05; Fig. 2 E) and 49 ± 5 and 66 ± 7 at 6 
weeks (NS; Figure 5.2 F) and the stiffness factor averaged -0.034 ±0.002 and -0.022 ± 
0.002 mmHg-2 at 3 weeks (Figure 5.2 G) and -0.031 ± 0.002 and -0.016 ± 0.002 mmHg-2 

at 6 weeks (Figure 5.2 H) in normotensive and hypertensive rats, respectively. The 
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elastin to collagen ratio was, however, not significantly modified (Table 5.1) nor was 
there a significant increase in monocyte/macrophages in the tunica media of MrA from 
DOCA-salt hypertensive rats (Table 5.1).  

3 Weeks treatment of DOCA-salt hypertensive rats with SOL1 tended to attenuate 
arterial outward remodeling (Ø: 419 ± 13 µm, NS, Figure 5.1 E and Figure 5.2 A), but 
did not modify arterial hypertrophy (mCSA: 14 ± 2 103 µm2, Figure 5.2 C), arterial 
stiffness (-0.021 ± 0.002 mmHg-2, Fig. 2 G) or elastin to collagen ratio (0.81 ± 0.47). 
Chronic treatment with the dual NEP/ECE inhibitor did, however, significantly reduce 
arterial hyperplasia (# nuclei: 42 ± 3, p < 0.05 versus solvent treated DOCA-salt rats) 
(Figure 5.2 E). 

Flow-related arterial remodeling in normotensive rats 

Increased local blood flow (HF) during 4 weeks in normotensive rats, caused an upward 
shift of the pressure-diameter relationship (Fig. 1 A) and significantly increased lumen 
diameter (Ø: to 463 ± 22 µm, p < 0.001; Fig. 2 A), medial mass (mCSA: to 15 ± 2 103 
µm2, p < 0.05; Fig. 2 C) and cellularity at 80 mmHg (# nuclei: to 56 ± 3; Fig. 2 E) 
compared to vessels exposed to normal blood flow (NF). This is in line with the flow-
induced outward hypertrophic remodeling reported before [9, 27, 30, 31]. It was, 
however, not accompanied by altered arterial wall stiffness (Figure 5.2 G), elastin to 
collagen ratio or macrophage count (Table 5.1). Surprisingly, after 7 weeks exposure to 
elevated blood flow, the outward remodeling (Figure 5.1 B) and the increases in lumen 
diameter (Ø: to 455 ± 21 µm, NS, Figure 5.2 B), in medial mass (mCSA: to 14 ± 1 103 
µm2, NS, Figure 5.2 D) and the hyperplasia (#nuclei: to 41 ± 3, NS; Figure 5.2 F) were 
no longer statistically significant compared to control (NF) arteries of the same 
normotensive rats. 
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Figure 5.1: Relation between imposed pressure and diameter after 4 weeks of altered flow in mesenteric 
resistance arteries of (A) NT, (C) HT and (E) HT + SOL1: Relation between imposed pressure and 
diameter after 7 weeks of altered flow in mesenteric resistance arteries in (B) NT and (D) HT. 
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Figure 5.2: The lumen diameter as measured at 80 mmHg after (A) 4 weeks (B) 7 weeks of altered blood 
flow. The Effect of altered blood flow on cross sectional area of the medial layer after (C) 4 weeks (D) 7 
weeks. The effect of altered blood flow on the number of medial cells per cross section after (E) 4 weeks 
(F) 7 weeks. The effect of altered blood flow on the stiffness index after (G) 4 weeks (H) 7 weeks. Data 
are shown as mean ± SEM.*: p < 0.05 NT versus HT, #: p < 0.05 NF versus HF/LF, +: p < 0.05 HT 
versus HT + SOL1. 

Reduced local blood flow (LF) during both 4 and 7 weeks in normotensive rats, 
markedly reduced arterial diameter and markedly increased arterial wall stiffness 
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(Figure 5.1 A,B, Figure 5.2 A,B,G,H) without significant changes in medial mass 
(mCSA: to 11 ± 1 and 11 ± 3 103 µm2, NS, Figure 5.2 C,D) or medial cell number 
(#nuclei: 40 ± 4 and 90 ± 13, after 4 and 7 weeks, respectively, NS, Figure 5.2 E,F). At 
3 weeks an elevated number of ED-1-positive monocyte/macrophages was observed in 
the LF vessels of normotensive rats, but this was no longer statistically significant at the 
later time point (Table 5.1). 

 
Figure 5.3: Cross sections of low flow arteries of normotensive rats stained for (A) ED-1, (C) alpha 
smooth muscle actin, and DOCA-salt hypertensive rats stained for (B) ED-1, (D) alpha smooth muscle 
actin. 

Flow-related arterial remodeling in DOCA-salt hypertensive rats 

In MrA of DOCA-salt hypertensive rats, no additional outward hypertrophic remodeling 
occurred in HF arteries after 4 weeks (Ø: 452 ± 12 to 471 ± 16 µm, mCSA: 16 ± 1to 16 
± 1 103 µm2, # nuclei: 53 ± 4 to 53 ± 5) (Figure 5.1 C and Figure 5.2 A,C,E) and after 7 
weeks (Ø: 451 ± 12 to 486 ± 12 µm, mCSA: 24 ± 3 to 21 ± 2 103 µm2, # nuclei: 66 ± 7 
to 53 ± 4) (Figure 5.1 D and Figure 5.2 B,D,F). Flow-induced outward remodeling was 
however improved by 3 weeks treatment with SOL1 (Ø: from 419 ± 13 to 475 ± 16 µm 
p < 0.05; Figure 5.1 E and Figure 5.2 A) but no hypertrophy was found in HF arteries of 

D C 

A B 
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DOCA-salt hypertensive rats treated with SOL1 (mCSA from 14 ± 2 to 14 ± 2 103 µm2) 
(Figure 5.2 C). 

While additional outward remodeling was blunted in DOCA-salt hypertensive rats, their 
LF arteries became markedly narrower (Figure 5.1 C,D, Figure 5.2 A,B) and stiffer 
(Figure 5.2 G,H). Lumen diameter was reduced from 452 ± 12 to 290 ± 14 µm (p < 
0.001) and from 451 ± 16 to 265 ± 14 µm (p < 0.001) at 3 and 6 weeks of hypertension, 
respectively (Figure 5.2). Media mass was significantly reduced at 3 weeks (mCSA: 16 
± 1 to 12 ± 2 103 µm2, p < 0.05) but not at 6 weeks of hypertension (mCSA: 24 ± 3 to 16 
± 2 103 µm2, NS; Figure 5.2) a stage at which a marked increase in medial cell number 
was observed (Figure 5.2 F). Despite the marked stiffening, the elastin to collagen ratio 
was significantly increased (Table 5.1).  

Chronic treatment of DOCA-salt hypertensive rats with the dual NEP/ECE inhibitor 
SOL1 further decreased the diameter of LF arteries (Ø: 253 ± 6 µm) and significantly 
decreased their media cross sectional area (mCSA: 7 ± 1 103 µm2, p < 0.05) and medial 
cell number (# nuclei: 42 ± 4) but did not affect stiffness (Figure 5.2) or elastin/collagen 
(Table 5.1) 

In an attempt to evaluate inflammation and characterize the nature of the hyperplastic 
changes we performed immunohistochemistry for ED-1 and smooth muscle α-actin 
(ASMA) (Figure 5.3). Significant numbers of monocyte/macrophages in the tunica 
media were observed only in LF arteries (Table 5.1). In arteries of normotensive rats 
this was a transient response, while in arteries of DOCA-salt hypertensive rats this was 
still statistically significant at 6 weeks (Table 5.1). Treatment with SOL1 significantly 
reduced this index of inflammation (Table 5.1). ED-1 staining was also observed in the 
adventitia of LF arteries (Figure 5.3 B), but this could not be crisply quantified. ASMA-
staining indicates that the vast majority of cells in the hyperplastic tunica media of the 
LF arteries of DOCA-salt hypertensive rats were still differentiated smooth muscle cells 
(Figure 5.3 D). Moreover, this approach revealed development of new blood vessels in 
this setting. 

Discussion 

The main findings of this study are that, in mesenteric resistance arteries of DOCA salt 
hypertensive rats, flow-induced outward remodeling is impaired. Moreover mesenteric 
resistance arteries of DOCA-salt hypertensive rats are hypertrophic and show a clear 
inflammatory component. These effects can partly be prevented by treatment with a 
dual NEP/ECE inhibitor.  

DOCA-salt hypertension is a model of low renin/angiotensin but high ET1 levels which 
shows pronounced endothelial dysfunction [19] and arterial hypertrophy [20, 21]. 
Endothelin-1 is not only a potent vasoconstrictor [14] but is also a pro-inflammatory 
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agent [17], has mitogenic effects on vascular smooth muscle cells [15], is pro-
angiogenic [18] and promotes fibrosis [16]. An upregulation of the ET1 system has 
been linked to numerous pathologies including salt-sensitive hypertension [20, 21, 32, 
33]. Because of these functions the endothelin system might in large part contribute to 
the hypertrophy and the endothelial dysfunction observed in DOCA-salt hypertension. 
In an attempt to test this we (i) treated DOCA-salt hypertensive rats for three weeks 
with the NEP/ECE inhibitor SOL1 and (ii) studied the endothelium-dependent structural 
effects of imposed changes in blood flow in DOCA salt hypertensive rats.  

In this study MrA’s of DOCA-salt hypertensive rats showed hypertrophic arterial 
remodeling after 3 and 6 weeks. At 3 weeks of hypertension an increase in diameter was 
observed while at 6 weeks of hypertension diameter did not differ from that in arteries 
of normotensive rats which had increased as a result of development. Reports from 
other groups lean more to an unaltered or decreased arterial diameter [5, 21]. This 
discrepancy might be because of differences in strain and age of the rats and in other 
aspects of the protocols used to induce DOCA-salt hypertension. A possible explanation 
for the increase in diameter after 3 weeks of hypertension is that in this experimental 
model blood pressure rises in a much shorter timeframe than in genetic hypertension [8] 
and that mesenteric blood flow may increase during the first weeks of DOCA-salt 
hypertension [34]. While outward remodeling is generally not observed in models of 
hypertension, hypertrophic remodeling is often witnessed especially in models of non 
genetic hypertension and experimental hypertension. Also ET1 has been shown to 
contribute to the remodeling of large and small arteries in hypertension [35, 36]. 
Hypertrophic remodeling rather than eutrophic remodeling of resistance arteries seems 
to occur in models associated with an upregulated endothelin system [5]. This is in line 
with the observation that chronic administration of the non- selective ET-receptor 
antagonist bosentan reduces the cross sectional area of the arterial media in DOCA-salt 
hypertensive rats [5]. In contract in mRen2 transgenic rats, a model of enhanced 
endogenous angiotensin II generation, inward eutrophic remodeling was observed and 
bosentan had no effects on arterial structure [37]. A dual ACE/NEP inhibitor and an 
ACE inhibitor on the other hand caused a significant regression of arteriolar structural 
changes [38-40]. Figure 5.4 shows a schematic overview of changes in arterial lumen 
diameter and medial mass in relation to hypertension (blue arrow) and age (purple 
arrow). 
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Figure 5.4: Schematic overview of changes in arterial lumen diameter and medial mass in relation to 
hypertension (blue arrow), imposed changes in flow (green arrow (high flow) and red arrow (low flow)), 
SOL1 treatment during hypertension (HT + SOL1: orange arrow) and age (purple arrow). NT: 
normotensive rats, HT: DOCA-salt hypertensive rats 

In the present study, 3 week treatment of DOCA-salt hypertensive rats with the 
NEP/ECE inhibitor SOL1, tended to reduce the arterial diameter and -hypertrophy and 
significantly reduced the arterial hyperplasia. Whether this is due to reduction of the 
direct arterial effects of ET1 or indirectly to the reduction of blood pressure, however, 
remains to be established. To discriminate between the effects of blood pressure 
lowering and of modified levels of vasoactive peptides, future studies with vasodilator 
compounds in a setting similar to the one used here may be considered. Figure 5.4 
shows a schematic overview of changes in arterial lumen diameter and medial mass in 
relation to SOL1 treatment during hypertension (orange arrow) 

Pourageaud and De Mey showed that in 6 week old Wistar-Kyoto rats, elevated blood 
flow resulted in outward hypertrophic remodeling and reduced blood flow in inward 
hypotrophic remodeling 4 weeks after flow altering surgery [30]. Similar observations 
were made by our group and others [27, 30, 41, 42]. In the present study, we observed 
flow-induced outward hypertrophic remodeling but no hypotrophy in resistance arteries 
exposed to low blood flow in normotensive Wistar rats studied between 10 and 14 
weeks of age. This is indicates dependence of flow-related arterial remodeling on rat 
age [43] and strain [44]. Unexpectedly, no significant differences in diameter and media 
mass were observed between control arteries and arteries exposed during 7 weeks to 
elevated blood flow in normotensive rats. This seems to be due to the growth and 
development of the control arteries during this period time. We speculate in this respect 
that the marked flow-induced remodeling of young arteries represents an accelerated 
developmental process [45]. 

In resistance arteries of DOCA-salt hypertensive rats, remodeling in response increased 
blood flow was blunted (see below) but structural responses to reduced blood flow were 
extensive. We observed a marked decrease in diameter that was, as in normotensive 
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rats, not accompanied by a significant change in media mass. Unlike in normotensive 
rats, signs of marked and long lasting inflammation were observed such as extensive 
ED1 staining in tunica media and adventitia and sprouting of new vessels in the 
adventitial layer. The observation that in DOCA-salt hypertensive rats treated with 
SOL1, mesenteric arteries exposed to decreased flow were hypotrophic and lack the 
inflammatory component as well as the artery-like structures in the adventitia are in line 
with the mitogenic, proinflammatory and proangiogenic effects of ET1 [15, 17, 18]. 

