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INTRODUCTION

Stroke mortality represents a significant cause of death worldwide, coming right after
coronary artery disease and cancer. High blood pressure is a mgjor risk factor for stroke (Suter
1999). Since essential hypertension is closely associated with our life style, it is called as one of the
"life style diseases". However, it is also evident that essential hypertension is an inherited familial
disease, with multiple anomalies of genes involved (Takahashi 1999). Even though the definite
cause of hypertension would be a genetic disorder, life style modification can often prevent the
development of essential hypertension. Evidence from animal experimentations, observational
epidemiology, and randomised clinical trias strongly supports efforts to change nutritional factors
in desirable directions, especialy to lower dietary sat and increase K™ intake (Cutler 1999).
Obesity, which has increased dramatically in the recent decades, is a magjor risk factor for the
development of type 2 diabetes. Obesity and hypertension are intimately linked. Weight loss lowers
blood pressure and improves the blood pressure response to Na' restriction and antihypertensive
medications (Landsberg 1999). Moderate physical exercise is not only recommended to people with
mildly elevated blood pressure, but also to patients with severe hypertension (Collazo-Clavell
1999). Several explanations have been proposed to the beneficial effects of increased dietary K* and
exercise on blood pressure, but the precise mechanisms are yet unknown.

Although the pathophysiological mechanisms of established essential hypertension are not
fully understood, the increase in blood pressure has been thought to result from an increase in
peripheral arterial resistance, while cardiac output usually remains normal (see Kaplan 1998). Most
of the changes in the peripheral resistance associated with hypertension affect the microvascular
network. The functional characteristics of arterioles are significantly modified in hypertension.
Sensitivity to numerous vasoconstrictive substances is increased. Local angiotensin converting
enzyme (ACE) activity is higher and endothelium-dependent dilation lower, in geneticaly
hypertensive animals than in controls. The myogenic response, which represents the
vasoconstriction of arterioles in response to a stepwise increase in pressure, is also amplified by
mechanisms that depend on both prostanoids (PGI,) and endothelin. Hypertensive changes also
affect the structure of the microvascular network (Boudier 1999). The expansion of extracellular
volume, inducing hypervolaemia and increased cardiac output represents the characteristic
haemodynamic feature of the obesity-related hypertension. Since peripheral vascular resistance is
also increased, it appears that there is a lack of physiological adaptation of periphera resistance to
increased cardiac output. The mechanisms underlying these changes in vascular reactivity and also

in renal function can not be attributed to hyperinsulinaemia as such, but might be related to insulin
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resistance responsible for the enhancement in pressor activity of noradrenaline (NA) and
angiotensin Il (Ang I1).

In hypertension the increased reactivity to pressor factors may be due to an inadequate nitric
oxide (NO) generation by vascular endothelium and to increased Na* and Ca®* concentration in
vascular smooth muscle cells (Kolanowski 1999). A recent study has identified dietary K* and Mg**
as significant modulators of stroke risk in men. The protective effects were particularly pronounced
in hypertensive subjects. The observed protection may be due to direct and indirect effects of these
nutrients on blood pressure and regulatory functions, such as endothelial function. A high intake of
these nutrients, singularly or in combination, is associated with a more healthful overall lifestyle
(Suter 1999). Experimental, epidemiological and clinical studies have provided strong evidence that
physical exercise has beneficia effects on multiple physiological variables affecting cardiovascul ar
health (lipoprotein levels, resting blood pressure and heart rate, carbohydrate tolerance,
neurohormonal activity). Regular exercise has been shown to slow the progression of
cardiovascular disease and to reduce cardiovascular morbidity and mortality (Niebauer and Cook
1996). However, in spite of the intensive research in the field, only relatively few studies have
examined in detail the effects of K™ intake and exercise on the function of the endothelium and
arterial smooth muscle in hypertension.

Traditional approaches to control the high blood pressure-related cardiovascular diseases
have largely focused on drug therapy in persons with hypertension. Still, nonpharmacologic
approaches which include Na' reduction, weight loss, increased K*, Mg, and Ca’" intake and
increased physical activity, also termed lifestyle modification, have enormous potential as a means
to reduce blood pressure and control hypertension, thereby preventing the occurrence of
cardiovascular disease (Appel 1999). Thus, the understanding of vascular biology and the effects of
nonpharmacologic treatments on arterial function and structure are maor challenges of
cardiovascular medicine. Therefore, the present work was designed to study the differences in
arteria function in experimental models of genetic, mineralocorticoid-NaCl, and obesity-associated
hypertension. Special attention was paid to the functional characteristics of arterial smooth muscle
and the modulatory influences of the endothelium on vascular tone. Furthermore, the blood
pressure-lowering and vascular effects of oral K™ and Whey supplementation and regular exercise
were investigated. Knowledge of the precise mechanisms of arterial dysfunction leading to
increased vascular resistance, and the effects of K* supplementation and regular exercise on these
variables, would be helpful in the expansion of possibilities of lifestyle modifications to treat

hypertension.
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REVIEW OF THE LITERATURE

| Control of blood pressure
1. General principles
1.1. Autonomic nervous system

The central nervous system (CNS) regulates blood pressure by adjusting the heart rate and
contractility as well as peripheral vascular resistance. The autonomic system consists of two major
divisions: the sympathetic nervous system (SNS) and the parasympathetic nervous system. Both
systems have associated sensory fibres that send feedback information into the CNS regarding the
functional condition of target tissues. They also regulate the release of certain hormonesinvolved in
energy metabolism (e.g., insulin, glucagon, adrenaine) or cardiovascular function (e.g., renin,
vasopressin). These integrated responses maintain the normal internal environment of the body in
an equilibrium state called homeostasis (Mancia et al. 1997).

Increased SNS activity has been implicated as a primary precursor of hypertension in both
humans and animal models of the disease (Wyss 1993). There are numerous studies demonstrating
that essential hypertension is accompanied by sympathetic activation (Mancia et a. 1999).
Activation of the sympathetic outflow to the heart, kidneys and skeletal muscle vasculature is
commonly present in younger (< 45 years) patients with essential hypertension. The sympathetic
stimulation appears to have adverse consequences in hypertensive patients beyond blood pressure
elevation (Cabassi et al. 1997). Neural vasoconstriction in skeletal muscle has metabolic effects by
impairing glucose delivery, which is a basis for insulin resistance and hyperinsulinaemia. Within
the heart a trophic effect of sympathetic activation on cardiac growth, contributing to the
development of left ventricular hypertrophy, and an arrhythmogenic effect are also likely (Esler and
Kaye 1998). Furthermore, there are both peripheral reflex and humoral mechanisms that may
contribute to sympathetic overactivity in human hypertension (Somers et al. 1993). In NaCl-
sensitive hypertensive subjects, dietary NaCl increases SNS activity both directly and indirectly
(Mark 1996). In addition, nitric oxide (NO) deficiency may increase the SNS contribution to some
forms of hypertension (Wyss 1993). In severa experimental animal models of hypertension,
sympathetic factors have been shown to be involved in the development and/or maintenance of high
blood pressure (Shah and Jandhyala 1995, Mancia et al. 1998). Evidence has been also provided
that the activation of the SNS (1) is peculiar to the essential hypertensive state (Mancia et al. 1997),
(2) parallels the degree of the blood pressure elevation (Cabassi et al. 1997), (3) is triggered by
reflex and humoral mechanisms (Esler 1995, Verwaerdeet a. 1997), and (4) may exert deleterious
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metabolic and cardiovascular effects, accelerating the progression of the end organ damage
accompanying hypertension (Grassi 1998).

Experimental evidence collected in animals and man supports the concept that adrenergic
neural factors are also involved in the pathogenesis of cardiac and vascular hypertrophy, i.e.
cardiovascular hypertensive complications that in the past have been regarded to result from
hemodynamic mechanisms (Julius 1994, Grass and Mancia 1995). Adrenergic overactivity is a
common hallmark of essential hypertension. This adrenergic overactivity appears to be related to
the severity of the hypertensive state, being detectable in its early stages and showing a progressive
increase with the severity of the disease (Lanfranchi et al. 1998). The adrenergic overactivity may
contribute to the blood pressure elevation and perhaps also to the high cardiovascular mortality in
renovascular hypertension (Johansson et al. 1999). NA is secreted into the bloodstream by the
adrenal glands in response to stress, but it is also synthesised and released as a neurotransmitter by
axon terminals in the CNS and in sympathetic fibres of the autonomic system. The CNS release of
NA, presumably in the forebrain where noradrenergic neurones are sympathoexcitatory and elevate
blood pressure, mediates increased sympathetic nerve firing in patients with essential hypertension
(ESler et al. 1997). Plaama NA is higher in young essential hypertensive patients than in
normotensive subjects and in obese compared with nonobese subjects (Tuck 1992, Jennings 1998).
Imbalances in several neurotransmitters and neuromodulators are present during the development of
hypertension, and these directly and indirectly contribute to increased release of NA onto the
postsynaptic targets of the sympathetic nerves (Wyss 1993, Feres et al. 1998). This also appears to
be the case in humans, in which sympathetic activation, detected through plasma NA measurement,
NA spillover technique, and direct recording of muscle sympathetic nerve activity, has been shown
to characterise the early phases of the hypertensive state and parallel its severity (Rahn et al. 1999).
Furthermore, the autonomic nervous system buffers blood pressure variation caused by other
vasoactive substances (Takahashi 1997). Central endothelin (ET) might topically activate
sympathetic nerve activity and thus contribute to blood pressure elevation in SHR (Nakamuraet al.
1999). Finally, aimost all vasoactive substances affect nervous system to change SNS activity.

To date, the mechanism that potentiates the increase in SNS activity has not been fully
elucidated (Reid 1994, Head 1995). The role of neural sympathetic factors in the pathophysiology
of hypertension and its complications suggests that modulation of sympathetic activity should be an
important target of modern antihypertensive treatment, aimed not only at lowering blood pressure,

but also at reducing the patient's cardiovascular risk profile (Grassi and Mancia 1995).
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The effects of CNS on blood pressure are modified by arterial baroreceptors, which in
hypertension are desensitised and reset to higher level of blood pressure (Paull et al. 1997). A loss
of sensitivity of the baroreceptor reflex is one of the fundamental mechanisms underlying the
deficits found in parasympathetic cardiac control (Reyes del Paso 1999). Conclusive evidence
shows that baroreceptor modulation of heart rate is impaired in animals and patients with high
blood pressure (Abboud 1982, Matsukawa et al. 1991, Amerena and Julius 1995, Grass et al.
1998). Essential hypertension is also associated with an impaired baroreflex control of vagal
activity (Lanfranchi et a. 1998). In both SHR and mineralocorticoid-NaCl hypertensive rats the
attenuation of the baroreceptor reflex has been reported to be centrally mediated (Y oneda et al.
1995, Nakamura et al. 1988).