Flow-induced outward arterial remodeling did not occur in DOCA-salt hypertensive 
rats. This implies that the physiological response to an increase in flow, outward 
remodeling, is impaired in DOCA-salt hypertensive rats. This model of hypertension is 
described to show pronounced endothelial dysfunction [19] as evidenced by increased 
infiltration of inflammatory cells and reduced endothelium-dependent vasodilatation 
and increased endothelium-dependent vasoconstriction. Several studies indicate a strong 
interplay between endothelin-1 and endothelium derived nitric oxide [46]. Amiri et al. 
[35] showed that overexpressing the human prepoET1 gene in the endothelium in mice 
caused endothelial dysfunction and reduced NO bioavailability. Strong evidence 
indicates that endothelium-derived NO and other relaxing factors, can be released from 
the endothelium in response to increased shear stress mediating flow-induced 
vasodilatation [2, 3]. Endothelium-derived NO also plays a role in the arterial 
remodeling of large conduit arteries in response to a chronic increase in blood flow [47, 
48]. In small resistance-sized arteries, the situation is less clear. Here NO is not the only 
endothelium-derived relaxing factor [49] and chronic pharmacological inhibition of 
NO-synthases does not inhibit flow-induced arterial remodeling [27]. In contrast to L-
NAME-induced hypertension, flow-induced remodeling was inhibited in DOCA-salt 
hypertensive rats. This indicates that in DOCA-salt hypertension endothelium-
dependent remodeling of resistance arteries is blunted independently from classical 
endothelial dysfunction. Outward remodeling might be independent of endothelium-
dependent vasodilatation. Alternatively, the endothelial dysfunction in DOCA-salt 
hypertension might not be restricted to reduced bioavailability of NO and upregulation 
of ET1, but also involve another endothelium-derived relaxing factor such as EDHF 
contributing to structural changes. Another possibility is that, due to the increase in 
diameter occurring during the development of the hypertension and due to the increased 
arterial stiffness, the dynamic range to respond to an imposed increase in flow might be 
considerably reduced in DOCA-salt hypertensive rats. Chronic SOL1 treatment during 
the development of DOCA-salt hypertension preserved the flow induced outward 
remodeling response. Thus NEP/ECE inhibition improves endothelium-dependent 
structural responses in mesenteric arteries of DOCA-salt hypertensive rats. Because a 
moderate inflammatory response seems necessary for the initiation of outward 
remodeling, the pharmacological effect is unlikely due to its anti-inflammatory 
consequences. The possible contributions of reduced blood pressure, reduced synthesis 
of ET1 and of improved non-NO-mediated relaxation, however, remain to be 
established. Figure 5.4 shows a schematic overview of changes in arterial lumen 
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diameter and medial mass in relation to an increase (green arrows) and a decrease (red 
arrows) 

Our study has a number of limitations. The 3D-dissector technique is more accurate to 
determine changes in cell number and size, than the more rapid counting of nuclear 
profiles on hematoxylin-eosin stained tissue sections [9]. Additional measurement of 
local transmural pressure and of local blood flow at the various time points would have 
allowed to speculate on the extent to which normalization of wall stress and wall shear 
stress is impaired in mesenteric resistance arteries of DOCA-salt hypertensive rats. 

In conclusion we observed in resistance arteries of DOCA-salt hypertensive rats, a 
selective reduction of flow-induced outward remodeling. This indicates that in this 
experimental model of hypertension, endothelial dysfunction is not limited to reduced 
endothelium-dependent vasodilatation. In addition some of our findings in arteries of 
both normotensive and hypertensive rats suggest that experimentally induced and 
developmental flow-induced arterial remodeling have the same upper limit. This should 
be taken into account when for instance vasodilator therapies are being proposed for 
reversal of inward arterial remodeling in essential hypertension [50]. 
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Abstract 

ET1 is a potent vasoconstrictor peptide with pro-mitogenic and pro-inflammatory 
properties and is therefore of interest in the development of endothelial dysfunction, 
endothelium dependent flow-related remodeling and hypertension-related remodeling. 
ET1 can be formed through cleavage of big-ET1 by endothelin converting enzyme 
(ECE) and neutral endopeptidase (NEP). We investigated whether the dual NEP/ECE 
inhibitor SOL1 improves resistance artery function and structure in 12 weeks old SHR 
and whether arterial structural responses to decreased (-90%) or increased (+100%) 
blood flow are impaired in young SHR. To this end two groups of SHR received 
chronic 4 week treatment at two different timepoints (4-8 weeks and 8-12 weeks) prior 
to the experiment. We compared in vitro effects of COX-inhibition (1 µM 
indomethacine), NOS-inhibition (100 µM L-NAME) and stimulation of the 
endothelium by 0.001 - 10 µM acetylcholine (ACh) in isolated 3rd order mesenteric 
arteries (MA) of SHR and aged matched WKY. SOL1 had no effect on blood pressure 
in SHR or WKY. ACh caused biphasic effects in MA of SHR. The contractile 
component (EDCF) was (1) absent in WKY and (2) abolished by acute indomethacin 
administration or chronic SOL1 treatment. EDNO (endothelium derived nitric oxide) -
type responses did not differ in both strains and were not influenced by SOL1 treatment. 
EDHF (endothelium derived hyperpolarizing factor) -type responses were severely 
impaired in SHR compared to WKY and were normalized by chronic SOL1 treatment. 
In 1st order MA, outward flow-induced remodeling was impaired in SHR. Chronic 
SOL1 treatment did not restore this response. 

Thus chronic SOL1 treatment during the development of hypertension in SHR has no 
effect on blood pressure but improves several aspects of endothelium-dependent 
vasomotor responses but not –arterial remodeling. 
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Introduction 

The endothelium, can produce several vasoactive compounds that communicate with 
the underlying smooth muscle thus inducing vasomotor responses to control blood 
pressure and blood flow. Endothelium-derived vasoactive factors include the 
vasodilators nitric oxide (NO), endothelium-derived hyperpolarizing factors (EDHF) 
and prostacyclin, and the vasoconstrictors endoperoxides and endothelin-1 (ET1) [1, 2]. 
Endothelial dysfunction is classically described as an impairment of endothelium-
dependent relaxing responses and an enhanced sensitivity to vasoconstrictors. In many 
forms of human and experimental hypertension, endothelial dysfunction and arterial 
remodeling are considered key players in the development and maintenance of high 
blood pressure [1, 3, 4]. A well described example of hypertension leading to an altered 
function of the endothelium is the spontaneously hypertensive rat (SHR), which shows 
decreased arterial relaxing responses to acetylcholine (ACh) and an increased 
production of an endothelium derived contractile factor (EDCF) in this case contractile 
prostaglandins [5]. 

Hypertension is also associated with remodeling of resistance sized arteries. In SHR, 
mesenteric resistance arteries display inward eutrophic remodeling attributed to 
reorganization of a normal arterial wall mass around a narrower lumen. This 
hypertension-related remodeling might contribute to the increased peripheral resistance 
observed in this model [6]. Chronic changes in blood flow can also cause arteries to 
remodel. Initially an alteration in blood flow causes a change in vasomotor tone which 
modifies the arterial diameter in order to normalize wall shear stress. When the increase 
in blood flow is sustained, arteries can structurally remodel to restore normal values of 
wall shear stress and circumferential wall stress [7]. Both the acute and the chronic 
response are endothelium-dependent processes [8, 9] and are thus likely to be affected 
by endothelial dysfunction. Studies from our group showed that during the development 
of hypertension in SHR, the levels of the endothelium-derived peptide ET1 are 
increased in several organs [10]. Apart from being a potent vasoconstrictor, ET1 is also 
a potent growth promoting and pro-inflammatory agent [11-15]. Because of these 
functions ET1 is of interest in the development of endothelial dysfunction, 
hypertension-related remodeling and flow-related remodeling. ET1 can be formed 
through cleavage of big-ET1 by endothelin converting enzyme (ECE). Alternatively 
big-ET1 can be hydrolyzed by chymase or matrix metalloproteinase 2 (MMP2) to form 
ET1 (1-31) or ET1 (1-32) respectively. Both are further processed into ET1 by neutral 
endopeptidase (NEP) [16-18]. Thus a dual NEP/ECE inhibitor, for example the novel 
compound SOL1, reduces ET1 production by inhibiting all three pathways [19]. 
Recently Kalk et al. [20] reported that the dual NEP/ECE inhibitor SLV338, an 
analogue of SOL1, reduced myocyte hypertrophy, interstitial fibrosis and perivascular 
fibrosis. 
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We tested the hypotheses that chronic NEP/ECE inhibition improves (i) endothelial 
function of mesenteric resistance arteries of SHR and (ii) the ability of mesenteric 
resistance arteries of SHR to remodel in response to imposed flow changes. In previous 
studies from our group ET1 content was increased in heart and kidneys of SHR 
compared to WKY at 8 weeks of age and remained stable for the next four weeks. 
Therefore we treated one group between 4 and 8 weeks of age (to test if preventing the 
increase in ET1 content had beneficial effects) and another group between 8 and 12 
weeks of age (to test if lowering ET1 content after an initial increase had beneficial 
effects). 

Materials and Methods 

Animals, model and surgery 

12 week old spontaneously hypertensive rats (SHR) and age matched WKY 
normotensive controls (Charles River, Maastricht, The Netherlands) were used in all 
experiments, which were performed in accordance with the ethical committee for 
animal welfare of the Maastricht University.  

All animals were anesthetized with isoflurane (1-4%) and osmotic minipumps (Alzet, 
Cupertino, CA, USA) were implanted subcutaneously for chronic continuous drug 
treatment over the next 4 weeks Preliminary dose-finding experiments were carried out 
to identify appropriate doses of the dual NEP/ECE inhibitor SOL1 (2-{[1-({[(3S)-1-
(carboxymethyl-2-oxo-2,3,4,5-tetrahydro-1H-1-benzazepin-3-
yl]amino}carbonyl)cyclopentyl]methyl}-4-[[3-methylamino)propyl](methyl)amino]-4-
oxobutanoic acid; Abbott). A dose of 50 mg/kg/day drastically decreased urinary ET1 
content (from 32.89 ± 3.91 to 1.35 ± 0.25 pg/ml p < 0.001). We opted for 2 treatment 
regimes. The first regime consisted of a 4 week treatment before a peak in ET1 content 
is reached (4-8 weeks). Terminal experiments were performed at week 12. The second 
regime consisted of a 4 week after the peak in ET1 content (8-12 weeks). Animals were 
randomly assigned to a chronic treatment group (n = 6). The vehicle group received 
osmotic minipumps containing a saline solution for the same period of time. At week 8, 
blood flow–modifying surgery was performed in the animals by distal ligation of 
alternate first-order mesenteric arteries to create arteries chronically exposed to low 
blood flow (LF). The patent arteries between these then had a compensatory increased 
blood flow (HF). Arteries from a distant part of the intestine were considered control 
arteries exposed to normal flow (NF) [21, 22]. The intra-arterial blood pressure was 
measured in conscious unrestrained state rats via a heparinized (5 U/ml) indwelling 
polyethylene catheter that was introduced into the left femoral artery 2 days before 
measurement. The arterial catheter was connected to a pressure transducer (Micro 
Switch 150 PC) and its output was sampled at 2.5 kHz. MAP was calculated using the 
IDEEQ data-acquisition system (instrument services, Maastricht University, The 
Netherlands). Animals were euthanized by isoflurane (>4%). 
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Physiological solutions and drugs 

The Krebs Ringer bicarbonate-buffered physiological salt solution (KRB) that was 
continuously aerated with 95% O2/5% CO2 and maintained at 37°C contained (in mM): 
118.5 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25.0 NaHCO3 and 5.5 
glucose. Capsaicin (CAPS) and indomethacin (INDO) were purchased from Sigma 
Aldrich (Zwijndrecht, the Netherlands) and dissolved in ethanol. Acetylcholine (ACh), 
noradrenaline (NA), phenylephrine (PHE) and the nitric oxide synthase inhibitor Nω-
nitro-L-arginine (L-NAME) were all purchased from Sigma Aldrich (Zwijndrecht, The 
Netherlands) and dissolved in KRB. High K+-KRB solution was KRB in which all NaCl 
was replaced by KCl. Solutions containing 10–40 mM K+ were prepared by mixing 
appropriate volumes of KRB and K+ -KRB. 

Wire Myography 

Third order mesenteric resistance arterial segments of approximately 2 mm in length 
were isolated and mounted in wire myographs for the recording of isometric force 
development [23]. Each experiment started by progressively stretching the arterial 
segment to the diameter at which the largest contractile response to 10 µM NA could be 
obtained (optimal diameter). To prevent the sensory nerves from releasing calcitonin 
gene related peptide (CGRP) when stimulated during potassium induced depolarizations 
all arterial segments were exposed to capsaicin (1 µM, during 20 min) [24, 25]. 
Viability of the endothelium was tested by measuring ACh (10 µM) induced relaxation 
during PHE induced contraction. Contractile responses to increasing concentrations of 
K+ (5.9-40 mM) and PHE (0.16–20 µM) and relaxing responses to increasing 
concentrations of ACh (0.001-10 µM) were recorded. The effects of nitric oxide 
synthase inhibition (L-NAME, 100 µM), cyclo-oxygenase inhibition (INDO, 1 µM) 
were evaluated. 

Determination of arterial remodeling 

1st order MA exposed to high flow (HF) or low flow (LF) conditions in vivo were 
isolated. Arteries located outside the region of ligation were used as normal flow 
controls (NF). Arteries were mounted on two glass micropipettes in an organ chamber 
filled with Ca 2+-free Krebs Ringer solution (144 mM NaCl, 4.7 mM KCl, 1.2 mM 
MgSO4, 1.2 mM KH2PO4, 14.9 mM HEPES, and 5.5 mM glucose; pH 7.4). 10 µM Na-
nitroprusside (SNP, Sigma Aldrich, Zwijndrecht, the Netherlands) was added to ensure 
maximal vasodilatation. A pressure-diameter relationship was established by recording 
the lumen diameter while gradually increasing the distending pressure (20-120 mmHg, 
10 mmHg steps). After the experiment, vessels were fixed at 80 mmHg in 4% 
phosphate buffered formaldehyde solution for 1 hour and stored in 70% ethanol. 
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Histological analyses 

Fixed vessels were embedded in paraffin and cross-sections (4 μm) were stained with 
Lawson’s solution (Boom, Meppel, the Netherlands). Media cross-sectional area 
(mCSA) was determined from the circumferences of the internal and external elastic 
laminae. The average number of nuclear profiles in the media was determined by 
counting on haematoxylin-eosin stained cross-sections (# nuclei).  

Statistical analysis 

Results are expressed as means ± SEM. All contractile responses are represented as a 
percentage of the maximal NA response prior to the administration of any 
pharmacological inhibitor. Individual concentration-response curves were fitted to a 
non-linear sigmoid regression curve (Graphpad Prism 5.0). Sensitivity (pEC50) and 
maximal effect (Emax) are shown as mean ± SEM. Statistical significance of differences 
between groups was evaluated by analysis of variance (ANOVA for consecutive 
measurements for pressure-diameter curves) or 1-way ANOVA (to compare pEC50 and 
Emax) followed by Bonferroni post-test (graphpad 5.0). A value of P < 0.05 was 
considered statistically significant. 

Results 

General characteristics 

Blood pressure of 12 week old SHR was significantly increased compared to WKY. 
Body weights of 12 week old SHR were significantly lower than age matched WKY. 
The treatments with SOL1 had no significant effect on either blood pressure or body 
weight of SHR and WKY (Table 6.1).  

Treatment  4 – 8 weeks of age 8 - 12 weeks of age  

 Vehicle (n=6) SOL1 (n=6) Vehicle (n=6) SOL1 (n=6) 

Body weight (g) 
WKY 335 ± 6 331 ± 4 318 ± 3 307 ± 8 
SHR 289 ± 7 *** 288 ± 7 *** 278 ± 5 *** 277 ± 8 * 

MAP (mmHg) 
WKY 113 ± 2 102 ± 2 110 ± 1 108± 1 

SHR 165 ± 2 *** 160 ± 4 *** 160 ± 3 *** 165 ± 2 *** 

Table 6.1: General characteristics of 12 week old rats. Data are shown as mean ± SEM, *: p < 0.05 
WKY versus SHR, ***: p < 0.001 WKY versus SHR 

Optimal diameter and active tension are summarized in Table 6.2. Diameters of 
mesenteric resistance arteries of WKY and SHR were not significantly influenced by 
the 4-8 week SOL1 treatment. Active tension was slightly decreased in WKY and 
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significantly decreased in SHR by the 4-8 week SOL1 treatment. The 8-12 week SOL1 
treatment had no effect on diameter or active tension. Emax values of the precontractions 
were comparable between different strains and treatment groups (Figure 6.1). 

Treatment 
 4 - 8 weeks of age 8 - 12 weeks of age 

 Vehicle 
(n=6) 

SOL1 
(n=6) 

Vehicle 
(n=6) 

SOL1 
(n=6) 

Diameter (µm) 
WK
Y 263± 17 233± 8 254± 10 246± 10 

SHR 241 ± 7 233 ± 8 240± 8 240 ± 5 

Active Tension 
(N/m) 

WK
Y 3.3 ± 0.2 2.8 ± 0.3 3.2 ± 0.3 3.2 ± 0.3 

SHR 3.5 ± 0.2 2.7 ± 0.3 * 3.6 ± 0.5 3.5 ± 0.3 

Table 6.2: General characteristics of 3rd order mesenteric resistance arteries. Optimal diameter and 
maximal tensions to 10 μM noradrenaline. Data are shown as mean ± SEM, *: p < 0.05 Vehicle versus 
SOL1 

Effects of Chronic NEP/ECE inhibition on acetylcholine induced EDCF responses in 
mesenteric arteries of WKY and SHR. 

To asses endothelium-dependent responses arteries were precontracted with PHE and 
exposed to increasing concentrations of ACh (0.001-10 µM). In arteries of WKY, ACh 
caused concentration-dependent relaxations. In arteries of SHR, the muscarinic agonist 
caused biphasic responses; relaxation at low and contraction at high concentrations 
(Figure 6.2 A, B). No significant difference in pEC50 but a significant decrease in Emax 
in SHR was observed. The EDCF component in the SHR was significantly inhibited by 
both 4-8 and 8-12 week SOL1 treatment (Figure 6.2 A, B, Table 6.3) which did not 
significantly influence pEC50. 
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Figure 6.1: Maximal contraction in response to 20 μM PHE (A), 20 μM PHE in presence of INDO (1 
μM) and L-NAME (100μM) (B) and 40 mM K+ in presence of INDO (1 μM) (C). Contractions are 
shown as a percentage of a contraction with 10 μM NA. Data are shown as mean ± SEM. 
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Effects of Chronic NEP/ECE inhibition on acetylcholine induced EDHF responses in 
mesenteric arteries of WKY and SHR. 

To assess the contribution of EDHF to the ACh (0.001-10 µM) induced relaxing 
response, arteries were precontracted with PHE (20 µM) in presence of INDO (to 
prevent formation of vasodilator and vasoconstrictor prostaglandins) and L-NAME (to 
prevent involvement of NO). The remaining ACh induced response was considered 
EDHF. 

pEC50 values did not differ significantly between WKY or SHR, treated or not treated, 
(Figure 6.2 C, D, Table 6.3). Maximal relaxation was impaired in SHR compared to 
WKY. The maximal EDHF response was significantly improved by the 8-12 week 
SOL1 treatment. The 4-8 week SOL1 treatment tended to increase the maximal EDHF 
response but this did not reach statistical significance. 

Effects of Chronic NEP/ECE inhibition on acetylcholine induced EDNO responses in 
mesenteric arteries of WKY and SHR. 

To investigate the contribution of nitric oxide in the ACh (0.001-10 µM) induced 
relaxing response, arteries were precontracted with high potassium buffer in the 
presence of INDO (to prevent formation of vasodilator and vasoconstrictor 
prostaglandins). A high extracellular K+ concentration effectively prevents EDHF-

related responses [26].The remaining ACh induced response was completely abolished 
in presence of L-NAME (relaxations between 0 and 3 % of the maximal contraction) 
and was thus considered EDNO. 

No significant differences of the pEC50 and Emax of ACh were observed between WKY 
and SHR, and between treated and non treated animals when considering the 
contribution of NO to the ACh induced relaxing response (Figure 6.2 E, F, Table 6.3). 
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Figure 6.2: Acetylcholine-induced in 3rd order mesenteric arteries. The top panels depict the response 
to increasing concentrations of ACh (0.001-10 μM) during a PHE (20 μM) precontraction. The typical 
biphasic response is only observed in the SHR. The middle panels depict the response to increasing 
concentrations of ACh (0.001-10 μM) during a PHE (20 μM) precontraction in presence of INDO (1 
μM) and L-NAME (100 μM). These EDHF type responses are severely impaired in SHR, but partly 
restored by SOL1 treatment. The bottom panels depict the response to increasing concentrations of 
ACh (0.001-10 μM) during a K+-induced (40 mM) precontraction in presence of INDO (1 μM). The 
closed circles depict WKY, the open squares depict SHR. The effects of SOL1 treatment are shown in 
green. Data are shown as mean ± SEM 
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Figure 6.3: Relation between imposed pressure and diameter after 4 weeks of altered flow in mesenteric 
resistance arteries of (A) WKY, (B) WKY + SOL1 treatment from week 4-8 (C) WKY + SOL1 
treatment from week 8-12: (D) SHR, (E) SHR + SOL1 treatment from week 4-8 (F) SHR + SOL1 
treatment from week 8-12. Data are shown as mean ± SEM. 

Mechanical and morphological properties of mesenteric resistance arteries of WKY 
and SHR, effects of NEP/ECE inhibition. 

Diameter of 1st order mesenteric arteries of SHR was smaller than the diameter of WKY 
arteries although this did not reach significance (Figure 6.3 A, B, Figure 6.4 A). These 
arteries of SHR showed no significant hypertrophy or hyperplasia (Figure 6.4 B, C).  
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Figure 6.4: Effects of 4 weeks of altered blood flow on (A) lumen diameter (measured at 80 mmHg), (B) 
cross sectional area of the medial layer (mCSA), (C) the number of medial cells per cross section after 4 
weeks (NCC) of 1st order mesenteric arteries of WKY (open bars) and SHR (closed bars). Data are 
shown as mean ± SEM. *: p < 0.05 versus NF 

An imposed increase in blood flow caused outward remodeling in MA of normotensive 
WKY (Figure 6.3 A, B, Figure 6.4 A) that was accompanied by modest hypertrophy 
and hyperplasia (Figure 6.4 B, C). An imposed decrease in blood flow caused 
significant inward remodeling (Figure 6.3 A, B, Figure 6.4 A). This response was 
accompanied by hypotrophy without a significant change in cellularity of the media 
(Figure 6.4 B, C). These observations in WKY are similar to earlier observations [21, 
22, 27, 28]. 

In MA of SHR, outward remodeling in response to increased blood flow did not occur. 
Moreover no significant change in cross sectional area of the media or cellularity were 
observed. LF arteries in SHR showed an inward (Figure 6.3 A, B, Figure 6.4 A) 
hypotrophic remodeling response without a change in cellularity (Figure 4 B, C). 

Neither a 4-8 week or an 8-12 week treatment with SOL1 significantly influenced 
arterial structure nor flow-induced arterial remodeling in WKY and the failure of the 
latter in SHR (Figure 6.3).  
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Discussion 

The main finding of this work is that NEP/ECE-inhibitor treatment normalizes 
endothelium-dependent vasodilatation in resistance arteries of SHR by reducing EDCF 
and improving EDHF, without noticeable effects on blood pressure, arterial structure or 
flow-induced remodeling. 

In SHR the role of the renin-angiotensin system is well established [29]. A potential role 
of the endothelin system in the arterial functional and structural changes is, however, 
less clear [30]. Montagnani et al. reported that while there is no difference in ET1 
induced contractions between 5 week old SHR and WKY, they noted a marked increase 
in ET1 induced contractile responses in 12 week old animals [31]. Furthermore, our 
group reported increased levels of endothelin-1 in several organs of 8 and 12 week old 
SHR [10]. This points to a transient upregulation of the endothelin system during the 
development of hypertension. ET1 is not only a very potent vasoconstrictor [11] but is 
also a pro-inflammatory agent [14], has mitogenic effects on vascular smooth muscle 
cells [12], is pro-angiogenic [15], pro-oxidant [32] and promotes fibrosis [13]. 
Moreover, endothelium restricted overexpression of ET1 caused vascular remodeling 
and endothelial dysfunction in the absence of a hemodynamic effect [32]. The pro-
oxidant and pro-inflammatory functions might, at least in some forms of hypertension, 
be more important than the pressor effect. Because of the aforementioned functions, the 
endothelin system emerges as a potential target for normalizing functional and structural 
arterial properties associated with hypertension. We tested the hypothesis that ET1 
contributes to the endothelial dysfunction, the arterial remodeling and the hypertension 
in 12 week old SHR. To evaluate this contribution we treated young SHR at two 
different timepoints (4-8 weeks and 8-12 weeks) with the dual NEP/ECE inhibitor 
SOL1 that effectively decreases big-ET1 to ET1 production [19]. This might be helpful 
in conditions where either the intravascular levels of ET1 and/or the vascular effects of 
the peptide are increased [31, 33, 34]. Moreover inhibiting NEP might have added 
beneficial value by chronically inhibiting the breakdown of other vasoactive peptides 
such as natriuretic peptides and calcitonin-gene related peptide [35-37]. We paid 
attention to two aspects of endothelium-dependent arterial function: acute vasomotor 
responses and chronic flow-related arterial remodeling.  

SHR develop high blood pressure between week 4 and 10 of age [38]. In this study we 
observed that at 12 weeks of age, SHR show a clear upregulation of EDCF and an 
impairment of the EDHF-related arterial relaxation. It can be debated whether these 
endothelial dysfunctions are a cause or a consequence of the high blood pressure. 
Earlier reports suggest that abnormalities of the vasculature of both structure and 
function precede the development of hypertension and could thus well be of a genetic 
nature rather than a secondary effect of the high blood pressure [39, 40]. 
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Chronic SOL1 treatment did not have an effect on blood pressure or body weight. This 
is in line with observations made by Kalk et al. who did not observe a blood pressure 
reduction with SLV338, a SOL1 analogue [20], in the 2-kidney 1-clip model. Similarly 
Sharkovska et al. did not observe a blood pressure reduction with SLV338 in rats 
chronically treated with L-NAME [41]. SOL1 treatment had minor to no effects on the 
diameter of 1st and 3rd order mesenteric resistance arteries, we do however see a trend to 
lower diameters in SHR compared to WKY.  

To assess arterial and endothelial function and the effects of a chronic SOL1 treatment 
we investigated the functional properties of 3rd order mesenteric resistance arteries in 
vitro.  

Functional properties of resistance sized arteries are often altered in hypertension 
frequently attributed to a dysfunctional endothelium. Endothelial dysfunction is 
normally regarded as a reduced NO bioavailability or function, blunted EDHF responses 
and hypersensitivity to vasoconstrictors [42]. In SHR, specifically endothelium derived 
contractile factors (EDCF) are described as a manifestation of endothelial dysfunction. 
This contraction in response to stimulation of the artery with acetylcholine is fully 
inhibited by a cyclo-oxygenase inhibitor. In these 12 week old SHR the EDCF 
component is clearly observed. The prostanoids PGH2, PGI2 and thromboxane A2 
(TXA2) have been suggested to be responsible for increased vascular tone in 
hypertension [43]. Recently Spijkers et al. reported endothelium dependent contractions 
due to increased TXA2 release in arteries of SHR. Moreover they observed an increased 
expression of COX-1 in smooth muscle cells of SHR compared to WKY and an 
increased expression of TXA2-synthase and iPLA2 (substrate delivery to COX-1) in the 
endothelium of SHR compared to WKY [44, 45]. In this study, the EDCF response was 
abolished by both regimens of treatment with the NEP/ECE inhibitor as well as by acute 
cyclo-oxygenase inhibition.  

The hallmark of endothelial function is still considered to be vasorelaxation in response 
to the endothelium derived relaxing factors (EDRF), most notably endothelium derived 
nitric oxide (EDNO). In this study none of the treatments caused an improvement of the 
NO-induced relaxation compared to the vehicle group. This is in line with the 
observation that there is little to no alteration in NO production in this model [46-48]. 

Another EDRF, endothelium derived hyperpolarizing factor (EDHF) causes endothelial 
hyperpolarization with subsequent vascular smooth muscle cell hyperpolarization. The 
contribution of EDHF is most marked in small arteries [23, 49], In mesenteric resistance 
arteries this response is blocked by depolarization by high extracellular [K+] or 
inhibitors of endothelial small- and intermediate-conductance calcium-activated K+ 
channels [23, 26, 50, 51]. In this study, the EDHF response evoked by ACh was clearly 
blunted in MA of 12 week old SHR. The 4-8 week SOL1 treatment improved EDHF 
responses but the 8-12 week SOL1 treatment completely normalized EDHF responses 
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to the levels of normotensive WKY. The mechanisms by which the drug treatments 
reduced EDCF- and enhanced EDHF-related arterial reactivity may become the subject 
of future investigation. It is, however, noteworthy that this did not lead to a reduction in 
blood pressure nor can it be attributed to a blood pressure reduction. 