In addition, stress has also been shown to cause hypertension, and fear and anxiety can
induce a rise in blood pressure owing to increased activity in the SNS. Both physical and
psychological stresses dlicit large initial sympathetic neuronal responses that are subsequently
damped by feedback inhibition from structures such as the baroreceptors (Ziegler et al. 1993).
Grass et a. (1998) have suggested that baroreceptor control of the cardiovascular function is
desmogenously affected by high blood pressure, i.e. that this condition impairs baroreceptor
modulation of sinus node but not of sympathetic nerve activity and peripheral circulation. However,
other studies have found that the vascular, blood pressure, and sympathetic effects of alterationsin
baroreceptor activity can be unmodified or enhanced in experimental or human hypertension as
compared with the normotensive condition (Devereux et al. 1977, Mark et a. 1985, Grass et al.
1995). The level of the baroreceptor resetting could be either peripheral or central, and the
contribution of this control mechanism to long-term essential hypertension is still not clear (Huang
and Leenen 1999).

Dopamine is a powerful natriuretic substance (capable of increasing urinary salt loss) and
renal vasodilator. Via different dopamine receptor subtypes it regulates cardiovascular functions by
actions on the central and peripheral nervous systems, vascular smooth muscle, the heart and the
kidney. The dopaminergic system in the CNS may participate in the regulation of systemic blood
pressure (Jose et al. 1998). Dopamine 'D2-like' (D2, D3 and D4) receptors, rather than 'D1-like' (D1
and D5) receptors, are involved in the CNS regulation of blood pressure; post-synaptic D2-like
receptors increase blood pressure, while presynaptic D2-like receptors (the predominant action)
produce the opposite effect. Aberrant dopaminergic regulation of aldosterone secretion, via D2-like

receptors, has been reported to be involved in some forms of hyperaldosteronism and hypertension.
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Some forms of hypertension may also be caused by an aberrant renal dopaminergic system (Jose et
al. 1999).

1.2. Kidneys and the renin-angiotensin system

During the last few years there has been a renewed interest in blood pressure-induced kidney
damage (Redon 1998). Permanent uncontrolled hypertension affects target organs, particularly the
kidney (Hornych and Asmar 1999). A substantial amount of data also supports the view that renal
dysfunction underlies the development of al the forms of hypertension. However, this dysfunction
does not necessarily originate from the kidney itself, and abnormalities in the function of nervous
system, endocrine organs or the vasculature, which alter the transmission of arterial pressure to the
kidney or disturb the excretion of Na” and water, can underlie the resetting of pressure natriuresis
(Cowley 1997). Recent findings indicate that angiotensinll (Ang Il), NO, and rena nerves are
involved in the modulation of pressure natriuresis, but additional important mechanisms are likely
to be discovered (Anderson et a. 1995). A lack of the normal suppression in Ang Il and/or
sympathetic activity in response to an increase in Na' intake produces salt-sensitive hypertension
(Richard et al. 1999). The rena response to NaCl-induced increases in blood pressure can be
genetically modulated independently of the genes that mediate either the primary hypertension or
the salt sensitivity of the hypertension (Fanestil et al. 1999).

Amylin stimulates Na'/water reabsorption from the basolateral side of the proximal tubules
and plays arole in Na" homeostasis. In SHR, rena amylin receptors are activated, which precedes
the rise in blood pressure and suggests that activation of the amylin system may be important in the
development of hypertension at least in this model (Wookey and Cooper 1998).

The renin-angiotensin system (RAS) plays an important role in blood pressure control and
in water and salt homeostasis which is central to the pathophysiology of a number of cardiovascular
disorders such as malignant hypertension (Stroth and Unger 1999). Activation of the RAS in
unilateral renal artery stenosisis pivotal to the development of hypertension and the disturbances in
electrolyte and volume balance, most particularly in the hyponatraemic-hypertensive syndrome
(Raman et al. 1995). The hypertensive effects of Ang Il involve direct vasoconstrictor effects. In
addition, chronic Ang Il administration produces hypertension by increasing Na“ reabsorption
leading to volume expansion and hypertension (Nishimura and Y oshimura 1995). On the other
hand, it has been reported that in Ang I1-induced hypertension, the increased Na' reabsorption is not
associated with volume expansion but, rather, is associated with an increase in vascular tone
resulting from an interaction between Ang Il and the nervous system (Blaine et a. 1998). Engeli et
a. (1999) have also suggested that loca RAS may be involved in obesity-related disorders,



18

including hypertension and metabolic syndrome. Much less clear is the actual role of the RAS in
essential hypertension; i.e. how much it contributes to the level of blood pressure, the development
of left ventricular hypertrophy, and the evolution of complications such as stroke and myocardial
infarction (Nicholls et al. 1998). The genes constituting the RAS have been expected to be
candidates for essential hypertension. DNA polymorphisms of angiotensinogen and Ang Il type 1
receptor genes have been suggested to be significantly related with the incidence of human
hypertension (Pinto et al. 1995). The increased knowledge of the effector peptides of the RAS, their
receptors, and their respective cellular functions has led to a new principle of treatment for
hypertension: the inhibition of Ang Il via angiotensin converting enzyme (ACE) inhibitors or Ang

[1-receptor antagonists (Stroth and Unger 1999).

1.3. Angiotensin 1

Ang Il, the effector peptide of the RAS, regulates volume and electrolyte homeostasis and is
involved in cardiac and vascular cellular growth in humans and other species (Dostal et al. 1997).
The traditional RAS can be considered as a system in which circulating Ang Il is delivered to target
tissues or cells. However, alocal RAS has also been described at least in cardiac and kidney tubular
cells, and evidence has been accumulated for autocrine and/or paracrine pathways by which
biological actions of Ang Il can be mediated (Lijnen and Petrov 1999). Ang Il is vasoconstrictor
and antinatriuretic; it also stimulates cell growth and proliferation in vascular smooth muscle,
resulting in hypertrophy or hyperplasia of conduit and resistance vessels (Duff and Berk 1995). In
experimental animals, the chronic administration of Ang Il has been found to result in a dose-
dependent rise in arteria pressure, cardiac (Dostal and Baker 1992) and peripheral vascular
hypertrophy and proliferation, (Griffin et a. 1991) and injury of small intrarenal arterial vessels
(focal fibrinoid necrosis and medial hyperplasia) (Johnson et al. 1992). As a consequence of the
increase in arterial pressure and exaggerated glomerular capillary permeability and pressure, an
increase in albuminuria and the development of glomerulosclerosis are observed during chronic
Ang Il infusion (Johnson et al. 1992). The expanding role of Ang Il in cardiovascular
pathophysiology indicates that multiple signal transduction pathways are likely to be activated in a
tissue-specific manner (Berk 1999).

The diversity of Ang Il action can be attributed to interact with specific membrane-bound
receptors on the target tissues (vessels, kidneys and adrenal gland). AT, receptors are predominant
in the adult, while AT, receptors are abundantly expressed during embryonic development (Hein
1998). Both AT; and AT, types were expression-cloned from various species. AT; was shown to

consist of two isoforms ATia and ATyg in rodents, whereas only one AT, was found in higher
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mammals (Thomas 1999). AT1a receptors are the major blood pressure regulators and have a potent
growth-stimulatory effect on cardiac myocytes in vivo (Inagami et al. 1999). The AT;g receptor
subtype may participate in the control of vascular tone if AT1a receptors are absent. The action of
AT, is generaly antagonistic to that of AT;. AT, inhibits AT, (and growth factor) -stimulated cell
growth, and attenuates the vasoconstriction induced by AT;. Since AT, seems to mediate NO
formation in the renal cells, it may initiate a natriuretic pathway in contrast to the Na'-retaining
action of ATy (Inagami et al. 1999). Signal transduction implicates protein tyrosine phosphatase
stimulation as an intracellular messenger system for AT, receptors. AT; and AT, receptor
expressions are differently regulated, and regulation is also tissue-specific (Ardaillou 1999). The
activation of AT, receptor is shown to play a role in the lowering of blood pressure and some
phosphatases and NO/cGMP may be involved in this mechanism (Inagami et al. 1999). In the rena
vasculature, endothelium-dependent epoxygenase products are synthesised by AT, receptor
stimulation causing vasorelaxation (Ardaillou 1999). In summary, AT; receptor signals are
vasopressive and evoke vascular hypertrophy and atherosclerosis, whereas AT, receptor signas
may possibly be vasodilatory.

There are two major signal systems for the AT, receptor: one leads to an increase in
cytosolic free Ca?* levels causing smooth muscle contraction, which may result in elevated blood
pressure, and the other leads to smooth muscle proliferation and inflammation, which may aso
result in atherosclerosis (Lijnen and Petrov 1999). AT, receptor activation induces phosphinositide
hydrolysis by PLC and creates an inositol phosphate, which releases Ca’* from cytosolic pools.
Cytosolic Ca?* can aso be elevated by the activation of Ca?* channel via a link between the AT;
receptor and a G protein. Protein phosphorylation triggered by AT; receptor is important for cell
growth, in which tyrosine kinase, serine/threonine kinase and PKC are involved (Berk 1999).

The cellular responses to Ang Il in vascular smooth muscle have been shown in different
hypertensive vessels to be either hypertrophy alone, hypertrophy and DNA synthesis without cell
division (polyploidy), or DNA synthesis with cell division (hyperplasia) (Rosendorff 1998). In
genetic hypertension, there is either cellular hyperplasia or remodelling, whereas in renovascular
hypertension, there is hypertrophy of VSMC (Lijnen and Petrov 1999). In SHR with early
hypertension and slight medial thickening, Ang Il-mediated vascular contractile responsiveness is
significantly augmented when compared with SHR with established hypertension and more severe
vascular structural changes (Endemann et al. 1999). An extracellular signal-regulated kinase is
involved in Ang Il-induced TGF-3 mRNA expression in VSMCs, suggesting that extracellular
signal-regulated kinase may participate in vascular remodelling of hypertension (Hamaguchi et al.
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1999). Different mechanisms contribute to increases in basal and Ang |l-stimulated responses in
intracellular free Ca?* concentration ([Ca?']) in VSMC from small arteries of SHR, which
contribute to elevated peripheral resistance in hypertension. Increases in basal [Ca’*]; may partly be
due to augmentation of Ca®* influx, whereas Ang Il-induced [Ca?']; hyper-responsiveness might
depend primarily on Ca®* mobilisation rather than on influx of extracellular Ca®* (Touyz and
Schiffrin 1997).

As noted earlier, a hyperactive RAS, as assessed by plasma measurements of Ang Il and
renin activity, is not a consistent feature of essentia hypertension, and in SHR the activity of
circulating RAS is not elevated (Paran et al. 1995). In contrast, SHR appear to have higher arterial
ACE activities and concentrations than WKY (Nakata et al. 1987, Saavedra et al. 1992, Vicaut and
Hou 1994). C-fos expression in the kidney is mediated by AT;-receptors and the renal C-fos
response to exogenous Ang Il is significantly augmented in SHR compared with WKY', suggesting
that this hyperresponsiveness on renal ATi-action may partly contribute to the progression of renal
injury in SHR (Otsukaet al. 1998).

ACE inhibitors prevent or reverse vascular hypertrophy in animal models of hypertension.
Even during the developmental phase of hypertension, the SHR kidney is more responsive to Ang Il
as compared with the WKY kidney. Also, the ability of Ang Il to inhibit rena adenylate cyclase
activity in young SHR may be enhanced (Brilla et al. 1995, Vyas and Jackson 1995). The
exaggerated renal reactivity to Ang Il may be an important determinant of the development of
hypertension in SHR (Fortuno et a. 1999). The greater effect of Ang Il on urinary CAMP excretion
in SHR is not due to hypertension or to the renal haemodynamic effects of Ang Il, but most likely to
agreater effect of Ang Il on some compartment of renal adenylyl cyclase activity in SHRs (Jackson
et a. 1999). The enhanced renovascular response to Ang Il in SHRs is mediated by a G(i)-
dependent pathway within the renal vasculature (Kost et al. 1999).

1.4. Natriuretic peptides

The natriuretic peptide family consists of three endogenous ligands; atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP) and C-type natriuretic peptide (CNP), and isinvolved in the
regulation of cardiovascular homeostasis (Ogawa et al. 1995a). CNP is found principaly in the
CNS and vascular endothelial cells, while ANP and BNP are cardiac hormones. ANP is synthesised
mainly in the atria of the normal adult heart, while BNP is produced by both the atria and ventricles
(Leskinen et a. 1997a). Natriuretic peptide system consists of three receptor subtypes, natriuretic
peptide receptor-A (guanylate cyclase-A), natriuretic peptide receptor-B (guanylate cyclase-B), and
the C-type receptor (clearance). The biological actions of natriuretic peptides are thought to be
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mediated through the activation of the two guanylyl cyclase-coupled receptor subtypes (Itoh and
Nakao 1997, Yasoda et al. 1998).

The natriuretic peptide system seems to be involved in the regulation of water and salt
intake, blood pressure, and the secretion of vasopressin so that these actions reduce body fluid
content and lower blood pressure. Such effects of natriuretic peptides are antagonistic to the actions
of Ang Il (Leskinen et al. 19974). The distribution of ANP and Ang Il and their receptors in the
nervous system overlaps considerably. It is highly likely, therefore, that the central and peripheral
natriuretic peptide systems and the RAS play important roles in the control of cardiovascular and
body fluid homeostasis in opposite directions (Imura et a. 1992). In fact, endogenous
paracrine/autocrine factors liberated in response to atrial wall stretch rather than direct stretch
appear to be responsible for the activation of ANP secretion in response to volume load, as
evidenced by aimost complete blockade of ANP secretion during combined inhibition of ET type
A/B and Ang Il receptors. Furthermore, under certain experimental conditions Ang Il and NO may
also exert significant modulatory effects on stretch-activated ANP secretion (Ruskoaho et al. 1997,
Maggaet al. 1998).

The hypertension associated with lack of endogenous ANP is due to elevated total
peripheral resistance, which is determined by an increase in cardiovascular autonomic tone (Melo et
a. 1999). ANP and BNP genes are candidate genes for increased susceptibility to stroke and for
sensitivity to brain ischaemiain the stroke-prone SHR (Brosnan et al. 1999). Recently Rubattu et al.
(1999) found that molecular variants of the ANP gene might represent an independent risk factor
for cerebrovascular accidents in humans. The strong parallelism to the experimental data obtained
in the stroke-prone animal model provides assurance for the relevance of this observation. In
addition, ANP directly inhibits endogenous ET-1 secretion through a cyclic guanosine 3',5-
monophosphate (cGMP)-mediated pathway in chronic severe congestive heart failure (Wada et al.
1996). Furthermore, modulation of acute volume expansion-induced atrial peptide release appears
to be altered in experimental hypertension (Leskinen et a. 1997b).

Obesity-related hypertension is considered to be Na'-sensitive, and a possible
pathophysiological role of ANP and its receptor system has been suggested in this context. The
natriuretic peptide receptor-A:C mRNA ratio was found to be lower in obese hypertensive patients
as compared with non-obese hypertensives (Dessi-Fulgheri et a. 1998). Overexpression of the
clearance receptor in the obese may trap more molecules of circulating ANP and thus reduce the

biological activity at the renal level. The abundance of natriuretic peptide receptor-C in the adipose
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tissue may thus play a significant role, and at least partially explain the Na' retention characteristic

of obesity-associated hypertension (Chen et al. 1998).

2. Vascular endothelium

The vascular endothelium is an important regulatory organ in maintaining cardiovascular
homeostasis, and endothelial dysfunction is present in severa cardiovascular diseases (Garcia
Palmieri 1997). The endothelium controls the tone of the underlying vascular smooth muscle
mainly through the production of vasodilator mediators such as prostacyclin (PGl,), NO and
endothelium-derived hyperpolarizing factor (EDHF), but it also produces vasoconstrictor
substances (see below). The endothelial mediators are also involved in the regulation of vascular
architecture and the blood cell-vascular wall interactions. The antiplatelet, antithrombotic and
antifibrinolytic properties of the normal endothelium contribute to the maintenance of the fluidity of
the blood (Kwiecien 1998).

In several vascular diseases, the vasodilator function of the endothelium is attenuated. In
advanced atherosclerotic lesions, endothelium-dependent vasodilation may even be abolished
(Mombouli and Vanhoutte 1999). Various degrees and forms of endothelial dysfunction exist,
including reduced release of NO, PGI, and EDHF, increased release of endoperoxides, increased
production of reactive oxygen species, increased generation of ET-1, and decreased sensitivity of
vascular smooth muscle to NO, PGI, and EDHF (Furchgott and Zawadzki 1980, Vanhoutte 1996,
Drexler and Hornig 1999). The endothelial dysfunction may play a primary as well as a secondary
role in the pathogenesis of primary hypertension (Luscher and Noll 1995). As a consequence of this
dysfunction, substances formed in the endothelia cells at the sites of the arterial baroreceptors
could lead to their resetting, resulting in lower inhibition of the vasomotor centres, enhanced
neurohumoral activity, and a consequential increase in systemic vascular resistance. This increase
could be enhanced by a predominant action of endothelium-derived contracting factors in the
resistance vessels (Faraci 1992). Proliferation of the vascular smooth muscle would follow, because
of the mitogenic action of some of these factors and other growth promoters (Luscher 1990). By
these mechanisms, the endothelium may participate in the polygenic dysfunction characteristic of
primary hypertension, not only in initiating the increase in arterial blood pressure, but also in
sustaining it (Shepherd and Katusic 1991).

Endothelial dysfunction presents different characteristics depending on the model studied. In
Dahl-salt-sensitive rats, the decrease in endothelium-dependent relaxations is associated with
impaired constitutive nitric oxide synthase (NOS) activity. The presence of an endogenous NOS

inhibitor and a decreased response of vascular smooth muscle to the mediator may contribute also
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to the dysfunction observed in this model (van Zwieten 1997). In deoxycorticosterone (DOCA)-salt
treated rats, the decrease in endothelium-dependent relaxations is associated with overexpression of
ET-1 in the endothelial cells of blood vessels (Li et al. 1998). In SHR, the contribution of the L-
arginine NO pathway to endothelium-dependent responses appears to be normal or impaired,
despite the reports of increased NOS activity or expression. In large arteries from SHR,
endothelium-dependent relaxations are impaired because of the concomitant augmented release of
endoperoxides and thromboxane A, (TXAy), which activate the thromboxane-endoperoxide
receptors. The blunted endothelium-dependent relaxations seen in SHR aortae are also due to a
decreased sensitivity of vascular smooth muscle to EDRF/NO resulting from an increased protein
kinase C (PKC) activity (Sciences 1998). These prostanoids may also be produced in the vascular
smooth muscle in addition to the endothelium (Shimokawa 1998).

In a number of cardiovascular pathologies, such as hypertension or heart failure, the balance
in the endothelial production of vasodilating and vasoconstricting mediators is altered (Ferro and
Webb 1997, Taddel et a. 1998a, 1998b). An important mechanism leading to endothelial
dysfunction may be the production of cyclooxygenase (COX)-dependent factors, including
prostanoids and especially oxygen-derived free radicals, which cause NO breakdown (Boulanger
1999, Taddei et a. 1998a, 1998b). In addition, some studies have suggested that the basal release of
NO in human essential hypertension is reduced. Defective basal release of NO seems to be
secondary to increased blood pressure, while impaired agonist-evoked endothelium-dependent
vasodilation may even be a primary phenomenon. The latter endothelial dysfunction seems to be
caused by the simultaneous presence of an dteration in the L-arginineeNO pathway and the

production of constrictor prostanoids (Taddel and Salvetti 1996, Kiowski 1999).

2.1. Endothelium-derived vasodilatory factors
2.1.1. Nitric oxide

In 1980, Furchgott and Zawadzki discovered that the endothelium produces a vasoactive
substance causing relaxation of vascular smooth muscle in response to acetylcholine (ACh)
(Furchgott and Zawadzki 1980). Today we know that not only ACh but also many other circulating
hormones and neurotransmitters, like substance P, histamine, bradykinin (BK), or adenosine
5'-triphosphate (ATP) trigger the release of an endothelium-derived relaxing factor (s) (EDRF,
Moncada et a. 1991, Kiowski 1999). In 1987, this substance was identified as NO produced
enzymatically from the amino acid L-arginine by enzymes termed NOS (Palmer et al. 1987). NO is
a gas that transmits signals in the organism. Signal transmission by a gas that is produced by one

cell, penetrates through membranes and regulates the function of another cell, represents an entirely
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new principle for signalling in biological systems (Furchgott and Jothianandan 1991, Furchgott
1996). When NO is produced by the endothelium, it rapidly spreads through the cell membranes to
the underlying muscle cells. NO stimulates soluble guanylate cyclase in the adjacent vascular
smooth muscle cell (VSMC), resulting in an accumulation of the cyclic nucleotide cGMP, which
produces the relaxation of smooth muscle cell. Cyclic GMP-dependent protein kinases are
subsequently stimulated, which ultimately result in dephosphorylation of myosin light chain (MLC)
and vasodilation (Furchgott and Jothianandan 1991, Furchgott 1996, Boulanger and Vanhoutte
1997). NO is not only a potent vasodilator but it also inhibits platelet aggregation, smooth muscle
cell proliferation, monocyte adhesion, and adhesion molecule expression, thus protecting the vessel
wall against the development of atherosclerosis and thrombosis (Jessup 1996, Shimokawa 1999).