That one can improve/normalize endothelial function in the absence of a blood pressure 
lowering effect is in line with findings that different classes of antihypertensive drugs 
can have distinct effects on vascular properties in experimental models and patients (e.g. 
[52, 53]). Endothelial function has been proposed as an independent but amenable risk 
factor [54-59] and improving endothelial function has been reported to lead to more 
favorable prognosis. A therapy that significantly improves endothelial function might in 
this respect be of added value to reduce the complications of chronic high blood 
pressure. 

With respect to endothelium-dependent arterial structural changes we observed 
impaired outward remodeling in response to increased flow in SHR. This is in line with 
earlier findings of Gao et al. [60]. Noteworthy is that while outward remodeling is 
impaired, inward remodeling in response to a flow decrease is comparable in WKY and 
SHR. The reduction in wall mass however was significantly larger in WKY. The lack of 
flow-related outward remodeling implies that the physiological response to an increase 
in flow, outward remodeling, is impaired. It is well established that the endothelium acts 
as a shear stress sensor in both flow induced dilatation and flow induced remodeling 
[61, 62]. Therefore it is tempting to assume that both processes are closely related (e.g. 
chronic flow-induced vasodilatation eventually leads to flow-induced arterial outward 
remodeling). However, several observations argue against this causal relationship. For 
example, chronic vasodilator treatment does not uniformly lead to outward remodeling 
of resistance arteries in vivo [63]. Furthermore, while during arterial organ culture in 
vitro chronic vasoconstrictor administration can cause inward remodeling of resistance 
arteries, chronic vasodilator administration does not cause outward arterial remodeling 
[64-66]. Moreover, while there is strong evidence that endothelium derived NO is 
released from the endothelium in response to increased shear stress causing a flow-
mediated dilatation [8, 9] and early reports pointed to a role for endothelium derived 
NO in flow-induced remodeling, [67, 68] Ceiler et al. provided strong evidence for a 
NO-independent mechanism for flow-induced outward remodeling. They observed that 
flow-induced resistance artery remodeling is not modified by chronic L-NAME 
treatment [21]. Potential roles of alternative endothelium-derived signals such as EDHF, 
myoendothelial coupling and EDCF in arterial remodeling have hardly been considered. 
We observed that chronic treatment with SOL1 did not restore flow-induced outward 
arterial remodeling, although it normalized endothelium-dependent relaxation in general 
and EDHF and EDCF in particular. This suggests that the latter two mechanisms do not 
play a major role in arterial structural responses and adds proof to our earlier suggestion 
that endothelium-dependent vasodilatation and –remodeling may be largely unrelated 
mechanisms [69]. In conclusion chronic NEP/ECE inhibition has no effects on blood 
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pressure nor on structure and structural responses of mesenteric resistance arteries from 
young SHR but reversed endothelial dysfunction by reducing EDCF- and improving 
EDHF-related reactivity. 
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Abstract 

Endothelin 1 (ET1), a potent vasoconstrictor, pro-mitogenic and pro-inflammatory 
peptide, may promote development of endothelial dysfunction and arterial remodeling. 
ET1 can be formed through cleavage of big-ET1 by endothelin converting enzyme 
(ECE) or neutral endopeptidase (NEP). We investigated whether chronic treatment with 
the novel dual NEP/ECE inhibitor SOL1 improves functional and structural properties 
of resistance-sized arteries of 32 week old male spontaneously hypertensive rats (SHR). 
SHR received chronic 4 week treatment with SOL1, losartan or hydralazine. We then 
compared effects of NOS-inhibition (100 µM L-NAME), blockade of ETA- and ETB-
receptors (10 µM bosentan) and stimulation of the endothelium with 0.001-10 µM 
acetylcholine (ACh) in isolated 3rd order mesenteric resistance arteries. Losartan and 
hydralazine significantly lowered blood pressure. Losartan decreased the media to 
lumen ratio of resistance arteries. L-NAME (1) increased arterial contractile responses 
to K+ (5.9–40 mM) in the losartan, SOL1 and vehicle groups and (2) increased the 
sensitivity to phenylephrine (PHE) (0.16–20 µM) in the SOL1 but not losartan, 
hydralazine or vehicle group. Relaxing responses to ACh in absence or presence of L-
NAME during contractions induced by either 10 µM PHE or 40 mM K+ were not 
altered by any in vivo treatment. Acute treatment with bosentan did however 
significantly improve maximal relaxing responses involving endothelium-derived nitric 
oxide and –hyperpolarizing factors in the SOL1 but not losartan, hydralazine or vehicle 
groups.  

Thus, chronic inhibition of NEP/ECE improved basal endothelial function but did not 
alter blood pressure, resistance artery structure and stimulated endothelium-dependent 
relaxing responses in 32 week old SHR. 
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Introduction 

The endothelium can produce vasoactive compounds which influence the underlying 
layer of smooth muscle cells modulating vasomotor responses to control blood pressure 
and local blood flow. Endothelium-derived vasoactive factors include vasodilators such 
as nitric oxide (NO), endothelium-derived hyperpolarizing factors (EDHF) and 
prostacyclin but also vasoconstrictors such as endoperoxides and endothelin-1 (ET1).[1, 
2] Endothelial dysfunction is classically described as i) an impairment of endothelium-
dependent relaxing responses and ii) an enhanced sensitivity to vasoconstrictors. In 
many forms of human and experimental hypertension, endothelial dysfunction and 
arterial remodeling are considered key players in development and maintenance of high 
blood pressure.[3-5] In spontaneously hypertensive rats (SHR) a well-described 
manifestation of endothelial dysfunction is an increased production of endothelium-
derived contractile factors (EDCF).[6] 

Drug-intervention studies showed that some anti-hypertensive treatments, for instance 
with angiotensin AT1 receptor antagonists not only lower blood pressure but also cause 
an improvement of endothelial function and regression of structural changes in 
resistance arteries.[7, 8] Other anti-hypertensive treatments, for instance the selective 
β1-adrenoceptor antagonist atenolol succeed in lowering blood pressure but do not 
reverse the structural changes or the endothelial dysfunction associated with 
hypertension. In other words, for reversing adverse effects associated with hypertension, 
lowering blood pressure alone is not sufficient.[9, 10] 

Studies from our group showed that the level of the endothelium-derived peptide ET1 is 
increased in several organs during the development of hypertension in SHR, 
importantly the levels of ET1 is increased in several organs.[11] Apart from being a 
potent vasoconstrictor ET1 is also a potent growth promoting and pro-inflammatory 
agent.[12-16] Because of these actions, ET1 is of interest in the development of 
endothelial dysfunction and hypertension-related arterial remodeling. ET1 can be 
formed through cleavage of big-ET1 by endothelin converting enzyme (ECE). 
Alternatively big-ET1 can be hydrolyzed by chymase or matrix metalloproteinase 2 
(MMP2) to form ET1 (1-31) or ET1 (1-32), respectively. Both are further processed 
into ET1 by neutral endopeptidase (NEP).[17-19] Thus a dual NEP/ECE inhibitor, for 
example the novel compound SOL1, reduces ET1 production by inhibiting all three 
pathways.[20] Recently, Kalk et al.[21] reported that the dual NEP/ECE inhibitor 
daglutril (SLV338, an analogue of SOL1) reduced cardiomyocyte hypertrophy, 
interstitial fibrosis and perivascular fibrosis in the 2-kidney 1-clip model of 
hypertension.  

Here, we tested the hypothesis that ET1 contributes to endothelial dysfunction, arterial 
remodeling and hypertension in established essential hypertension. We therefore 
compared the effects of chronic treatment with the vasodilator hydralazine, the AT1 
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receptor antagonist losartan or the dual NEP/ECE inhibitor SOL1 on functional and 
structural properties of mesenteric resistance arteries from chronically hypertensive (32 
week old) SHR. 

Materials and Methods 

Animals, model and surgery 

28 week-old male SHR rats were obtained from Charles River (Maastricht, NL). All 
experiments were performed in accordance with the ethical committee for animal 
welfare of Maastricht University. The rats were anesthetized with isoflurane (1-4%) and 
osmotic minipumps (2ML4 pumps, Alzet, Cupertino, CA, USA) were implanted 
subcutaneously for chronic continuous drug treatment during the next 4 weeks. 
Preliminary dose-finding experiments were carried out to identify an appropriate dose 
of the dual NEP/ECE inhibitor SOL1 (2-{[1-({[(3S)-1-(carboxymethyl-2-oxo-2,3,4,5-
tetrahydro-1H-1-benzazepin-3-yl]amino}carbonyl)cyclopentyl]methyl}-4-[[3-
methylamino)propyl](methyl)amino]-4-oxobutanoic acid; Abbott). 50 mg/kg.day 
decreased urinary ET1 content (from 32.89 ± 3.91 to 1.35 ± 0.25 pg/ml, p < 0.001).  
Losartan and hydralazine were administered at 20 mg/kg.day and 9 mg/kg.day, 
respectively. Additional hydralyzine was added to the drinking water because the 
maximal solubility of hydralazine was reached in saline, in order to keep the dose at 20 
mg/kg.day. In untreated SHR, a dummy device (polyethylene (PE) tube of the same size 
as the 2ML4 pumps) was implanted subcutaneously.[22] Animals were randomly 
assigned to the treatment groups (n=8 each). 

At the end of the drug treatment blood pressure was measured in conscious unrestrained 
rats via a heparinized (5 U/ml) indwelling PE catheter that was introduced into the left 
femoral artery 2 days before measurement. The arterial catheter was connected to a 
pressure transducer (Micro Switch 150 PC) and its output was sampled at 2.5 kHz. 
Mean arterial pressure (MAP) was calculated using the IDEEQ data-acquisition system 
(instrument services, Maastricht University). All animals were euthanized with 
isoflurane (>4%). 

Arterial pressure/diameter relationships 

Animals were euthanized and 1st order mesenteric arteries were isolated. Arteries were 
mounted on two glass micropipettes in an organ chamber filled with Ca-free Krebs 
Ringer solution (144 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 14.9 
mM HEPES, and 5.5 mM glucose; 37°C, pH 7.4). 10 µM Na-nitroprusside (SNP) was 
added to ensure maximal vasodilatation. A pressure-diameter relationship was 
established by recording the lumen diameter while gradually increasing the distending 
pressure (20-120 mmHg, 10 mmHg steps).[23] After the experiment, vessels were fixed 
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at 80 mmHg in 4% phosphate buffered formaldehyde solution for 1 hour at 37°C and 
stored in 70% ethanol. 

Wire Myography 

Third order mesenteric resistance arterial segments of approximately 2 mm in length 
were isolated and mounted in wire myographs for the recording of isometric force 
development.[24] From a portion of the arterial segments the endothelium was 
mechanically removed.[25] Each experiment started by progressively stretching the 
arterial segment to the diameter at which the largest contractile response to 10 µM 
noradrenaline (NA) could be obtained (optimal diameter).  

To prevent the sensory nerves from releasing calcitonin gene-related peptide (CGRP) 
when stimulated during potassium induced depolarizations, all arterial segments were 
exposed to capsaicin (1 µM, during 20 min).[26, 27] Viability of the endothelium was 
tested by measuring acetylcholine- (ACh) (10 µM) induced relaxation during PHE-
induced contraction. Contractile responses to increasing concentrations of K+ (5.9-40 
mM) and PHE (0.16–20 µM) and relaxing responses to increasing concentrations of 
ACh (0.01-10 µM) were recorded. The effects of nitric oxide synthase inhibition (L-NG-
nitroarginine methyl ester [L-NAME], 100 µM), cyclo-oxygenase inhibition 
(indomethacin [INDO], 1 µM) and a non-selective ET-receptor antagonist (bosentan 
[BOS] 10 µM), were evaluated.  

After these experiments, vessels were fixed in 4% phosphate buffered formaldehyde 
solution for 1 hour at 37°C and stored in 70% ethanol. 

Histological and morphometric analysis 

Fixed 1st and 3rd order arteries were embedded in paraffin and cross-sections (4 μm) 
were cut. All vessels were stained with Lawson’s solution (Boom, Meppel, The 
Netherlands) to visualize the internal and external elastic laminae. The cross-sectional 
area of the media (mCSA) was determined from the circumferences of the internal and 
external elastic laminae. The average number of nuclear profiles in the media was 
determined by counting on haematoxylin-eosin stained cross-sections. Media thickness 
and media to lumen ratio were calculated as previously described.[23] 

Physiological solutions and drugs 

The Krebs Ringer bicarbonate-buffered physiological salt solution (Krebs Ringer buffer 
[KRB]) that was continuously aerated with 95% O2/5% CO2 and maintained at 37°C 
contained (in mM): 118.5 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25.0 
NaHCO3 and 5.5 glucose. Bosentan was obtained from Actelion Pharmaceuticals 
(Allschwil, Switzerland) and was dissolved in DMSO. Capsaicin and INDO were 
purchased from Sigma Aldrich (Zwijndrecht, the Netherlands) and dissolved in ethanol. 
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ACh, NA and PHE were purchased from Sigma and dissolved in KRB. High K+-KRB 
solution was KRB in which all NaCl was replaced by KCl. Solutions containing 10–40 
mM K+ were prepared by mixing volumes of KRB and K+ -KRB. 

Statistical analysis 

All contractile responses were expressed as a percentage of the maximal NA response 
prior to the administration of any pharmacological inhibitor. Individual concentration-
response curves were fitted to a non-linear sigmoid regression curve (Graphpad Prism 
5.0; La Jolla, CA, USA). Sensitivity (pEC50) and maximal effect (Emax) are shown as 
mean ± SEM. Two-way ANOVAs were used to compare pEC50 or Emax. A Bonferroni 
post-test was used to compare multiple groups. Morphology and pressure-diameter 
relations are expressed as means ± SEM. Statistical significance of differences between 
groups was evaluated by ANOVA (for consecutive measurements in pressure-diameter 
curves) or 1-way ANOVA followed by Bonferroni or paired t-test (Graphpad Prism 
5.0). A value of P < 0.05 was considered to denote a statistically significant difference. 