The two principal forms of NO generating enzymes are the constitutive endothelial
Ca’*-dependent NOS (cNOS) and inducible Ca?*-independent NOS (iNOS) (Forstermann et al.
1994). The endothelial NOS promotes vascular relaxation and inhibits platelet aggregation. Both of
these enzymes are constitutively expressed and regulated by the intracellular concentration of Ca?*,
which promotes binding of calmodulin, an essential subunit of all NOS isoenzymes (Férstermann et
al. 1994, Lowenstein et al. 1994). Several intracellular mechanisms are involved in the synthesis of
NO, including receptor-coupled guanosine 5'-triphosphate-binding protein (G proteins), the
availability of L-arginine, cofactors for endothelial NOS and the expression of the enzyme. The
endothelia L-arginine pathway plays an important protective role in the local regulation of blood
flow through its vasodilator and antiplatelet properties (Tschudi and Lischer 1996).

The pathogenic background of NO deficiency consists of inhibition of NOS, an enzyme of
crucia importance in the virtually ubiquitous L-arginine-L-citrulline pathway with concomitant
coproduction of NO. Blockade of NOS disturbs the balance between vasodilatory and
vasoconstrictory agents, resulting in a pronounced increase in blood pressure (Stein et al. 1998).
Lerman et a. (1998) also have found that giving oral L-arginine (3 g day™) for six months to
coronary heart disease patients increased their coronary blood-flow response to ACh, and reduced
their plasma ET levels when compared with the placebo group. In addition, dilation to ACh was
stronger at sites of stenosis in diseased arteries after intracoronary L-arginine infusion, suggesting a
local L-arginine deficiency in the atheromatous coronary segments (Tousoulis 1998). Boger et al.
(1998) have suggested that oral L-arginine might circumvent an inherent defect present in
endothelial NO production in these patients. Panza (1997) has suggested that the defect is not
related to decreased availability of L-arginine, the NO precursor, or to a defect at the muscarinic

receptor level or a specific G protein-dependent intracellular signal-transduction pathway; nor is it
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related to extracellular inactivation of NO by superoxide anion. These findings have contributed to
the understanding of endothelial dysfunction in essential hypertension and have pointed out
distinctions between the mechanisms leading to this vascular abnormality in hypertensive and
hyperchol esterolaemic patients.

The finding that NO is a potent vasodilatory molecule gave rise to the question of whether
its decreased production might be one of the main factors contributing to the development of some
types of hypertension (Busse and Fleming 1993, Cohen 1995, Forte et al. 1997). In human
hypertension, endothelial dysfunction has been documented in peripheral and coronary macro- and
microcirculation and in renal circulation (Jessup 1996, Shimokawa 1999). Impaired endothelium-
dependent vasodilation associated with essential hypertension appears to be a primary phenomenon,
because it can be detected in the offsprings of essential hypertensive patients, shows no clear
correlation with blood pressure level, and is not normalised by the mere reduction of blood pressure
(Lowenstein et a. 1994). The phenomenon responsible for endothelial alteration in essential
hypertensive patients appears to be the activation of an alternative pathway involving COX, which
reduces NO availability through production of oxidative stress. This alteration in the NO
bioavailability could be an important mechanism through which a dysfunctional endothelium may
promote atherosclerosis and thrombosis in essential hypertension (Taddei et al. 1998a, 1998b).
Nevertheless, the exact nature of the NO system defect in hypertension remains still to be clarified.

Taken together, it is well accepted that essential hypertension as well as secondary
hypertension is associated with endothelial dysfunction in the resistance vessels. Endothelial
damage and dysfunction may be expected to attenuate the endogenous vasodilator mechanism of
NO and hence cause arise in blood pressure (van Zwieten 1997). So far the association between
endothelia dysfunction and hypertension appears to be an uncertain one, but the vasoconstrictive
and proatherogenic effects of endothelial dysfunction probably contribute to the cardiovascular
complications associated with elevated blood pressure (Panza 1997).

2.1.2. Prostacyclin

PGI, produced by the endothelial cells is a vasodilator and an inhibitor of platelet
aggregation. Prostaglandins are produced from arachidonic acid liberated from the cell membrane
phospholipids by phospholipase A,. Arachidonic acid is converted into prostaglandin G, and
Prostaglandin H, (PGH,) by COX. Findly, PGH is converted into PGI, by PGI, synthase (Sato et
al. 1999). PGI, might also be considered as a growth modulating endogenous mediator in VSMC
(Schror and Weber 1997). PGl is rapidly broken down in blood to biologically inactive 6-keto-
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prostaglandin F14. Due to its half-life of only few minutes, PGI, is considered to be alocal regulator
of vascular smooth muscle tone (Gryglewski 1995). Although other PGs (PGE,, PGF,, and PGD,)
are also synthesised in the endothelial cells, PGI, is the magor prostanoid produced in al the
vascular cells (Busse and Fleming 1993, Oriji 1999). The synthesis can be suppressed with non-
steroidal anti-inflammatory drugs which inhibit COX, while glucocorticoids can block the
metabolic pathway earlier by inhibiting phospholipase A, (Lim et al. 1999).

PGl is released by a variety of endogenous agents including ACh, Bk, substance P,
thrombin, serotonin, ET and adenine nucleotides (Gryglewski et al. 1988), by fluid shear stress and
hypoxia (Davies and Tripathi 1993), and by stimulation of muscarinic, kinin B, and purinergic Poy
receptors (Gryglewski 1995, Lischer and Noll 1995). Interestingly, most of these stimuli aso
release NO, and these two apparently function in co-operation to regulate active vasodilation in the
circulation (Hecker et a. 1993, Oriji 1999).

In the endothelium, the intracellular stores are probably the most important source of Ca?*
for the PGI; release evoked by receptor activation, while the physical stimuli may preferentialy
utilise Ca?* influx from the extracellular space (MacArthur et al. 1993). Similar to NO, the
generation and release of PGl, from the endothelium is Ca?*-dependent (Himmel et al. 1993),
although the Ca?* sensitivity of endothelial PG, biosynthesis appears to be lower (i.e. a greater rise
in [Ca™; is needed) than that of NO (Parsaee et a. 1992). The relative importance of the two
mediators varies depending on the vascular region and stimuli studied, that of NO often
overwhelming the contribution of PGI,, which may, however, play a significant role in the presence
of impaired NO pathway (Berti et al. 1993, Calvo et a. 1998).

PGl exerts its actions by binding to membrane receptors on smooth muscle, which activate
adenylate cyclase and subsequently increase the intracellular concentration of CAMP (Busse and
Fleming 1993). The PGI;, receptor is a member of the prostanoid receptor family, from the G
protein-coupled receptor superfamily. Recently, the structural organisation and chromosomal
assignment of the human PGI, receptor gene was published, and the impairment of PGI, receptor
activity could be involved in various human cardiovascular diseases (Ogawa et a. 1995b). The
expression of PGI, receptor mRNA in various rat tissues has been described, while the gene
expression of the PGI; receptor in experimental hypertensive cardiac hypertrophy was amost

equivalent to that in the ventricles of normotensive controls (Nakagawa et al. 1995).
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2.1.3. Endothelium-derived hyperpolarizing factor

It has become clear that an additional vasodilating factor, EDHF, can aso be released from
the endothelia lining of blood vessels. The EDHF is defined as a substance, which produces
vascular smooth muscle hyperpolarization especially in small arteries, the hyperpolarization of
which cannot be explained by NO or by PGI, (Suzuki et a. 1992). In blood vessels from various
species including humans, these hyperpolarizations are resistant to inhibitors of NOS and
cyclooxygenase (Waldron et al. 1996, Busse and Fleming 1998). However, in other species (rat,
guinea pig, rabbit) endothelium-dependent hyperpolarizations resistant to inhibitors of NOS and
COX, and hyperpolarizations to endothelium-derived or exogenous NO can be observed in the
same VSMC (Garland et a. 1995). In some species (canine, porcine and human) the
hyperpolarization cannot be mimicked by nitrovasodilators or exogenous NO (Feletou and
Vanhoutte 1999). The existence of EDHF as a diffusible substance has been demonstrated under
bioassay conditions whereby the source of EDHF was either native vascular segment or cultured
endothelial cell. Metabolites of arachidonic acid, through the cytochrome P450 mono-oxygenase
pathway (epoxyeicosatrienoic acids), are produced by the endothelial cells and induce the
hyperpolarization of arterial VSMC. Therefor EDHF may be an epoxyeicosatrienoic acid or a
cannabinoid agonist, but definitive evidence in favour of this is lacking (Campbell et al. 1996,
Debebeet al. 1998).

Endothelium-dependent hyperpolarization of vascular smooth muscle is a mechanism that
contributes to the vasodilator response induced by shear stress and agonists acting on endothelial
receptors (Mombouli and Vanhoutte 1997). The production and/or release of EDHF is regulated by
the cytosolic concentration of Ca’*, derived both from the extracellular space and intracellular
stores (Suzuki et a. 1992, Nagao and Vanhoutte 1993). The relaxant properties of EDHF are often
similar to those of NO (Cole et a. 1996). Experiments using K*-channel openers and
electrophysiology suggest that hyperpolarization may reduce: 1) influx of Ca?* through voltage
operated Ca®* channel (VOC) (Zakharenko and Reznik 1998); 2) production of IP; in the case of
agonist-induced contraction (Zakharenko and Reznik 1998), 3) Ca®* sensitivity of contractile
elements and agonist-stimulated ion channel activities (Standen and Quayle 1998).

It has been proposed that EDHF contributes to microvascular dilation more than NO does.
In the endothelium-dependent vasodilation, the EDHF/EDRF ratio is larger in peripheral vessels
than in the proximal ones, indicating significant importance of EDHF mainly in periphera arteries

(Mombouli and Vanhoutte 1997). As the inhibition of gap junctions in artery tissue reduces the
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amplitude of EDHF-induced relaxation, the possible involvement of electrical communication
between endothelial and VSMC has also been considered (Popp et al. 1996).

Regulation of smooth muscle membrane potential through changes in K* channel activity
and the subsequent aterations in the activity of VOCs is a mgjor mechanism of vasodilation and
vasoconstriction, in both normal and pathophysiological conditions (Chen and Cheung 1997). One
major objective of cardiovascular research is to characterise the K™ channels opened by EDHF in
vascular smooth muscle. This may seem atrivial task but to date, it has proved rather difficult since
the responses to EDHF are antagonised by different inhibitors in different tissues (Adeagbo and
Henzel 1998). Multiple K* channels are present in most VSMC and these different K™ channels
play unique roles in regulating vascular tone (Adeagbo and Henzel 1998). The sensitivity of EDHF-
mediated responses to charybdotoxin, iberiotoxin, 4-aminopyridine, glibenclamide, apamin or to
mixtures of these may indicate the opening of more than one smooth muscle K* channel (Murphy
and Brayden 1995, Coleet al. 1996). In al cases, the inhibition of the relaxation by the K*-channel
blockers could be accounted for by their effects on the hyperpolarization. Ca®*-activated K*
channels (Kcj), especialy those sensitive to apamin, may be an important ion channel mediating
endothelium-dependent hyperpolarization to ACh (Chen and Cheung 1997). Adeagbo and Henzel
(1998) have found that Bk stimulates the release of a transferable endothelia factor that activates
Kca channels and hyperpolarizes coronary arterial smooth muscle cell membranes. Vasodilation of
human coronary arterioles to Bk is largely dependent on membrane hyperpolarization, with
apparently less of arole for endothelium-derived NO. This suggests arole for K* channel activation
in regulating human coronary arteriolar tone (Miuraet al. 1999). Recent observations suggest arole
for voltage-dependent K* channels (K,) in some vessels based on a sensitivity of NO- and PGl.-
mediated relaxations to 4-aminopyridine, as well as a complete suppression of EDHF-dependent
relaxation by a combination of charybdotoxin and apamin but not iberiotoxin and apamin. Taken
together, the molecular identity of the K* channels affected by EDHF is not well characterised
(Feletou and V anhoutte 1996).
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Figure 1. Schematic diagram shows major mechanisms of endothelium-dependent
arterial relaxation. Abbreviations: A, agent; AA, Arachidonic acid; ACh, Acetylcholine;
ATP, adenosine 5'-triphosphate; Bk, Bradykinin; [Ca®*];, intracellular free calcium
concentration; [K*], , free potassum concentration; cAMP, cyclic adenosine 3',5'-
monophosphate; cGMP, cyclic guanosine 3,5’ -monophosphate; CaM, calmodulin;

Ca?* pump, Ca?*-Mg?* ATPase; EDHF, endothelium-derived hyperpolarizing factor; G-
cyclase, guanylyl cyclase; GTP, guanosine 5'-triphosphate; Hb, haemoglobin; His,
higiding; L-NAME, NC-nitro-L-arginine; L-NMMA, NC-monomethy-L-arginine;
MLCK, myosin light chain kinase; NO, nitric oxide; NOS, nitric oxide synthase; PGG,,
prostaglandin G,; PGI,, prostacyclin; R, receptor; SP substance P. -, inhibition; +,
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2.2. Endothelium-derived contractile factors

Key discoveries in the past decades revealed that the endothelium can modulate the tone of
underlying vascular smooth muscle not only by the synthesis/release of the potent vasorelaxants
NO, EDHF and PGl,, but also by vasoconstrictor substances (endothelium-derived contracting
factors, EDCF) (Vanhoutte 1996, Drexler and Hornig 1999). Endothelium-dependent contractions
are elicited by physical and chemica stimuli (i.e., hypoxia, pressure, and stretch), autacoids and
local and circulating hormones (Lin et al. 1993). Those causing contraction include Ang I, ET,
oxygen-derived free radicals, the COX products of arachidonic acid metabolism (TXA,, PGHy,),
and unidentified EDCFs (Katusic and Shepherd 1991). In physiological states, a delicate balance
exists between the endothelium-derived vasodilators and vasoconstrictors. Alterations in this
balance can result in local (vasospasm) or generalised (hypertension) increase in vascular tone and
also in facilitated thrombus formation (Rubanyi 1991). Under normal conditions, relaxing
mediators appear to dominate the control of vascular tone of large and small coronary vessels,
whereas in disease states such as hypertension and atherosclerosis, EDCFs are released (L lischer et
al. 1992). The mechanisms governing the formation and release of EDCF in different blood vessels,
as well as the delicate balance between relaxing and contracting mediators, are important for the

understanding of the normal and pathophysiological circumstances in the vasculature.

2.2.1. Cyclooxygenase-derived contractile factors

In the past decade, progress has been made in understanding the role of COX enzymes in
biology and disease (Dubois et al. 1998, Jourdan et al. 1999). COX produces severa EDCFs, the
most potent of which are TXA, and the PG endoperoxide intermediates prostaglandin G, and
PGH,, which act via the same receptor as TXA, (Cohen and Vanhoutte 1995). In addition, COX
produces superoxide anions which have been proposed to represent EDCFs (Katusic and Vanhoutte
1989, Harris et a. 1998). However, it appears that the inactivation of NO is the major mechanism
responsible for the participation of superoxide anions in the mediation of endothelium-dependent
contraction. Since the evidence of a direct vasoconstrictor effect of superoxide anionsin VSMCsis
missing, they cannot be regarded as EDCFs (Katusic 1996). Furthermore, NO itself can activate
COX (Bishop-Bailey et al. 1999).

Two COX isoforms have been identified: the constitutively expressed COX-1 and the highly
regulated COX-2 (Banion 1999). The COX-2 is highly expressed e.g. in microglial cells activated
by bacterial lipopolysaccharide and this enzyme is a major regulatory factor in the synthesis of
prostanoids, such as PGs, PGl, and TXA, (Minghetti et al. 1997). The COX-2 is expressed in
greater amounts in venous VSMC than in arterial VSMC (Calvo et a. 1998). The COX-2 can also



31

be induced in human arterial or venous smooth muscle in which it regulates the functional
properties (Bishop-Bailey et al. 1999). The increased cellular CAMP selectively inhibits COX-1
activity without altering COX-1 protein expression, and at the same time it up-regulates COX-2
protein. This complex regulation of COX activity and protein expression by CAMP may represent a
PGl,-induced autoregulatory mechanism in bovine aortic endothelial cells (Samokovlisky et al.
1999).

Numerous studies in SHR and some in patients with essential hypertension have found that
endothelium-dependent vasodilation isimpaired due to the production of COX-derived factors (Fu-
Xiang et a. 1992, Jameson et a. 1993, Takase et a. 1994, Kung and Luscher 1995, Taddei et al.
1997). Endothelium-dependent relaxations of aortae from old normotensive and hypertensive rats
were impaired because of the production of a COX-derived contractile factor (Ibarra et al. 1995).
The finding that COX inhibition restored NO-mediated vasodilation in essential hypertension
suggests that COX-dependent substances can impair NO production in humans (Taddei et al. 1997).

Hypertension has aso been found to elicit alterations in the levels of arachidonic acid
metabolites including PGH, and PGIl,. Moreover, decreased expression of PGI, receptor mRNA in
prehypertensive SHR could be one of the causes of hypertension in SHR (Numaguchi et a. 1999).
In addition, it has been proposed that in the hypertensive rat endothelium, the production of a
lipoxygenase-derived hydroxyeicosatetraenoic acid inhibits the conversion of PGH, into PGl,,
resulting in the accumulation of vasoconstrictor PGH, (Cohen 1995). Furthermore, genetic
hypertension appears to be associated with an imbalance in the endothelial production of COX-
derived vasodilator and vasoconstrictor factors, which favours vasoconstriction (Bishop-Bailey et
a. 1999). In renovascular hypertension, COX-2 also contributes to the stimulation of renin
synthesis (Hartner et al. 1998). The selective COX-2 inhibitor SC58236 decreases renin production
and release in renovascular hypertension, suggesting an important role for COX-2 in the regulation
of RAS in thismodel of hypertension (Wang et a. 1999). Furthermore, endoperoxide intermediates
seem to be involved in the decreased endothelium-dependent relaxation to ACh in DOCA-NaCl
hypertension (Cordellini 1999). Oxygen-derived free radical-induced vasoconstriction in SHR aorta
seems also to be caused by TXA, and PGH, released from smooth muscle (Hibino et a. 1999).
Taken together, COX-1 and COX-2 may play a significant role in the regulation of vascular tone in

different forms of hypertension.
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2.2.2. Endothelins

The ETs (ET-1, 2, and 3) congtitute a family of 21 amino-acid peptides with potent
biological activities. These peptides possess characteristically sustained vasoconstrictor properties,
which may also act as mitogens and hypertrophic agents and play important roles in cardiovascular
physiology and pathophysiology (Schiffrin and Touyz 1998). ETs are synthesised in several tissues,
including the endothelium and VSMC. The production and release of ETs is stimulated by many
factors, including hormonal and metabolic and growth factors, as well as hypoxia and shear stress
(Yanagisawaet al. 1988). In addition to its direct vascular effects, ET-1 has inotropic and mitogenic
properties, it influences the homeostasis of salt and water, alters central and peripheral sympathetic
activity and stimulates the RAS (Mombouli and Vanhoutte 1999).

ProET-1 is acted on by a furin-like enzyme to generate big ET-1, a 38-39-amino-acid
peptide, which is converted to the mature 21-amino-acid peptide ET-1 by ET-converting enzyme in
endothelia cells, both intracellularly and on the cell membrane, and on the surface of underlying
VSMC (Kwiecien 1998). ET receptors are G-protein-coupled, resulting in the activation of PLC
and generation of two second messengers, inositol 1,4,5-trisphosphate (1Ps) and 1,2-diacylglycerol
(DAG), which respectively stimulate Ca?* release and PKC activation. Phospholipase D activation
with the generation of DAG, phospholipase A, stimulation with release of arachidonic acid,
activation of the Na'/H" exchanger, and activation of tyrosine kinases and mitogen-activated
protein kinases, are other pathways that contribute to contraction and growth induced by ET
receptor stimulation (Schiffrin and Touyz 1998, Ruschitzka et al. 1999). ET receptors may be
downregulated by ET, especially under conditions in which large amounts of ET are being
produced in the vascul ature (Schiffrin 1998).

Recent studies have shown that the ETs are essential for normal fetal development (Djuric et
a. 1999). Human brachial artery infusion of ET-1 causes transient vasodilation followed by
sustained vasoconstriction of the forearm vascular bed, whereas ET-1 antagonists cause sustained
vasodilation (Vanhoutte 1998). The systemic infusion of ET-1 also increases blood pressure and
total peripheral vascular resistance and reduces heart rate and cardiac output (Baylis 1999). The
renal and pulmonary circulations are particularly sensitive to the vasoconstrictor effects of ET-1.
The systemic infusion of the ET a/s receptor antagonist TAK-044 reduces mean arterial pressure and
peripheral vascular resistance. In a study of mild hypertensive patients, the ETas antagonist

bosentan reduced blood pressure similarly to an ACE inhibitor (Boyd et a. 1999). In summary,
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these data suggest that ET-1 plays an important physiological role in the regulation of basal
vascular tone and blood pressure in humans (Boulanger 1999).

Studies with ET receptor antagonists have indicated that ET-1 probably has complex
opposing vascular effects mediated through vascular smooth muscle and ET, and ETg receptors
(Kwiecien 1998). The endogenous generation of ET-1 appears to contribute to maintenance of basal
vascular tone and blood pressure through the activation of vascular smooth muscle ET receptors
(Schiffrin 1998). At the same time, endogenous ET-1 acts through endothelial ETg receptors to
stimulate formation of NO tonically and to oppose vasoconstriction, while NO depresses the
production and/or release of ET-1 from endothelia cells. While ET-1 appears to have a relatively
small influence on the basa regulation of blood pressure, NO may play a more important role
(Shimokawa 1998). Conversely, numerous vascular disecase states have been associated with
elevations in the production and/or release of ET-1 (Schiffrin et a. 1995). Deleterious changes in
ET-1 production/release have been associated with ischaemia-reperfusion injury, subarachnoid
haemorrhage and hypertension. In these conditions, NO production may also be increased by the
induction of NO synthetic pathways within the vascular smooth muscle (van Zwieten 1997). ET-1
may also be produced by the VSMC under similar circumstances. Therefore, in pathological states,
anew balance between NO and ET-1 production may be a central mediator of the changes in blood
vessel reactivity, smooth muscle proliferation and blood coagulability (Warner 1999).