Results 

General and arterial structural characteristics 

Body weights were not significantly altered by any treatment. MAP was significantly 
reduced by losartan and hydralazine treatment. It tended to be reduced by SOL1 but this 
did not reach statistical significance (Table 7.1). 

Lumen diameter at 80 mmHg and mCSA of 1st order mesenteric resistance arteries were 
comparable in vehicle, SOL1, losartan and hydralazine treated animals. Media to lumen 
ratio of 1st order mesenteric arteries was not altered in the SOL1 and hydralazine groups 
and was significantly decreased in the losartan group (Table 7.1). Optimal diameter of 
3rd order MrAs was reduced by chronic treatment with losartan but was not affected by 
the other drugs. mCSA and media to lumen ratio of 3rd order mesenteric resistance 
arteries were comparable in vehicle, SOL1, losartan and hydralazine treated animals. 
The maximal contractile response to NA was not altered in the losartan and hydralazine 
groups and tended to be increased in the SOL1 treated group (Table 7.1). 
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  Vehicle SOL1 Losartan Hydralazine 

Body weight (g) 353 ± 7 362 ± 8 366 ± 6 356 ± 9 

MAP (mmHg) 191 ± 7 172 ± 3 125 ± 5 * 113 ± 14 * 
Diameter 1st order 

(µm) 373 ± 21 369 ± 17 397 ± 19 398 ± 14 

mCSA (103 µm2)  30 ± 3 26 ± 2 24 ± 3 28 ± 3 

Media to lumen ratio 
0.184 ± 
0.014 

0.164 ± 
0.006 

0.144 ± 0.008 
* 

0.150 ± 
0.012 

NCC  55 ± 3 47 ± 2 49 ± 1 52 ± 3 

Diameter 3rd order 
(µm) 273 ± 8 282 ± 10 244 ± 10 * 288 ± 7 

Active Tension (N/m) 4.91 ± 0.43 5.55 ± 0.45 4.65 ± 0.22 4.44 ± 0.37 

mCSA (103 µm2)  13 ± 1 14 ± 1 11 ± 1 13 ± 1 

Media to lumen ratio 
0.115 ± 
0.005 0.140 ± 0.02 0.109 ± 0.004 

0.109 ± 
0.004 

Table 7.1: General and arterial structural characteristics of 1st and 3rd order mesenteric resistance 
arteries. Abbreviations: MAP, mean arterial pressure; mCSA, Cross sectional area of the media; NCC, 
cell count of the media (nuclear profiles). Results are depicted as mean ± SEM.  *: P < 0.05 treatment 
versus Vehicle. 

Effects of chronic treatments on K+-induced arterial contractions  

In 3rd order mesenteric arteries, the pEC50 and Emax of K+-induced contraction did not 
differ between treatment groups (Figure 7.1, Table 7.2). L-NAME did not modify the 
pEC50 but increased Emax in all groups (saline: 72.3 ± 3.8% to 83.3 ± 3.0%; SOL1: 61.7 
± 5.5% to 78.9 ± 4.4%; losartan: 67.9 ± 4.1% to 77.3 ± 3.0%; hydralazine: 66.3 ± 2.2% 
to 84.7 ± 4.8%). 

Endothelial denudation or bosentan (10 µM, non-selective ETA/B antagonist) did not 
alter K+-induced contractile responses (Table 7.2). In denuded arteries of all four 
treatment groups, L-NAME did not increase K+-induced contractions either (Figure 7.1, 
Table 7.2). 
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Figure 7.1: K+-induced contractile responses in intact (A + C + E) and denuded (B + D + F) arteries in 
presence of vehicle (all panels, solid lines and closed circles), SOL1 (A + B, dotted lines and closed 
triangles), losartan (C + D, dotted lines and closed triangles) or hydralazine (C + D, dotted lines and 
closed triangles). Open symbols: in the presence of L-NAME (L-N). 

    Vehicle SOL-1 Losartan Hydralazine 

Control 
pEC50 1.52 ± 0.03 1.43 ± 0.10 1.52 ± 0.03 1.53 ± 0.03 

Emax 72.3 ± 3.8 61.7 ± 5.5 67.9 ± 4.1 66.3 ± 2.2 

+ L-NAME 
pEC50 1.55 ± 0.02 1.53 ± 0.02 1.57 ± 0.01 1.60 ± 0.01 

Emax 83.3 ± 3.0 # 78.9 ± 4.4 # 77.3 ± 3.0 84.71 ± 4.8 # 

Table 7.2: Amplitude of contraction is expressed as % of the maximal response to NA. Results are 
shown as mean ± SEM. *: P < 0.05 without versus with L-NAME. 

Effects of chronic treatments on phenylephrine-induced contractile responses  

Sensitivity to PHE was significantly reduced by treatment with SOL1 or losartan 
(pEC50, vehicle: 5.69 ± 0.03, SOL1: 5.53 ± 0.02; losartan: 5.50 ± 0.05) but increased by 
treatment with hydralazine (pEC50: hydralazine: 5.90 ± 0.03). L-NAME significantly 
increased the sensitivity to PHE in intact arteries of SOL1 treated animals (5.75 ± 0.02) 
but had no effect in arteries from vehicle, losartan or hydralazine treated groups. 
Similarly, mechanical removal of the endothelium increased the sensitivity to PHE in 
SOL1 treated animals (pEC50: 5.68 ± 0.07) but not in the vehicle, losartan or 
hydralazine treated groups. L-NAME had no effects in denuded arteries (Figure 7.2, 
Table 7.3). 
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Bosentan decreased the sensitivity to PHE in arteries of SOL1 treated SHR in absence 
and presence of L-NAME (–L-NAME: 5.35 ± 0.03; + L-NAME: 5.65 ± 0.02). No 
effects of bosentan on PHE-induced contractile responses were observed in the vehicle, 
losartan or hydralazine treated groups. Maximal responses to PHE were not modified by 
the chronic drug treatments and were not altered by L-NAME, bosentan or endothelium 
removal (Figure 7.2, Table 7.3). 
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Figure 7.2: Contractile responses to PHE in intact (A + C + E) and denuded (B + D + F) arteries with 
vehicle (all panels, solid lines and closed circles), SOL1 (A + B, dotted lines and closed triangles), 
losartan (C + D, dotted lines and closed triangles) or hydralazine (C + D, dotted lines and closed 
triangles). Open symbols: in presence of L-NAME (L-N). 

  Vehicle SOL-1 Losartan Hydralazine 

Control 
pEC50 5.69 ± 0.02 5.54 ± 0.03 * 5.50 ± 0.05 * 5.90 ± 0.03 * 

Emax (%) 107.9 ± 3.5 100.3 ± 3.2 94.3 ± 5.3 110.9 ± 2.7 

+ L-NAME 
pEC50 5.71 ± 0.04 5.75 ± 0.02 # 5.58 ± 0.08 5.75 ± 0.02 

Emax  (%) 111.0 ± 5.5 105.4 ± 3.2 103.0 ± 3.3 112.0 ± 3.3 

Table 7.3: pEC50 and Emax as measured during PHE-induced contractile responses. Results are depicted 
as mean ± SEM. *: P < 0.05 treatment versus Vehicle, # : P < 0.05 without versus with L-NAME. 

Effects of chronic NEP/ECE inhibition and anti-hypertensive treatments on arterial 
responses to acetylcholine 

To assess endothelium-dependent responses, arteries were contracted with PHE and 
exposed to increasing concentrations of ACh (0.001-10 µM). In 3rd order mesenteric 
resistance arteries of 32 week old SHR, pEC50 and Emax to ACh-induced relaxations did 
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not differ significantly between treatment groups (Figure 7.3A). Notable, Emax tended to 
be decreased by chronic hydralazine treatment and tended to be increased by chronic 
losartan and SOL1 treatment. Maximal responses to ACh were not modified by acute 
bosentan administration (slight increase) (Figure 7.3 A, B). However, Emax to ACh 
induced relaxations were significantly increased in all groups by acute INDO 
administration (Figure 7.3 A, B, C, D). This effect is due to reduction by the COX 
inhibitor of the contractile response observed with high concentrations of ACh. 
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Figure 7.3: Relaxing responses of mesenteric resistance arteries of SHR to ACh in absence or presence 
of INDO. The top panels depict responses in absence and presence of INDO and absence (A, C) and 
presence (B, D) of bosentan (BOS) with vehicle (open circles), SOL1 (open triangles), losartan (open 
squares) or hydralazine (open diamonds). The middle panels depict responses to ACh during PHE-
induced contractions in presence of INDO and L-NAME (EDHF-related responses) in absence (E) and 
presence (F) of bosentan The bottom panels depict responses to ACh during K+-induced contraction in 
presence of INDO, in absence (G) and presence (H) of bosentan (EDNO-related responses). 
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   Vehicle SOL1 Losartan Hydralazine 

EDNO 

Control 
pEC50 7.18 ± 0.15 7.11 ± 0.18 6.89 ± 0.12 6.71 ± 0.13 

Emax (%) 62.6 ± 6.4 68.0 ± 6.8 47.4 ± 5.1 45.1 ± 5.2 

Bosentan 
pEC50 6.95 ± 0.11 7.22 ± 0.08 6.88 ± 0.15 6.78 ± 0.20 

Emax (%) 58.4 ± 4.3 71.0 ± 3.4 * 49.4 ± 5.7 48.0 ± 6.7 

EDHF 

Control 
pEC50 6.72 ± 0.28 7.14 ± 0.39 7.04 ± 0.19 7.31 ± 0.25 

Emax (%) 66.9 ± 11.2 60.43 ± 15.8 79.8 ± 8.9 68.4 ± 11.7 

Bosentan 
Log EC50 7.04 ± 0.27 7.13 ± 0.10 7.43 ± 0.31 7.31 ± 0.25 

Emax (%) 63.9 ± 13.1 91.86 ± 2.0 * 71.9 ± 9.4 68.1 ± 13.1 

Table 7.4: pEC50 and Emax  of the relaxing response induced by increasing concentrations of 
acetylcholine. Abbreviations: EDNO, endothelium-derived nitric oxide (precontraction with 40 mM 
K+); EDHF, endothelium-derived hyperpolarizing factor (precontraction with 20 μM PHE in presence 
of L-NAME). Results are depicted as mean ± SEM. *: P < 0.05 treatment versus Vehicle. 

Effects of chronic NEP/ECE inhibition and anti-hypertensive treatments on EDHF-
related arterial responses 

To assess the contribution of EDHF to ACh (0.001-10 µM) induced relaxing responses, 
arteries were contracted with PHE (20 µM) in presence of INDO (to prevent formation 
of vasodilator and vasoconstrictor prostaglandins) and L-NAME (to prevent 
involvement of NO). Obviously, the remaining ACh-induced response was mediated by 
EDHF. 

Sensitivity and maximal responses did not differ significantly between groups. Bosentan 
significantly increased maximal EDHF-type responses in SOL1 treated (57.0 ± 13.1% 
to 91.9 ± 2.0%) but not vehicle, losartan or hydralazine treated animals. In presence of 
bosentan maximal EDHF-type responses were significantly larger in SOL1 treated 
animals compared to vehicle (63.9 ± 13.1% to 91.9 ± 2.0%) (Figure 7.3 E and F; Table 
7.4). 

Effects of chronic NEP/ECE inhibition and anti-hypertensive treatments on arterial 
responses to endothelium-derived NO 

To investigate the contribution of NO to ACh-induced (0.001-10 µM) relaxing 
responses, arteries contracted with 40 mM K+ in presence of INDO (to prevent 
formation of vasodilator and vasoconstrictor prostaglandins). A high extracellular K+ 
concentration effectively prevents EDHF-related responses.[28] The remaining ACh-
induced response was abolished in presence of L-NAME and was thus considered to be 
due to endothelium-derived NO (EDNO). Sensitivity and maximal responses did not 
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differ significantly between groups. The maximal ACh-induced EDNO response in 
presence of bosentan was increased in SOL1-treated versus vehicle-treated animals 
(58.4 ± 4.2% to 71.0 ± 3.4%) and unaltered in losartan or hydralazine treated groups 
(Figure 7.3 G and H; Table 7.4).  

Discussion 

This study demonstrates that chronic SOL1 treatment can restore several aspects of 
endothelial function, even though an effect on blood pressure was minimal. In contrast 
more classic antihypertensive drugs such as losartan or hydralazine were both effective 
in lowering blood pressure but had little to no effect on endothelial dysfunction even 
though losartan succeeded in partly reversing the resistance artery structural changes 
associated with hypertension. 

ET1 is involved in the pathophysiology of experimental and clinical pulmonary 
hypertension, chronic renal failure and heart failure. The situation in essential 
hypertension is, however, less clear.[29] In SHR, the role of the renin-angiotensin 
system is well established.[30] A potential role of the endothelin system in the arterial 
functional and structural changes is, however, less clear.[31] Montagnani et al. reported 
that while there is no difference in ET1-induced contractions between 5 week old SHR 
and WKY, they noted a marked increase in ET1-induced contractile responses in 12 
week old SHR.[32] Furthermore, our group reported increased levels of ET1 in several 
organs of 8 and 12 week old SHR.[11] This points to a transient upregulation of the 
endothelin system during the development of hypertension. ET1 is not only a very 
potent vasoconstrictor[12] but is also a pro-inflammatory agent[15], has mitogenic 
effects on vascular smooth muscle cells[13], is pro-angiogenic[16], pro-oxidant[33] and 
promotes fibrosis.[14] Moreover, endothelium restricted overexpression of ET1 causes 
vascular remodeling and endothelial dysfunction in the absence of a hemodynamic 
effect.[33] The pro-oxidant and pro-inflammatory functions might, at least in some 
forms of hypertension, be more important than the pressor effect. Because of the 
aforementioned functions, the ET1 system emerges as a potential target for normalizing 
functional and structural arterial properties associated with hypertension.  

We tested the hypothesis that ET1 contributes to endothelial dysfunction, arterial 
remodeling and hypertension in 32 week-old SHR. To evaluate this we treated adult 
SHR with the dual NEP/ECE inhibitor SOL1 that effectively decreases big-ET1 to ET1 
conversion[34] and compared the effects with a four week treatment with an AT1 
receptor antagonist (losartan) and a four week treatment with a vasodilator 
(hydralazine). Decreasing ET1 production might be helpful in conditions where either 
the intravascular levels of ET1 and/or the vascular effects of the peptide are 
increased.[32, 35-37] Moreover, inhibiting NEP might have added beneficial value by 
chronically inhibiting breakdown of other vasoactive peptides such as natriuretic 
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peptides and CGRP.[38-41] We investigated both structural and functional effects of 
SOL1 in mesenteric resistance arteries. 