ET contributes to the control of renal vascular tone via direct effects on smooth muscle and
via NO-dependent vasodilation in the rat. ET mediates some of the renal vascular responses to
acute NOS inhibition, being particularly important when a rise in renal perfusion pressure occurs
(Cowley et a. 1995). Tonically produced NO blunts the renal vasoconstrictor responses to acutely
administered ET. The similarity between the renal vascular responses to ET administration and
NOS inhibition is not fortuitous but, in part, reflects important interactions between these
vasoactive agents (Baylis 1999).

Results of most studies suggest that the generation of, or sensitivity to, ET-1 is not greater in
hypertensive than in normotensive subjects. Nonetheless, the deleterious vascular effects of
endogenous ET-1 may be accentuated by reduced generation of NO caused by hypertensive
endothelial dysfunction (van Zwieten 1997). It also appears likely that ET participates in the
adverse cardiac and vascular remodelling of hypertension, as well as in hypertensive renal damage.
Irrespective of whether vascular ET activity isincreased in hypertension, anti-ET agents do produce
vasodilation and lower blood pressure in hypertensive humans (Taddel et a. 19983, 1998b). There

is more persuasive evidence for increased ET-1 activity in secondary forms of hypertension,
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including pre-eclampsia and renal hypertension. ET-1 also appears to play an important role in
pulmonary hypertension, in both primary and secondary to diseases such as chronic heart failure
(van Zwieten 1997). As the pathophysiologic roles of ETs in cardiovascular disease become
increasingly apparent, the potential therapeutic use of ET antagonists or ET converting enzyme
inhibitorsis recognised (Warner 1999).

In the pathogenesis of vascular hypertrophy in hypertension, there is a complex interaction
between ET, Ang |1, a-adrenergic agonists, Ca?*, and other growth factors. ET may be involved in
the pathogenesis of hypertension through vascular, renal, endocrine, and neural effects (Taddel et al.
1998a, 1998b). The vasoconstrictor effect of ET-1 may contribute to blood pressure elevation and
its growth-promoting action to vascular hypertrophy in the hypertensive models, which overexpress
ET-1in blood vessels (Schiffrin et al. 1995). ET-1 production is overexpressed in the vascular wall
of salt-dependent models of hypertension, such as DOCA-salt hypertensive rats, DOCA -salt-treated
SHR and Dahl salt-sensitive rats, and in stroke-prone SHR, Ang Il-infused rats and 1-kidney 1 clip
Goldblatt hypertensive rats (Rosendorff 1997). ETa receptor-mediated action plays an important
role in the pathogenesis of DOCA-salt-induced hypertension. On the other hand, it seems likely that
the ET receptor-mediated action protects against vascular and renal injuries in this model of
hypertension (Li et al. 1998). Selective ET, receptor antagonist is likely to be useful for the
treatment of subjects with mineralocorticoid-dependent hypertension, whereas ETg-selective
antagonism alone is detrimental to such cases (Matsumura et al. 1999). The coadministration of ET
and Ang Il to rats produced a synergistic hypertensive effect. Similarly, the coadministration of an
ET antagonist with an ACE inhibitor resulted in a synergistic lowering of blood pressure (Moreau
1997). In rats without generalised activation of the ET system, expression of ET-1 is often enhanced
in coronary arteries, which suggests a role for ET-1 in myocardia ischaemiain hypertension (Li et
a. 1996). In rats overexpressing ET-1, ETa/s and ET a-selective antagonists |lowered blood pressure
dlightly, and significantly reduced vascular growth, particularly of small arteries, suggesting that
ET-1 has a direct effect on growth (Schiffrin 1998). Protection from renal injury and from stroke
has also been demonstrated in hypertensive rats treated with ET antagonists (Schiffrin 1995).
Furthermore, the administration of ET antagonists has aso reduced the cross-sectional area of
neointima due both to hypertension and vascular injury (Brunner 1998).

Plasma ET-1 concentrations are not consistently elevated and vascular sensitivity to ET-1is
usually normal in essential hypertension (Vanhoutte 1998). Some patients with moderate-to-severe
essential hypertension, similar to some experimental rat models with severe blood pressure
elevation, exhibit enhanced endothelial expression of the ET-1 gene. Schiffrin et al. (1997) first
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demonstrated that overexpression of the ET-1 gene may occur in the vascular wall in a small
sample of this subset of hypertensive patients (Schiffrin et a. 1997). In blacks with familia
hypertension increased plasma levels of ET have been found (Parris and Webb 1997). ET-1 may be
overexpressed in the more severe forms of hypertension, and in certain special populations which
may respond particularly well to ET antagonism (Baron 1999). This pathophysiologic phenomenon
could play a role in blood pressure elevation and perhaps in the pathogenesis of vascular
hypertrophy. In addition, ET-1 appears to act in opposition to NO to promote the atherosclerotic
process (Parris and Webb 1997). Evidence for the role of ET in the vascular hypertrophy of human
hypertension is scanty, but the development of nonpeptide and receptor subtype-selective
antagonists will permit meaningful studies, including clinical trials of a new class of
antihypertensive agents (Kelly and Whitworth 1999).

Insulin resistance and severe atherosclerotic disease may be a mgjor determinant of plasma
ET-1 concentrations. Plasma ET-1 concentrations increase following myocardial infarction and
persistent elevation predicts an increased mortality within the subsequent 12 months. Finally, ET-1
probably contributes to increased vascular tone in cardiac failure (Kelly and Whitworth 1999).

ET antagonists may prove to be effective disease-modifying agents if in future clinical trials
they are shown clinically to blunt vascular growth and endothelial dysfunction, reduce stroke and
exert the cardioprotective and renal protective effects already reported in experimental
hypertension. These agents could reduce the long-term complications of hypertension, which
remains to be demonstrated in humans (Schiffrin 1998). The hypotensive effects of ET converting
enzyme inhibitors and ET receptor antagonists should be useful in the treatment of hypertension
and related diseases. The development of such agents will increase knowledge of the physiological
and pathological roles of the ETs, and should generate drugs with novel benefits (Haynes and Webb
1998).
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3. Vascular smooth muscle
3.1. Contractile machinery

The VSMC in mature animals is a highly speciaised cell, the principal function of which is
contraction (Owens 1995). VSMC tone is regulated primarily by the sarcoplasmic free Ca*
concentration (Karaki and Weiss 1988, Nilsson 1998). C&’* triggers the contraction of vascular
myocytes, and the level of free intracellular Ca®* within the myocyte is precisely regulated by
sequestration and extrusion mechanisms (Tostes et al. 1997). The stimulation of the muscle results
in an increase in [C&"];, whereupon C&* binds to camodulin (Walsh 1994), inducing a
conformational change enabling calmodulin to interact with and activate MLC kinase (Allen and
Walsh 1994). MLC kinase complex catalyses the phosphorylation of the two 20-kDa MLC; this
leads to an increase in myosin's ATPase activity and triggers crossbridge cycling and the
development of force (Walsh 1994). The restoration of resting [Ca®']; deactivates the kinase;
myosin is dephosphorylated by MLC phosphatase and the muscle relaxes. However, the contractile
force is not directly related to [Ca'];. The Ca®* sensitivity of phosphorylation (i.e. the relative
dependence of myosin phosphorylation on [Ca*];) tends to be higher with stimuli which activate G
proteins than with stimuli that only promote the Ca?* influx (e.g. depolarization, ATP, and stretch),
leading to a higher level of force for agiven [Ca?*]; (Rembold 1992).

It is evident that smooth muscle contraction is regulated also by modulation of C&*
sensitivity. Changes in free calmodulin concentrations, MLC phosphorylation elicited by rho/rho-
kinase, regulation of myosin phosphatase activity and thin filament-linked mechanisms are the
possible mechanisms for regulation of Ca?* sensitivity. Both cAMP and cGMP change the MLC
kinase/MLC phosphatase balance and induce relaxation (for review, see Stull et a. 1991, Rembold
1992, Karaki et al. 1997). The actomyosin filaments and their function appear to be unaltered in
hypertension, although this subject has not been investigated in very great detail (Bohr and Webb
1984, Hermsmeyer 1987, Dominiczak and Bohr 1990). The regulation of VSMC contraction is

summarised in Figure 2.

3.2. Receptor-mediated contraction

The plasma membrane of VSMC contains several types of receptors for neurotransmitters
and hormones, the stimulation of which results in increased [Ca?']; and contraction of smooth
muscle. This phenomenon may be mediated in part by a receptor-operated Ca?* entry, defined as an

influx of Ca?* consequent on receptor stimulation and not dependent on membrane depolarization
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Figure 2. Schematic diagram shows major mechanisms of endothelium-dependent arterial
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(van Breemen et al. 1986, Penner et al. 1993, Horowitz et al. 1996). Most receptors of various
contractile agonists activate PLC via a G protein in the smooth muscle. PLC catalyses the
hydrolysis of PIP to produce the second messengers IP; and DAG. IP; regulates Ca?* channels in
the SR: IP; binding opens the channel and produces a "spike" in the cytoplasmic concentration
of Ca®*. A family of three IP; receptor subtype monomers form functional tetramers, which act as
effectors for IP;, providing a ligand-gated channel that allows Ca&* to move between cellular
compartments. DAG activates PKC, which phosphorylates a number of proteins. The role of PKC
in vasoconstriction is not established, but its activity may be important in the maintenance of the
tonic phase of the VSMCs contraction (Andrea and Walsh 1992, Nahorski et al. 1994, Walsh 1994,
Putney and McKay 1999).

The receptor-activated channels may not be Ca®* channels in the strict sense but rather
represent nonselective cation channels, since the currents appear to be carried by mixture of ions
including Na', K* and Ca®* (Wang et a. 1993, Walsh et al. 1995). The C&* influx caused by
agonists may thus be secondary to prior entry of other ions into the cytoplasm and the subsequent
change in membrane potential (Owens et a. 1996). In addition to the activation of the
phosphatidylinositol metabolism, vasoconstrictors, such as NA and 5-HT, have been shown to
depolarize the arterial smooth muscle and consequently activate VOCs in the plasma membrane of
the smooth muscle, leading to an increased influx of Ca?*. Moreover, the existence of receptor
operated Ca’* channels has been proposed in VSMCs. However, it may be that VOCs are aso
activated by the stimulation of cell membrane receptors, and receptor operated Ca?* channels and
VOCs are in fact identical (Carl et al. 1996). The activation of the above mechanisms increases
[Ca’*];i, which triggers the cascade |eading to the contraction of the smooth muscle.