ET1 has been shown to contribute to remodeling of large and small arteries in 
hypertension. Hypertrophic remodeling rather than eutrophic remodeling of resistance 
arteries seems to occur in models associated with an upregulated ET system suggesting 
that ET1 system upregulation leads to vascular hypertrophy.[42]  

In the current study we observed no significant change in diameter, media thickness, 
cross sectional area of the media, nuclear cell count or media to lumen ratio in 1st order 
mesenteric resistance arteries of 32 week old SHR caused by reducing blood pressure 
by means of a 4 week treatment with a vasodilator (hydralazine). This means that a 
decrease in blood pressure alone cannot reverse structural changes in these arteries. 
These observations are in line with earlier reports.[43-45]  

Chronic losartan treatment did not cause a significant increase in diameter or decrease 
in cross sectional area of the media, nuclear cell count in 1st order mesenteric arteries of 
SHR. These arteries do however show a decrease in media to lumen ratio. Despite 
differences in experimental design and treatment timing our findings are similar to 
earlier reports from other groups.[8, 43, 44, 46] Studies with chronic AT1 receptor 
antagonists have shown that treatment for a longer period than four weeks are superior 
in establishing beneficial effects on vascular remodeling.[47]  

In contrast to chronic losartan treatment SOL1 treatment was not successful in reducing 
blood pressure or arterial structural changes. The absence of an anti-hypertensive effect 
is in line with observations made by Kalk et al. who did not observe a blood pressure 
reduction with daglutril (SLV338; a SOL1 analogue)[21] in the 2-kidney 1-clip model. 
Similarly Sharkovska et al. did not observe a blood pressure reduction with daglutril in 
rats chronically treated with L-NAME.[48] Also, as with losartan, a 4 week treatment 
with the NEP/ECE inhibitor might have been too short to fully correct structural 
changes in resistance arteries. 

To assess arterial and endothelial function and the effects of a chronic SOL1 treatment 
we investigated 3rd order mesenteric resistance arteries in vitro. Functional properties of 
resistance sized arteries are often altered in hypertension in relation to dysfunctional 
endothelium. Endothelial dysfunction is frequently regarded as a reduced bioavailability 
or function of EDNO, blunted EDHF responses and hypersensitivity to 
vasoconstrictors.[49] In SHR, specifically EDCFs are described as a manifestation of 
endothelial dysfunction and these EDCF-mediated contractions in response to 
stimulation of the artery with ACh are fully inhibited by a cyclo-oxygenase inhibitor 
(INDO). In 32 week old SHR investigated in this study, a moderate EDCF component 
was observed. The prostanoids PGH2, PGI2 and thromboxane A2 (TXA2) have been 
suggested to be responsible for increased vascular tone in hypertension.[50] Recently 
Spijkers et al. reported endothelium-dependent contractions due to increased TXA2 
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release in arteries of SHR. Moreover they observed an increased expression of COX-1 
in smooth muscle cells of SHR compared to Wister Kyoto rats (WKY) and an increased 
expression of iPLA2 (substrate delivery to COX-1) and TXA2-synthase in the 
endothelium of SHR compared to WKY.[22, 51] In the present study, the EDCF 
response (indicated by a reduced maximal relaxing response to ACh) was abolished by 
cyclo-oxygenase inhibition and moderately inhibited by acute ET-receptor antagonism 
and by chronic losartan or SOL1 treatment. 

No effects of hydralazine, losartan or SOL1 were observed on arterial smooth 
contractile responses to K+-induced depolarization. Sensitivity to smooth muscle 
activation was similar in all groups. Except for the hydralazine treated animals there 
was no effect of L-NAME on pEC50 or Emax. Normally NO synthase inhibition causes a 
leftward shift in the concentration-response curve and an increased maximal 
response.[52] These effects are absent in the arteries investigated in this study, meaning 
that the NO production under basal conditions (e.g. without agonist-induced 
stimulation) is blunted. None of the treatments could restore the L-NAME induced 
leftward shift and only hydralazine restored the increase in maximal contraction induced 
by L-NAME. 

A similar L-NAME-induced leftward shift can be expected on PHE-induced 
concentration-response curves.[25, 52] Again, this shift was completely absent in 
vehicle, losartan or hydralazine treated groups. After 4 weeks of chronic dual NEP/ECE 
inhibition, however, L-NAME caused a significant leftward shift. This can be 
considered an improvement of basal endothelial function because to some extent 
chronic SOL1 treatment succeeds in restoring basal NO production. The molecular 
mechanism of this effect of 4 week treatment with the NEP/ECE inhibitor might involve 
changes in the dimerization and phosphorylation of endothelial NO synthase, but this 
remains to be established.[53] 

In this study, the agonist-induced EDNO-type responses were not significantly altered 
by any of the chronic treatments. Surprisingly, acute administration of the non selective 
ETA/B receptor antagonist bosentan improved the maximal EDNO-type responses in 
SOL1 treated animals. This might indicate that intra-arterial production of ET1 is 
rapidly restored in vitro after wash out of the ECE/NEP inhibitor that had been 
administered for 4 weeks. Another EDRF, EDHF causes endothelial hyperpolarization 
with subsequent vascular smooth muscle cell hyperpolarization. The contribution of 
EDHF is most marked in small arteries.[24, 54] In mesenteric resistance arteries this 
response is blocked by depolarization with high extracellular [K+] or inhibitors of 
endothelial small- and intermediate-conductance calcium-activated K+ channels.[24, 28, 
55, 56] EDHF-type responses were not significantly affected by SOL1, losartan or 
hydralazine treatment. Acute administration of the non selective ETA/B receptor 
antagonist bosentan improved the maximal EDHF-type relaxing responses in SOL1 
treated animals. This means that both EDNO- and EDHF-type responses in the SOL1 
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treated group were improved by acute ET-receptor antagonism. Because SOL1 is easily 
removed from organs,[20] conversion of big-ET1 to ET1 may recommence before 
endothelial function is investigated. Subsequently, ET1 might impair endothelium-
derived relaxing responses through a similar myo-endothelial coupling mechanism as 
proposed by Hilgers and De Mey.[25] This might explain the acute bosentan effect on 
the EDHF response in the SOL1-treated animals. 

In conclusion, chronic treatment with an AT1 receptor antagonist in 32 week old SHR 
caused regression of the changes in arterial structure and a significant lowering of the 
blood pressure. Chronic dual NEP/ECE inhibition, on the other hand, caused an 
improvement of several aspects of endothelial function. While the effects of losartan 
and SOL1 are different, they could be considered beneficial in both instances. A 
combination of an AT1 receptor antagonist, or alternatively an ACE inhibitor, with a 
dual NEP/ECE inhibitor could provide superior results and might be subject of future 
studies. Triple vasopeptidase (ACE/ECE/NEP) inhibitors are becoming available (for 
review [57]) and deserve detailed investigation in terms of anti-hypertensive effects and 
restoration of structural and endothelial properties in resistance arteries. 
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General discussion 

High blood pressure can be due to an increase in cardiac output, peripheral resistance or 
both. In most cases of human and experimental established hypertension cardiac output 
is unaltered and therefore peripheral resistance is the main contributor to the high blood 
pressure [1, 2]. Because of its specific ability to produce several vasoactive compounds, 
the endothelium is an important regulator of vascular function and structure especially 
in resistance sized arteries, the main arteries that determine peripheral resistance [3, 4]. 
The 21 amino acid bicyclic peptide endothelin-1 (ET1) is one of these endothelium-
derived vasoactive compounds that can also be produced by a variety of other cell types 
under pathological conditions [5]. The endothelin axis has been implicated in several 
forms of human and experimental hypertension [6-10]. Apart from being a potent 
vasoconstrictor, ET1 is also a potent growth promoting and pro-inflammatory agent [5, 
11-14]. These functions provide several paths to an increase in vascular resistance for 
example by persistent vasoconstriction, hypersensitization to other vasoconstrictor 
systems, inward remodeling, increased arterial stiffness, inflammation, etc. ET1 can be 
formed through cleavage of big-ET1 (ET1 (1-38)) by endothelin converting enzyme 
(ECE). Alternatively big-ET1 can be hydrolyzed by chymase or MMP2 to form ET1 (1-
31) and ET1 (1-32) respectively. Both are further processed into ET1 by neutral 
endopeptidase (NEP) [15-17]. Thus a dual NEP/ECE inhibitor potentially reduces ET1 
production by inhibiting all three pathways. 

Vascular (endothelial) function and structure in experimental hypertension were the 
subject of this thesis. We focused on the endothelin system in resistance arteries and 
investigated dual NEP/ECE inhibition as a treatment option. 

Endothelial dysfunction 

In Chapter 2 we studied vasomotor responses to monitor activity of components of the 
eNOS/sGC/PKG pathway in 6 week old WKY and SHR. At this age no statistically 
significant changes in vasomotor responses to NO-synthase blockade, an endothelium 
dependent vasodilator and a NO-donor were observed between mesenteric resistance 
arteries of the hypertensive (HT) and the normotensive (NT) strain. In 12 week old 
SHR, vasomotor responses were significantly altered compared to age-matched NT 
WKY (Chapter 6). This is in line with observations of others [18, 19]. The dysfunction 
is most apparent in the upregulation of the EDCF (endothelium-derived contractile 
factor) response and an impairement of the EDHF (endothelium-derived 
hyperpolarizing factor) response. The EDNO (endothelium-derived nitric oxide) 
function is largely unaffected (Chapters 6 and 7) as reported earlier [20-22]. The major 
portion of the blood pressure increase in SHR occurs between 8 and 12 weeks of age 
[23-25]. Interestingly, ET1 levels are also elevated in several organs at 8 and 12, but not 
6 weeks of age [26] suggesting that ET1 contributes to the development of high blood 
pressure and endothelial dysfunction in these rats. In 32 weeks old SHR (Chapter 7) 
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largely similar observations were made. One peculiar observation in this study was that 
NO synthase inhibition did not cause a leftward shift of the concentration response 
curves for contractile stimuli. The lack of a leftward shift as observed in 32 week old 
SHR was not observed in 6 week (Chapter 2) and 12 week (Chapter 6) old SHR. 
Although these arteries did not show an impairment of the ACh-induced relaxation 
responses, the myoendothelial activation of the NO system, observed with contractile 
stimuli in NT animals, was severely impaired in HT SHR. 

We also investigated endothelium-dependent vasomotor function in a non genetic model 
of hypertension, the DOCA-salt HT rat (Chapter 4). While this model is generally 
described as a model showing increased endothelin levels [27-29] we did not observe 
increases in ET1 content in the thoracic aorta, the epigastric artery or mesenteric 
arteries. Also no significant changes in ACh-induced relaxing responses were observed. 
Similar to the old SHR (Chapter 7) we did observe a decreased effect of NO synthase 
inhibition on PHE-induced contractions. An even more striking observation is that the 
effect of arterial smooth muscle activation is partially inhibited by the dual ETA/B -

receptor antagonist bosentan. A large portion of this effect could be mimicked by 
inhibiting ET1 production through NEP/ECE inhibition. These effects were absent after 
mechanical removal of the endothelium and are thus endothelium-dependent. This 
implies that activating the arterial smooth muscle prompts (possibly through 
myoendothelial gap junctions) the endothelium to produce and release ET1 which will 
further activate the arterial smooth muscle. With a radio immuno assay we showed that 
stimulation of the smooth muscle with high potassium, increased ET1 levels in 
mesenteric resistance arteries of DOCA-salt HT but not NT animals. Moreover the 
effects of ET receptor antagonism and NEP/ECE inhibitors on arterial smooth muscle 
activation were not observed in normotensive rats nor SHR (Chapter 2, 6 and 7), so 
they appear to be specific to the DOCA-salt hypertension. 

The existence of heterocellular myoendothelial gap-junctions is well described [30-33]. 
Through these gap-junctions small ions and molecules can travel from endothelial cells 
to vascular smooth muscle cells and vice versa. One example is the conductance of 
endothelium derived hyperpolarizing factors through these myoendothelial gap-
junctions [34, 35]. Our group previously reported that even during vasoconstriction, a 
signal can originate in the vascular smooth muscle cells and prompt the endothelium to 
synthesize endothelium derived vasoactive factors [35, 36]. The report of Hilgers and 
De Mey strongly suggested that arterial smooth muscle can promote endothelium-
dependent contraction through gap junctions and ET1, especially when endothelial 
nitric oxide synthesis is impaired or inhibited [35]. Our results show that in DOCA-salt 
HT rats, inhibition of NO synthase is not necessary to promote the release of ET1 from 
the endothelium (Chapter 4). 
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Resistance artery remodeling  

In arteries, wall shear stress and circumferential wall stress are homeostatically 
controlled by vasomotor and structural changes of lumen diameter and wall thickness 
[37-39]. For example, the acute response to an increase in shear stress consists of a 
reduction of the contractile activity of the vascular smooth muscle cells (vasodilatation; 
[40-42]). The response to a chronic increase in blood flow involves increases of the 
structural lumen diameter and of the arterial wall mass (outward hypertrophic 
remodeling; [38, 43-45]). Flow-induced vasodilatation and remodeling are both 
endothelium-dependent [37, 43, 46]. The transition from the acute vasomotor responses 
to the chronic structural responses is poorly understood. Also the effect of endothelial 
dysfunction (in hypertension) on the ability of mesenteric resistance arteries to respond 
to changes in shear stress is poorly characterized. 

In this thesis two different types of arterial remodeling were addressed. First we will 
discuss the arterial remodeling in hypertension (hypertension-related arterial 
remodeling). Next we will discuss arterial remodeling as caused by flow modifying 
surgery (flow-related arterial remodeling). 

Hypertension-related resistance artery remodeling 

In Chapter 2 we concentrated on the possible effects on arterial structure of a HT 
genotype before high blood pressure develops (6 week old SHR). At this age the lumen 
diameters of mesenteric arteries of SHR and WKY were nearly identical. 