Previoudly, increased receptor-mediated arterial smooth muscle contractility has often been
observed in experimental hypertension (Sharma and Bhala 1988, Brodde and Michel 1992,
Soubrier and Lathrop 1995), while in many recent reports only small differences have been detected
in contractile responses between hypertensive and normotensive animals (Bockman et a. 1992,
Tolvanen et al. 1996). Alterations in different molecular sites of the receptor-mediated contraction
pathway have been proposed to underlie the possible increased contractility: enhanced
responsiveness of G proteins (Kanagy and Webb 1994, Feldman et al. 1995, Selbiea and Hilla
1998), increased turnover and accumulation of inositol phosphates (Horowitz et al. 1996), and
augmented release of Ca* from sarcoplasmic reticulum (SR) by IP; (Marchant and Taylor 1997). In
addition, the generation of DAG stimulated by vasoconstrictor agents, and the subsequent activation
of PKC has been suggested to contribute to the enhanced vascular reactivity (Turla and Webb 1990,
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Okamura et a. 1992, Nguyen et al. 1993, Nahorski et al. 1994). Thus, it appears that alterations in
both branches of polyphosphoinositide metabolism may contribute to the elevated vascular
receptor-mediated responsiveness in experimental hypertension. In patients with essential
hypertension, the sensitivity of isolated arteries to various constrictor agonists including NA,
serotonin and vasopressin has been found to remain unaltered when compared with normotensive
controls (Angus et al. 1992, Schiffrin et a. 1994, Thybo et al. 1995, Hutri-K&honen et al. 1999,
Warnock 1999).

3.3. Cellular Ca®* handling
3.3.1. Extracellular fractionsand passive influx of Ca?*

The Ca®* metabolism plays a central role in many cellular functions including growth,
proliferation, and contraction of vascular smooth muscle (Owens 1995). Ca** homeostasis is
regulated by an extracellular cycle, which controls the entry and remova of Ca?* between the
cytosol and extracellular space, and an intracellular cycle, which controls Ca®* fluxes between the
cytosol and intracellular stores in the SR (Katz 1997). Thus, [C&?']; of the VSMC is adjusted by a
complex interaction between Ca?* entry and extrusion across the plasmalemma, and Ca®* release
from and uptake to the SR (Walsh et al. 1995). Both the plasmalemma and SR form a barrier to an
approximately 10,000-fold Ca?* concentration gradient. The plasmalemmal Ca’* permesbility is
under the control of membrane potential and various agonists, whereas the SR is controlled by
second messengers (Aubier and Viires 1998). The [Ca?*]; has been found to be abnormally high in
blood cells, in cultured aortic and mesenteric arterial VSMC, and aso in intact aortas and renal
arteries of adult hypertensive experimental animals (Jelicks and Gupta 1990, Oshima et a. 1991,
Bendhack et al. 1992, Wuorela et al. 1992, Arvola et a. 1993). In addition, [Ca’']; has been found
to beincreased in blood cells of hypertensive humans (David-Dulfilho et al. 1992).

The passive Ca?* leak may be defined as Ca?* influx under resting conditions in the absence
of stimulation by stretch, agonists, or depolarization (Cirillo et a. 1992). This Ca?* influx is
insensitive to Ca’* antagonists that block excitable Ca?* channels (van Breemen et al. 1986,
Striggow and Ehrlich 1996). The intracellular environment has been suggested to be protected from
Ca™* overload by a mechanism whereby an increase in extracellular Ca?* concentration makes the
membrane less permeable not only to Ca?* but also to other ions (Nilsson 1998). In genetic hyper-
tension less Ca’* than normally seems to be bound to the plasma membrane, which could lead to a
more rapid influx of Ca’* (Tostes et al. 1997), and thereby contribute to the enhanced activation of

arteria contractile machinery and thus elevate periphera resistance.



3.3.2. Voltage-dependent Ca®*-channels

VOCs are heteromeric complexes found in the plasma membrane of smooth muscle cell
and show a high level of electrophysiological and pharmacological diversity (Waker and Waard
1998). The VOCs open in response to membrane depolarization and mediate the flux of Ca®* into
the cells, which further depolarizes the membrane (Clozel et al. 1997). A more relevant role of
VOCsisto serve as highly regulated mechanisms to deliver Ca’* into specific intracellular locations
for a variety of Ca?*-dependent processes including neurotransmitter release, hormone secretion,
neuronal survival, and muscle contraction (Nargeot et al. 1997). Recent biochemical and molecular
biological studies have shown that the VOC pore-forming subunit (a;) is not an isolated entity, but
in fact interacts physically with avariety of strategically localised proteins (Moreno 1999).

There are subclasses of VOCs, distinguished by location, biophysical, structural and
pharmacological characteristics. They include both high- and low-voltage-activated channels
(Triggle 1997). The long-lasting L-type of high-voltage-activated channel is well characterised and
is the site of action for the clinically available Ca?* channel antagonists. The L-type Ca?* channel is
responsible for norma myocardial and vascular smooth muscle contractility. Thus, a differential
distribution of the various channel subunits and their splice forms could contribute to the functional
specialisation of VSMC (Bielefeldt 1999). Various splice forms of the L-type Ca®* channel exist in
smooth muscle tissue (Hermsmeyer 1998). The low-voltage-activated transient T-type channels are
not normally present in the adult myocardium, but are prominent in conducting and pacemaking
cells and arterial smooth muscle. They regulate vascular tone, signal conduction, cardiac
pacemaking, and the secretion of intercellular transmitters. T-type channels also seem to have an
important role in normal growth processes and tissue remodelling that occurs in pathologic
processes such as cardiac hypertrophy (Clozel et a. 1997, Hermsmeyer 1998, Triggle 1998).

Previous results suggest that Ca?* entry via VOCs in vascular smooth muscle is enhanced in
experimental and essential hypertension, which could account for atered Ca®* homeostasis and
increased vascular reactivity, and contribute to the genesis of hypertension and increased periphera
resistance (Lederballe et al. 1978, Aoki and Asano 1986, Sada et al. 1990, Arvolaet al. 1992, Porsti
1992, Kahonen et al. 1994, Hutri-Kahonen et al. 1999). Recently Lozinskaya and Cox (1997) found
differencesin Ca®* current density and its voltage dependence in SHR compared with WK, during
the phase of development in which blood pressure becomes established. The net effect of these
differences predicted a larger Ca®* current in SHR at voltages in the physiological range of
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membrane potential. The enhanced L-type Ca’* channel activity observed in VSMC from SHR is
not due to atered function of a single L-type C&* channel. It appears that the sensitivity of
dihydropyridine receptors in the channels is enhanced in SHR (Kubo et al. 1998). In addition, the
amplitude of the whole-cell L-type Ca®* channel current recorded from vascular VSMC is greater in
SHR than WKY'. Finally, mutations in T-type channel genes have been suggested to contribute to

neurological and cardiovascular disorders, such as hypertension (Perez-Reyes 1998).

3.3.3. Release of Ca?* from intracellular storesand Ca?* efflux

The most important intracellular Ca?* store participating in contractile responses is
considered to be SR (Acid et al. 1988, Castles et al. 1992, Toyo et a. 1997). The SR has an active
role in the Ca?* regulation; its membrane has a Ca®*-Mg** ATPase (Ca&®* pump) that facilitates
luminal Ca®" accumulation, thus reducing the cytosolic free Ca?* concentration. This pump can be
inhibited by different agents. Physiologically, its activity is regulated by the protein
phospholamban; in the unphosphorylated state the Ca?* pump is inhibited (Aubier and Viires 1998).
The SR membrane also possesses receptors for 1P; and ryanodine, which upon activation facilitate
Ca”" release from this store (Striggow and Ehrlich 1996). Type 1 and type 3 IP; receptor subtypes
with different affinities for 1P; have been discovered. The type 3 IP; receptors are the predominant
subtype in the vascular smooth muscle and are distributed throughout the SR in these cells (Tasker
et al. 1999). The SR and the plasmalemma form the superficial buffer barrier that is considered as
an effective barrier for Ca?* influx. The cytosol possesses different proteins and severa inorganic
compounds with a Ca’* buffering capacity (Marin et al. 1999).

Previous evidence indicates that a defect in the regulation of intracellular Ca?* plays a role
in the augmented vascular reactivity characteristic of clinical and experimental hypertension (Fujii
et al. 1997, Jindra and Horky 1998). The ability of SR to sequester Ca®* has been proposed to be
attenuated in SHR (Dohi et a. 1990, Kojimaet al. 1991). In addition, SR of SHR appears to have a
larger capacity to store Ca*, but the filling of SR is slower when compared with WKY (Kanagy
and Webb 1994). These findings could result from a reduced activity of the SR Ca®* pump.
Nevertheless, the activity and density of the SR Ca?* pump have been reported to be increased in
VSMCs of SHR (Haller and Elliott 1996), and the levels of SR Ca®* pump mRNA were shown to
be higher in VSMCs from SHR than in WKY (Monteith et al. 1997). Studies with Ca®* pump
inhibitors have supported the hypothesis that a dysfunction of the Ca?* pump in the SR could
contribute to the development of experimental genetic hypertension (see Kwan et al. 1994). In
addition, a change in the isoform of SR Ca®* pump has been observed in SHR during ageing, which
could impair the control of intracellular free Ca®* (Le Jemtel et al. 1993, Gonzalez et a. 1996).
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However, Kanagy and Webb (1994) have suggested that alterations in SR stores result from
enhanced Ca’* influx across the sarcolemma rather than from impaired recycling by the Ca®* pump.
Altogether, diminished ability of the SR in arterial smooth muscle to sequester Ca?* in hypertension
could participate in the elevation of peripheral vascular resistance. An additional Ca®* extrusion
mechanism, Na'-Ca?* exchange, may contribute to vascular Ca®* metabolism (Dominiczak and
Bohr 1990), but its function does not appear to be altered in SHR (Matlib et al. 1985, Zhu et .
1994).

Active Ca®* pumps in the SR and plasmalemma of vascular smooth muscle are responsible
for the maintenance of Ca®* homeostasis and for the return of [Ca®"]i to the resting level after
contraction. Ca?* ejection from the cell, rather than reaccumulation by the SR, is responsible for
rapidly decreasing [Ca*]; from the peak level produced by the stimulus (Gonzalez et al. 1996).
Release of SR Ca?* and activation of plasma membrane Ca®* efflux mechanisms markedly decrease
total cell Ca®*. Two independent Ca® transporters in the plasma membrane, the Na'-Ca®*
exchanger and the Ca®* pump, actively gject Ca&®* from VSMC. Na'-Ca?* exchanger is largely
responsible for the acute phase of Ca®* ejection, whereas the plasma membrane Ca®* pump
contributes to the sustained increase in Ca?* efflux from stimulated VSMC (Marin et al. 1999).
Following Ca’* release from the SR and ejection from the cell, Ca?* enters via channels, which
sustain amodest increase in [Ca']; and a gradual refilling of the SR (Smith 1996).