In Chapter 6 we described that the diameter and the cross sectional area of 1st order 
mesenteric resistance arteries of 12 week old SHR and age matched WKY are 
comparable. These findings are similar to the findings of Gao et al. [47]. They are 
however at variance with observation made by Mulvany et al. [48]. This group did 
however use 3rd order mesenteric arteries from 20 week old SHR which might explain 
the discrepancy. Although arterial structure in 12 week old SHR is not changed we did 
observe a significant increase in blood pressure. In other words, in these rats, HT had no 
major effects on arterial structure of 1st order mesenteric arteries. We do however 
observe a substantial increase in resistance arterial stiffness in the HT compared to the 
NT animals. The arterial stiffness could easily contribute to the high blood pressure. 
Several groups report no change in arterial stiffness in 6 week old SHR and increased 
arterial stiffness at 12 and 20 weeks [49-53] and that at least in the aorta, hypertension is 
preceded by increased arterial stiffness [51]. 

In Chapter 5 we observed hypertension related hypertrophic arterial remodeling after 3 
and 6 weeks of DOCA-salt HT and an increase in arterial stiffness similar to the arterial 
stiffness observed in SHR (Chapter 6). An increase in lumen diameter was observed 
after 3 weeks of HT but not after 6 weeks. Reports from other groups lean more to an 
unaltered or decreased diameter in this model.[29, 54] This discrepancy might be 
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because of differences in experimental design and strain differences. A possible 
explanation for the increase in diameter after 3 weeks of HT is that in this experimental 
model a rise in blood pressure might be preceded or accompanied by an increase in 
blood flow in certain arterial beds. Shimamoto et al. described that blood flow in the 
superior mesenteric artery of DOCA-salt HT rats increased 70 % [55]. The combination 
of increased shear stress caused by increased blood flow and increased circumferential 
wall stress caused by increased blood pressure might explain the unusual structural 
adaptation.  

While outward remodeling is generally not observed in models of hypertension, 
hypertrophic remodeling is often witnessed especially in models of secondary 
hypertension [56]. ET1 has been shown to contribute to the hypertension-related 
remodeling of large and small arteries[57, 58]. Hypertrophic remodeling rather than 
eutrophic inward remodeling of resistance arteries seems to occur in models associated 
with an upregulated endothelin system suggesting that ET1-system upregulation leads 
to vascular hypertrophy [29]. Moreover we observed a clear and transient inflammation 
in arteries of DOCA-salt HT rats (Chapter 5). The important role of inflammation in 
remodeling of resistance arteries in this model of hypertension has been previously 
described by Ko et al.[59] and is probably a consequence of the pro-inflammatory 
action of ET1 [60, 61]. It is however striking that while we did measure an important 
endothelin component in SHR within the timeframe we investigated as evidenced by 
tissue content [26], no hypertrophic or pro-inflammatory effects were observed. We 
suspect that in these animals counterbalancing vasoactive systems (for example CGRP) 
are able to ‘mask’ or counteract at least the hypertrophic and pro-inflammatory effects 
of ET1 (Figure 8.1). 

  

Figure 8.1: Representation of a possible balance for vasoactive peptides in SHR (left) and 
DOCA-salt HT.  

DOCA-salt HT SHR 

CGRP 
CGRP 
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Flow related resistance artery remodeling 

Because the endothelium functions as an important shear stress sensor, and shear stress 
is one of the driving forces in arterial structural responses [37-39, 43, 62, 63], it may be 
hypothesized that in arteries that show endothelial dysfunction, flow related arterial 
remodeling is modified as well. At least in two different experimental models (SHR 
[47] and obese Zucker rats [64]) this proposal was previously confirmed. In another 
experimental model (chronic L-NAME treatment, [65]) flow related arterial remodeling 
was, however, unaltered. 

In Chapters 2, 5 and 6 we applied a widely used mesenteric resistance artery ligation 
model in order to impose increased or decreased shear stress levels on these arteries in 
vivo. 

In both young WKY and young SHR, increased (HF) and reduced (LF) blood flow 
ultimately lead to outward hypertrophic and inward hypotrophic remodeling, 
respectively [38, 44, 45, 63, 65-69]. Both structural responses involve marked changes 
in gene expression and in cellular turnover and differentiation [63, 69] which are 
preceded by a rapid and transient transcriptional response of a comparatively small 
number of genes [68].  

In mesenteric resistance arteries of young WKY rats we observed a concurrent down 
regulation of eNOS, sGCα1 and PKG1β gene expressions in arteries exposed to 
reduced blood flow and in arteries exposed to increased blood flow for 24 hours 
(Chapter 2). This suggests a more general response aiming to create an intermediate 
state to facilitate the tissue to restore stresses independent of the direction of the 
remodeling. Protein expression of TSP1 was increased in LF mesenteric arteries. 
Observations in young SHR were largely similar to those made in WKY. 

The upregulation of TSP1 in LF mesenteric arteries of both WKY and SHR suggests 
that TSP1 contributes to a de-adhesive state facilitating structural changes. TSP1 is a 
large matricellular protein with many functions. The ability of the hepI peptide 
sequence of TSP1 to signal cellular de-adhesion is in this instance particularly 
interesting [70]. This sequence of TSP1 binds to the receptor co-complex of 
calreticulin/LRP1 and stimulates focal adhesion disassembly and increased cell 
migration [70-73]. To evaluate a possible contribution of TSP1 to small artery 
remodeling, arteries were exposed to the hepI peptide sequence in vitro [74]. A 
distending pressure, but no vasomotor tone was present during culture allowing the hepI 
induced de-adhesive state to result in outward arterial remodeling. That 3 days of 
exposure to hepI increased diameter without altering arterial distensibility contributes to 
the suggestion that the remodeling resulted from a de-adhesive state rather than from 
major changes in the extracellular matrices. 
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Mesenteric resistance arteries of 12 week old WKY respond to increases and decreases 
in blood flow, by outward hypertrophic and inward hypotrophic remodeling, 
respectively (Chapter 6). This is in line with several earlier reports, [38, 44, 45, 63, 65-
69]. Mesenteric arteries of 12 week old SHR however show significantly different flow 
related arterial remodeling responses (Chapter 6). The response to a decrease in flow is 
comparable to the response observed in WKY. Mesenteric arteries of SHR however 
show an impaired outward remodeling response when subjected to increased flow in 
vivo.  

Outward remodeling as a response to increased flow was also impaired in DOCA-salt 
HT rats (Chapter 5). The inward remodeling response when subjected to decreased 
flow was preserved in this model. The pro-inflammatory phenotype however did in 
some instances lead to massive hypertrophy and hyperplasia in these arteries. After six 
weeks of hypertension this was accompanied by formation of vasa vasorum-like 
structures in the adventitial layer proximal to the suture. 

While arterial remodeling responses in different rat models cannot be generalized, 
common observations in both hypertension models are an impaired outward remodeling 
response and an increase in arterial stiffness. Restoring the ability to respond to 
increased shear stress and reducing arterial stiffness might be of (pharmaco-)therapeutic 
significance. In Chapters 5, 6 and 7 we evaluated the potential usefulness of dual 
NEP/ECE inhibition in this respect. 

Effects of dual NEP/ECE inhibition 

In Chapter 3 we describe the peculiar molecular pharmacology of the ET receptor type 
A (ETA). ET1 binds tightly to the ETA receptor and causes long-lasting effects. In 
resistance arteries, the long-lasting contractile effects can only be partly and reversibly 
relaxed by low-molecular-weight ETA antagonists (ERAs). This provides an explanation 
as to why clinical trials with ERAs were not as successful as anticipated [75-77]. 

A different approach to prevent ET1-induced effects is by preventing the production of 
ET1. As mentioned before dual NEP/ECE inhibition has the potential to effectively 
reduce ET1 levels by inhibiting several pathways of ET1 production (Figure 8.2). Both 
enzymes are structurally similar matrix metalloproteases with diverse effects on several 
vasoactive compounds (see Figure 1.6). Reducing active ET1 levels has potential 
beneficial effects on endothelial (arterial) function as well as on arterial structure. 
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Figure 8.2: Biosynthesis of ET1. 

Effects of dual NEP/ECE inhibition on arterial ET1. 

In Chapter 4 we tested the potential of SOL1 to inhibit ET1 production/release. To this 
end we performed a radio immuno assay where we stimulated mesenteric resistance 
arteries with thrombin, which can induce ET1 production and release from isolated 
arteries [78], and high potassium buffer which as we mentioned before specifically 
stimulates myo-endothelial coupling, especially in DOCA-salt HT animals (Chapter 4). 
Phosphoramidon as well as SOL1 significantly reduced the amount of ET1 in 
mesenteric resistance arteries produced by thrombin stimulation as well as the ET1 
production in mesenteric resistance arteries of DOCA salt-HT rats. These results 
validate the use of SOL1 to reduce ET1 production. 

Effects of dual NEP/ECE inhibition on blood pressure 

Chronic SOL1 treatment had no effect on blood pressure in SHR independent of their 
age (Chapters 6 and 7). In DOCA-salt HT rats, however, chronic SOL1 treatment 
significantly reduced blood pressure (Chapter 5). These effects are similar to the 
effects observed by Li et al. with ET-receptor antagonists in these experimental models 
[29, 79-81]. Recently Kalk et al. observed no effect of SLV338, a dual NEP/ECE 
inhibitor that is chemically related to SOL1, in the 2 kidney 1 clip model of 
hypertension [82] and Sharkovska et al. reported no effect of SLV338 on blood pressure 
in L-NAME treated rats [83]. 

Effects of dual NEP/ECE inhibition on endothelium-dependent arterial reactivity 

In Chapter 6 we studied effects of a chronic treatment with SOL1 on acute endothelial 
function in mesenteric resistance arteries of 12 week old SHR. An early (SOL1 
administration from week 4 to week 8) and a late (SOL1 administration from week 8 to 
week 12) intervention were studied. In both the early and the late SOL1 intervention 
groups EDCF-reactivity was abolished by the drug treatment. EDNO was not affected 
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but endothelium-derived hyperpolarizing factor (EDHF) was significantly improved by 
an early SOL1 intervention and even more so by the late SOL1 intervention. This 
indicates that chronically reducing ET1 production has a positive effect on preserving 
endothelial function. Even at this age, reducing ET1 production restores or improves the 
(im)balance between EDCFs and EDRFs. 

In Chapter 7 we compared the effects on acute endothelial function of mesenteric 
resistance arteries for 4 weeks treatment with SOL-1, losartan (AT1-receptor 
antagonist), hydralazine (direct vasodilator) or vehicle in 32 weeks old SHR. In these 
animals, the leftward shift of the concentration response curve of phenylephrine, caused 
by a NO synthase inhibitor, was restored by chronic SOL1 treatment. Similar to the 
younger SHR, SOL1 treatment completely abolished the typical EDCF response. Again 
in line with the observations in the 12 week old SHR, EDNO responses were largely 
unaffected and the EDHF response was improved. The latter was however only 
observed after acute bosentan administration. This means that even though these 
animals have established high blood pressure and pronounced endothelial dysfunction, 
again chronically reducing ET1 production ameliorates the (im)balance between EDCFs 
and EDRFs. 

Effects of dual NEP/ECE inhibition on resistance artery remodeling 

In Chapters 6 and 7 we observed no effect of the NEP/ECE inhibitor SOL1 on 
resistance artery structure in 12 week old and 32 week old SHR. Chronic losartan 
treatment, however, significantly decreased the media to lumen ratio in 32 week old 
SHR as previously described [84-87]. 

In Chapter 5 we studied the effects on arterial remodeling of chronic 3 week 
administration of SOL1 during the development of DOCA-salt hypertension. A 3 week 
SOL1 treatment reduced the media cross-sectional area of arteries of DOCA-salt HT 
rats, restored outward remodeling and reduced the infiltration of 
monocyte/macrophages, but arterial stiffness was not affected by the treatment. 

Overall the effects of chronic SOL1 treatment on blood pressure and vascular structure 
are very modest in the SHR. In the DOCA-salt HT rats both aspects are improved by 
chronic SOL1 treatment. Observations made with SOL1 especially in DOCA-salt HT 
support roles of ET1 and inflammation in the development of a hypertrophic phenotype. 
Arterial stiffening, as observed in both hypertension models cannot be resolved by 
chronic NEP/ECE treatment. Improvement of endothelial function with this treatment 
was however consistent. In two other models of non-genetic hypertension, a similar 
therapy also failed to at least reduce blood pressure [82, 83]. In these two reports as well 
as in our studies, diverse beneficial effects on several aspects of the pathology were 
observed despite the lack of a blood pressure lowering effect. Although blood pressure 
reduction is better handled with other drugs, SOL1 might provide an added value in the 
treatment of vascular disease. 
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Perspective 

Endothelial function is often altered in hypertension. Normal endothelial function is 
dependent on a balance between relaxing and contractile factors. This thesis shows that 
in the experimental models that we investigated, ET1 can be the disrupting factor, 
flipping the balance and causing a dysfunctional endothelium. Since its discovery, the 
endothelin system has been regarded as a potential target for pharmacotherapy. 
However clinical trials with ET-receptor antagonists have not been as successful as 
expected [75-77] which might well be due to the atypical pharmacology of ET1 
(Chapter 3). In this view we considered the possibility that preventing the production 
of ET1 (by inhibiting ECE and NEP) might be more effective than trying to prevent 
ET1 from binding to its receptor. The findings in this thesis show that this approach 
showed good results in restoring endothelial function in both SHR and DOCA-salt HT 
rats. SOL1 was not evenly effective in lowering blood pressure or restoring arterial 
structure. It might be worthwhile considering combining NEP/ECE inhibition with ACE 
inhibition or angiotensin II receptor antagonism. Experimental compounds are being 
developed for these purposes [76, 88]. 
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Endothelial dysfunction and arterial remodeling contribute to the pathophysiology of 
hypertension. It is unclear whether hypertension affects the ability to respond to imposed 
changes in shear stress and circumferential wall stress.  

Endothelin-1 (ET1) is a potent vasoconstrictor, a potent growth promoting and pro-
inflammatory agent. These functions make the endothelin system a prone target in 
reversing arterial remodeling, preventing endothelial dysfunction and treatment of 
hypertension. 

In Chapter 2 we evaluated the effects of altered blood flow on the mRNA and protein 
expression in 6 week old WKY and 6 week old SHR. We observed a rapid and concurrent 
downregulation of eNOS, sGC and PKG mRNA and upregulation of TSP1 mRNA 
expressions at the initiation of flow-related remodeling. The results for mRNA as well as 
protein were however largely similar in both strains suggesting that the pathways 
investigated are not likely involved in the inward remodeling of resistance arteries that 
contributes to the elevated total peripheral vascular resistance and blood pressure in SHR. 
Furthermore we reported the ability of the calreticulin/LRP1 binding sequence (hep1) of 
TSP1 to promote a de-adhesive state and reverse the inward remodeling of mesenteric 
resistance arteries observed in 12 week old SHR. 

In Chapter 3 we give an overview of the peculiar interaction of ET1 with the ETA 
receptor. We elaborated on why current treatments targeting ET1/ET-receptor interacting 
have been less successful than anticipated. 

In Chapter 6 we reported that chronic NEP/ECE inhibition with SOL1 has no effects on 
blood pressure nor on structure of mesenteric resistance arteries from young (12 week 
old) SHR. Dysfunction is most apparent in the upregulation of the EDCF (endothelium-
derived contractile factor) response and an impairement of the EDHF (endothelium-
derived hyperpolarizing factor) response. Despite the lack of structural effects in these 
animals, chronic SOL1 administration does improve endothelial function and may thus 
be a valuable (supplementary) treatment option for this pathology. 

Similar results as regards to EDCF and EDHF as well as structure were obtained in 32 
week old SHR (Chapter 7), although the improvement of EDHF was only observed after 
a pretreatment with the non-selective ETA/B antagonist bosentan. Chronic treatment with 
the angiotensin II antagonist losartan or the vasodilator hydralazine did not result in an 
improvement of endothelial function. Contrary to the lack of effect of SOL1 on arterial 
structure and blood pressure, chronic losartan administration succeeded in significantly 
reducing blood pressure and decreasing wall to lumen ratios. A combination of an 
angiotensin II receptor antagonist, or alternatively an ACE inhibitor, and a dual NEP/ECE 
inhibitor could be an interesting option to look in to. 

In Chapter 4 we confirmed that SOL1 is able to reduce ET1 peptide levels in mesenteric 
resistance arteries. Subsequently we established potassium induced activation of vascular 
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smooth muscle as a stimulus for endothelin-1 production and release in DOCA-salt HT, 
but not NT rats. In line with this observation, ET1 potentiated contractile responses during 
potassium induced activation of vascular smooth muscle in mesenteric resistance arteries 
of DOCA-salt HT rats. A similar effect was not observed in NT. The endothelin-1 effects 
could be completely inhibited by mechanical removal of the endothelium and by the non 
selective ET-receptor antagonist bosentan, and partly by inhibiting the synthesis 
pathways with the dual NEP/ECE inhibitors phosphoramidon and SOL1. These 
observations suggest that a pronounced feedback mechanism exists stimulating 
endothelin-1 release from the endothelium after potassium induced activation of vascular 
smooth muscle specifically in DOCA-salt HT rats.  

Structural properties and the effect of SOL1 administration were described in Chapter 5. 

We showed that mesenteric resistance arteries of DOCA salt HT rats show transient 
infiltration of monocyte/macrophages, hypertrophy, increased arterial stiffness, impaired 
outward remodeling in response to an increase in flow and inward remodeling as a 
response to decreased flow. While the can be by chronic NEP/ECE inhibitor treatment 
(partly) reversed hypertrophy and improved the impaired outward remodeling. Arterial 
stiffness was not affected by the chronic SOL1 administration. Furthermore we observed 
that mesenteric resistance arteries exposed to low flow conditions also showed transient 
infiltration of monocyte/macrophages which was more pronounced in DOCA-salt 
hypertensive arteries. After 6 weeks of DOCA-salt hypertension, vasa vasorum-like 
structures formed in the adventitial layer proximal to the suture. The region and severity 
of the inflammation was greatly reduced by chronic SOL1 administration. 

Chapter 8 provides a general discussion of this dissertation. 
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Endotheel dysfunctie en arteriële remodelering dragen bij tot de pathofysiologie van 
hypertensie. Het is niet duidelijk als hypertensie de mogelijkheid van bloedvaten om te 
reageren op opgelegde veranderingen in schuifspanning en wandspanning, beïnvloed. 

Endotheline-1 (ET1) is een krachtige vaatvernauwend, celgroei stimulerend en een 
ontstekings-inducerend eiwit. Deze eigenschappen maken van het endotheline systeem 
een uitstekend aangrijppunt voor het omkeren van arteriële remodelering, het voorkomen 
van endotheel-dysfunctie en de behandeling van hypertensie. 

In Hoofdstuk 2 evalueren we de effecten van gewijzigd bloedstroomdebiet op de mRNA 
en eiwit expressie in 6 weken oude WKY en SHR. We zagen een snelle en gelijktijdige 
“neerwaartse regulering” van eNOS, sGC en PKG mRNA en een “opwaartse regulatie” 
van TSP1 mRNA expressie bij het initiëren van stroom-gerelateerde remodelering. De 
resultaten wat betreft mRNA en eiwit waren gelijkaardig wat suggereert dat de 
onderzochte mechanisme waarschijnlijk niet betrokken zijn bij het proces van inwaarts 
remodeleren van weerstandsvaten, wat bijdraagt tot de totale verhoogde perifere 
vasculaire weerstand en bloeddruk kenmerkend voor de SHR. Voorts zagen we dat de 
calreticulin/LRP1 bindings sequentie (hep1) van TSP1 de de-adhesieve staat en de 
omgekeerde remodelering van mesenterische weerstandsvaten van 12 weken oude SHR 
bevorderde. 

Hoofdstuk 3 biedt een overzicht van de opmerkelijke interacties van ET1 met de ETA 
receptor. We gaan in op mogelijke redenen waarom de huidige behandelingen die zich 
richten op de ET1/ET-receptor interacties minder succesvol zijn dan verwacht. 

In Hoofdstuk 6 wordt beschreven dat chronische inhibitie van NEP/ECE met SOL1 geen 
effecten had op bloeddruk of de structuur van mesenterische weerstandsvaten van jonge 
(12 weken oude) SHR. De Dysfunctie in deze dieren uit zich het meest prominent als een 
opregulatie van de EDCF en een verzwakking van de EDHF respons. Ondanks het gebrek 
aan structuur effecten in deze dieren verbetert het chronisch toedienen van SOL1 de 
endotheel functie en zou dus een waardevolle (additionele) behandelingsmogelijkheid 
zijn voor deze pathologie. 

Gelijkaardige resultaten wat betreft zowel EDVF en EDHF als vaatstructuur werden 
waargenomen in 32 weken oude SHR (Hoofdstuk 7), hoewel dat de verbetering van 
EDHF enkel werd waargenomen na voorbehandeling met de niet-selevtieve ETA/B 
receptor antagonist bosentan. Chronische behandeling met de angiotensine II antagonist 
losartan of de vaatverwijderaar hydralazine resulteerden niet in een verbetering van 
endotheel functie. In tegenstelling tot het gebrek aan effect van SOL1 op arteriële 
structuur en bloeddruk was chronische losartan behandeling wel succesvol in het verlagen 
van de bloeddruk en de wand vs lumen ratio. Een combinatie van een angiotensin II 
receptor antagonsit, of een ACE inhibitor en een NEP/ECE inhibitor zou een interessant 
agens kunnen zijn om in deze optiek te bekijken. 
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In Hoofdstuk 4 bevestigden we dat SOL1 in staat is om de ET petide niveaus in 
mesenterische weerstandsvaten te verminderen. Vervolgens toonden we aan dat Kalium 
geinduceerde activatie van vasulaire gladde spier een stimulans is voor ET1 productie en 
vrijzetting in DOCA zout hypertensieve maar niet in notmotensieve ratten. Volgend op 
deze observatie konden we vaststellen dat ET1 de contractorische responses door Kalium 
geinduceerde activatie van vasculaire gladde spier versterkte in DOCA zout 
hypertensieve ratten. Een gelijkaardig effect werd niet waargenomen in normotensieve 
ratten. De ET1 effecten konden volledig geinhibeerd worden door de mechanische 
verwijdering van het endotheel en door de niet selectieve ET-receptor antagonist 
bosentan, en ook deels door het inhiberen van de synthese route met de dubbele NEP/ECE 
inhibitoren phosphoramidon en SOL1. Deze observaties suggereren dat er een 
uitgesproken terugkoppelingsmechanisme bestaat dat ET vrijzetting stimuleerd uit het 
endotheel na Kalium geinduceerde activatie van vasculaire gladde spier specifiek in 
DOCA zout hypertensieve ratten. 

Structurele eigenschappen en het effect van SOL1 administatie werden beschreven in 
Hoofdstuk 5. 

We toonden aan dat mesenterische weerstandsvaten van DOCA zout hypertensieve ratten 
een transiente infiltratie van monocyte/macrofagen, verhoogde arteriele stijfheid, en 
vermindering van de uitwaartste remodelering als antwoord op een verhoogde stroom en 
inwaartse remodelering als antwooord op een verlaagde stroom vertonen. Arteriele 
stijfheid werd niet beinvloed door chronische SOL1 behandeling. Voorts konden we 
vaststellen dat mesenterische weerstandsvaten, blootgesteld aan verlaagde bloedstroom, 
een transiente infiltratie van monocyte/macrofagen vertoond die meer uitgesproken was 
in arterien van DOCA zout hypertensieve dieren. Na 6 weken DOCA zout hypertensie 
vormden zich vasa-vasorum structuren in de adventitia laag dicht bij de hechting. De 
betrokken regio en de ernst van de infflamatie werden sterk verminderd door chorinsche 
SOL1 toediening. 

Hoofdstuk 8 voorziet een algemene discussie van dit proefschrift. 
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Valorisatie addendum 
Hypertensie of hoge bloeddruk is een aandoening waaraan meer dan 1 miljard mensen 
wereldwijd leiden. Zowat 95% van de patiënten met hoge bloeddruk worden beschouwd 
als leidend aan primaire of essentiële hypertensie, omdat er geen specifieke oorzaak kon 
geïdentificeerd worden voor hun aandoening. Hoge bloeddruk wordt geassocieerd met 
een verhoogd risico voor mortaliteit en morbiditeit door cardiovasculaire ziektes, het 
laatste stadium van nierziektes, en cerebrovasculaire accidenten. De voordelen van het 
verminderen van de risico’s door middel van het verlagen van de bloeddruk met anti-
hypertensieve therapieën is reeds overtuigend aangetoond in een aanzienlijke hoeveelheid 
klinische studies. Ondanks de geboekte vooruitgang in recente jaren in de preventie, de 
detectie en de behandeling van hoge bloeddruk, blijft hypertensie een belangrijke 
uitdaging voor de volksgezondheid. Op basis van de vaststellingen dat de bevolking 
almaar ouder wordt en de toename van andere risicofactoren zoals obesitas, diabetes en 
een dieet dat overmatig zout bevat kan voorspeld worden dat het aantal patiënten dat leidt 
aan een te hoge bloeddruk zal blijven toenemen. Hoewel er meer dan 75 anti-
hypertensieve geneesmiddelen, behorende tot verschillende klassen, voorhanden zijn 
blijkt dit onvoldoende om bloeddruk onder controle te krijgen (houden). Het aantal 
patiënten met een verhoogde bloeddruk bij wie de verhoogde bloeddruk behandeld en 
onder controle kan gehouden worden is aanzienlijk gestegen, maar naar schatting 1/3 van 
de patiënten met hoge bloeddruk wordt niet behandeld en bij 1/4 van de patiënten met 
een hoge bloeddruk leidt de behandeling niet tot een verlaging van de bloeddruk. Dit geeft 
aan dat er nood is aan nieuwe anti-hypertensieve therapieën (klassen). 

Doorgaans is het hoofddoel van anti-hypertensieve therapieën het verlagen van de 
bloeddruk op zich, maar omdat een verhoogde perifere vaatweerstand kan beschouwd 
worden als de belangrijkste oorzaak van permanente hoge bloeddruk, worden niet zozeer 
de oorzaken maar de symptomen van hoge bloeddruk aangepakt. Het is daarom belangrijk 
om niet enkel de bloeddruk te verlagen maar om ook de structurele en functionele 
veranderingen in de arteriën die bijdragen tot de perifere weerstand, te verlichten. Het is 
dus belangrijk om de veranderingen in arteriële structuur om te keren en de endotheel 
functie te normaliseren. 

Neutral endopeptidase (NEP) en endothelin converting enzyme (ECE) zijn structureel 
zeer gelijkende metalloproteases die beide betrokken zijn bij de productie en de afbraak 
van verschillende vasoactieve peptiden zoals bradykinine, Ang I, Ang II, natriuretic 
peptides (ANP,BNP and CNP), substance P, CGRP en endothelin-1 (ET1). Endothelin-1 
(ET1), is een zeer krachtige vasoconstrictor die tevens de groei van cellen en ontstekings 
reacties bevordert.  

Het doel van het onderzoek in dit proefschrift was het (i) karakteriseren van de endotheel 
dysfunctie en de impact op vasculaire remodelering in diermodellen (met name ratten) 
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voor hoge bloeddruk en (ii) het onderzoeken van het potentieel van NEP/ECE inhibitie 
als een bijkomende behandelingsoptie met toegevoegde waarde in hypertensie. 

Preklinische studies met ECE-inhibitoren vertoonden wel wat potentieel maar in andere 
werd vastgesteld dat een vermindering van ECE activiteit een accumulatie van amyloid 
β-peptide tot gevolge had wat kan leiden tot neurotoxiciteit. Candoxatril, een krachtige, 
oraal beschikbare NEP inhibitor bleek effectief in het voorkomen van de afbraak van 
natriuretische peptides, maar de effecten op de bloeddruk van hypertensieve patiënten 
was niet klinisch betekenisvol. Integendeel, in normotensieve patiënten werd een 
verhoogde bloeddruk gemeld, waarschijnlijk toe te schrijven aan een verhoogde activiteit 
van ET1 en Ang II. Met de combinatie NEP/ECE inhibitor SLV306 werd een verlaging 
van de ambulante bloeddruk vastgesteld in een patiëntenpopulatie die zeer vaak resistent 
bleek voor andere therapieën. 

In de toekomst zouden NEP/ECE inhibitors verder ontwikkeld moeten worden en zouden 
patiëntstudies in therapie-resistente populaties van patienten met hoge bloeddruk meer 
inzicht kunnen verschaffen. Bovendien zou het onderzoeken van het potentieel van triple 
inhibitoren (angiotensin-converting enzyme/NEP/ECE) een toegevoegde waarde kunnen 
bieden voor patiënten die niet reageren op de therapieën die reeds voorhanden zijn. 
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