Mitochondria have an important role in intracellular Ca®* signalling. Mitochondrial
metabolism is highly responsive to transient increases in [C&'];, although mitochondria are not a
Ca”* repository. Ca?* uptake by mitochondria is driven by the highly favourable electrochemical
potential difference across the inner membrane. Mitochondria actively expel Ca?* viaa H*-Ca?* or
Na'-Ca’ exchanger. Ca®* uptake and ejection by mitochondria contributes to temporal and spatial
oscillations in [Ca®"]i. Accelerated Ca?* cycling in the SR, cytoplasm, mitochondria, and the
environment is a hallmark of cell stimulation (Brini et al. 1999).

Ca®" spark is a local and transient Ca?* release from SR through the ryanodine receptor
Ca’*-releasing channel (Jaggar et al. 1998). Ca®* sparks in arterial smooth muscle have been
reported in relation to K¢, channel activation and muscle relaxation. A spontaneous Ca?* spark in a
superficial area activates 10-100 K¢, channels nearby and induces membrane hyperpolarization,
which reduces Ca?* channel activity (Imaizumi et al. 1999). In several types of VSMC, which have
relatively high membrane excitability, an action potential elicits 5-20 Ca’* hot spots (evoked sparks
with long life) in the early stage via Ca’*-induced Ca’* release in discrete superficial SR elements

and activates K¢, channel current highly responsible for action potentia repolarization and after
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hyperpolarization. Ca®* -induced Ca’* release available for contraction may occur more slowly by
the propagation of Ca®* -induced Ca’* release from superficial SR to deeper ones. The regulatory
mechanism of ion channel activity on plasma membrane by superficial SR via Ca®* spark
generation in VSMC may be analogously common in severa types of cells including neurones
(Imaizumi et a. 1999). Since the plasma membrane and SR membrane are in close spatial
localisation, it has been suggested that the L-type C&®* channel, the ryanodine receptor and Kca
function as a coupled unit to regulate the cellular membrane potential, the [Ca®']; of the vascular
smooth muscle, and therefore the contractility of the artery (Jaggar et al. 1998).

Taken together, Ca®* metabolism plays a central role in many cellular functions including
growth, proliferation and contraction of vascular smooth muscle. The alteration in Ca®* channel
function and/or an increase in Ca®* channel density, resulting from increased channel synthesis or
reduced turnover, underlies the increased vascular reactivity characteristic of hypertension (Tostes
1997). However, the evidence supporting altered cellular Ca®* handling in hypertension is still
controversial (Gonzalez and Suki 1995). Finally, it has recently been suggested that one link
between the metabolism of Ca?* and the control of arterial tone could be the extracellular Ca*
receptor in the perivascular sensory nerves, the activation of which can cause vasorelaxation via the
release of a hyperpolarizing mediator (Bukoski 1998, Ishioka and Bukoski 1999).

3.4. Other ion transport systems
3.4.1.Na' K*-ATPase

Na',K*-ATPase is an integral membrane protein responsible for establishing the
electrochemical gradient of Na" and K" across the plasma membrane of VSMCs. The ion gradients
formed by this enzyme are necessary for the active transport of essential nutrients into cells, for
osmotic balance and cell volume regulation, and for the maintenance of the resting membrane
potential in excitable cells (Doris 1996). Vascular Na',K* pump can be inhibited by cardiac
glycosides like digoxin and ouabain. Several observations suggest that endogenous Na“,K* pump
inhibitors might exist in the mammalian body; these can modulate the activity of the Na’,K* pump,
and could be involved in the regulation of Na" homeostasis (Doris 1996, Gotoa and Y amadab 1998,
Doris and Bagrov 1998). The activity of Na",K* pump is proposed to affect [Ca®]; in VSMC via
VOCs and Na'/Ca?* exchange. Thus, decreased Na',K* pump activity leads to membrane
depolarization and increased Ca* influx through VOCs. In addition, decreased activity promotes
Na' retention in VSMC, which reduces the driving force of Na'/ Ca?* exchange leading to
attenuated Ca’™* extrusion (Bova et al. 1990, Rayson and Gilbert 1992). However, it has been
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suggested that the latter mechanism does not play an important role in the modification of [Ca?*]; in
VSMCsof SHR (Zhu et a. 1994).

The activity of Na',K*-ATPase may be enhanced in hypertension because of an increase in
passive membrane permeability to Na'", and because the pump does not appear to fully compensate
for this, the vascular tone is elevated. Increased activity of the Na“,K*-ATPase has been linked to
the increased vascular tone and smooth muscle growth found in SHR (Davies et al. 1991, Kemp et
al. 1992). In the kidney, an alteration of the adducin gene might lead to an increase in Na",K* pump
activity, either as a direct effect or as a secondary effect, resulting from a primary stimulation of
Na' transport across the luminal membrane, which would result in increased tubular Na'
reabsorption (Ferrandi et al. 1999).

The inhibition of the Na',K* pump contributes especialy via rena mechanisms of Na
balance. The generalisation of this inhibition to vascular tissue and to the neural tissue regulating
vascular contraction may elevate blood pressure (and increase natriuresis) by increasing contraction
(Doris 1996). Chronic administration of ouabain leads gradually to the development of hypertension
in rats. Nanomolar concentrations of ouabain increase the concentration of cytosolic Ca?* and the
amount of Ca®* stored in the SR, and augment caffeine-induced contractions in the presence of
moderate sympathetic stimulation in rat vascular smooth muscle (Zhu et a. 1996). The renal
proximal tubule Na',K*-ATPase in WKY is regulated by both a pertussis toxin and cholera toxin
sensitive G proteins, and that this regulation is abnormal in SHR. Such a defect could cause
enhanced Na' reabsorption in SHR and contribute to the pathogenesis of hypertension in this model
(Gurich and Beach 1994).

Taken together, the contradictory results on vascular Na',K*-ATPase in hypertension
possibly reflect the fact that the pump's functional, enzymatic and biochemical properties may be
dissmilarly changed in hypertension (Young et al. 1988), and that the type and duration of
hypertension profoundly affect these results. Whether the altered activity of the Na'",K* pump in
vascular smooth muscle is a key factor in hypertension remains to be clarified (O'Donnell and
Owen 1994).

3.4.2. K" channels

The membrane potential and reactivity of arterial VSMC is regulated by a variety of K*
channels, which are highly expressed in vascular smooth muscle membranes (Kitazono et al. 1995).
K* channels, however, are unique due to the fact that the equilibrium potential for K is very close
to the resting membrane potential of the VSMC. This imparts upon K* channels the unique ability
to allow influx or efflux of K* from the VSMC depending on the potential difference across VSMC
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membrane. Therefore, K* can flow out of the cell bringing the membrane back to resting potential,
and K can aso flow into the cell in an attempt to restore resting potential (Quast et al. 1994,
Ackerman and Clapham 1997). The VSMC K" channels are modulated by several physiological
vasodilators which increase K* channels activity, and by vasoconstrictors, which decrease it
(Standen and Quayle 1998). The K* channels of arterial smooth muscle are divided into four main
groups. Kca, ATP-sensitive K* channels (Kate), Ky, and inward rectifier K™ channels (K\r). The
modulation and expression of K* channels varies within vascular bed and between larger arteries
and resistance vessels (Nelson and Quayle 1995).

Kca in arterial smooth muscle serve to re- and hyperpolarize the cell membrane, the action
of which is triggered by increases in [Ca®]; during contractions (Edwards and Weston 1990,
Brayden and Nelson 1992). K¢, are divided into large, intermediate and small by their conductance.
Large-conductance K¢, appear to be the most important K* channels in the regulation of arterial
tone (Kitazono et al. 1995). Large-conductance K¢, are inhibited by tetraethylammonium ions,
charybdotoxin and iberiotoxin, whereas the small-conductance K¢, are blocked by apamin (Nelson
1993). These channels probably serve as a negative feedback pathway to control the degree of
membrane depolarization and the level of vasoconstriction (Brayden and Nelson 1992, Nelson and
Quayle 1995). The K¢, appears to be up-regulated in arterial smooth muscle membranes from
hypertensive animals such as SHR and stroke-prone SHR (England et al. 1993, Liu et al. 1994). In
SHR this phenomenon has been suggested to be caused by an increased Ca* influx through L-type
VOCs (Asano et a. 1993, Cox and Lozinskaya 1995). Patch-clamp studies show that whole-cell
membranes and membrane patches of arterial smooth muscle obtained from rats with genetic or
renal hypertension show an increased macroscopic and single-channel Ca’*-activated K* current.
Pharmacological blockade of this K* current profoundly constricts aortic, renal, mesenteric and
femoral arteries obtained from the same hypertensive animals, suggesting that Ca?*-dependent K*
current is a critical determinant of resting membrane potential in arterial muscle exposed to
elevated blood pressure. Thus, K* efflux through Kc, appears to congtitute an important
homeostatic mechanism for buffering increases in arteria reactivity in hypertension. This elevated
activation of K¢, in VSMC of the SHR has been hypothesised to dampen or brake the activity of K,
and to represent a compensatory mechanism to limit arterial contractions in hypertension (Rusch et
al. 1992, England et al. 1993, Rusch and Runnels 1994, Martens and Gelband 1998).

Katp ae inhibited by intracelular ATP and activated by intracellular nucleoside
diphosphates, and thus provide a link between cellular metabolism and excitability. In the VSMC,
the Katp is believed to mediate the relaxation of vascular tone (Isomoto and Kurachi 1997). Severad
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vasodilators acting at receptors linked to cAMP-dependent protein kinase activate Katp. These
include adenosine, calcitonin gene-related peptide and [3-adrenoceptor agonists (Standen and
Quayle 1998). 3-adrenoceptors can also activate Kc, and Ky. Severa vasoconstrictors that activate
protein kinase C inhibit Katp, and inhibition of K¢, and Ky through PKC has also been described
(Seino 1999). Katp can be inhibited by glibenclamide and tolbutamide, and activated by a variety of
compounds, such as cromakalim, levcromakalim, diazoxide and pinacidil (Quast et a. 1994).
Recently, molecular biological and electrophysiological techniques have revealed the molecular
basis of the Katp to be a complex of the Kir6.0 subunit and the sulfonylurea receptor subunit, a
member of ATP-binding cassette superfamily; the functiona diversity of the various Katp is being
determined by a combination of the Kir6.0 subunit and the sulfonylurea receptor subunit
comprising it (Ashcroft and Gribble 1998, Inagaki and Seino 1998). Furthermore, Katp are the
targets of two important classes of drugs, i.e., the antidiabetic sulphonylureas, which block the
channels, and a series of vasorelaxants called K™ channel openers, which tend to maintain the
channels in an open conformation (Y okoshiki et al. 1998). Katp have been found to show reduced
sensitivity to ATP in VSMC of SHR (Furspan and Webb 1993, Hiraoka 1997). In addition,
increased sensitivity to the effects of cromakalim and diazoxide and decreased sensitivity to the
action of glibenclamide have been reported in the arteries of SHR when compared with those of
WKY (Furspan and Webb 1993). Therefore, Furspan and Webb (1993) have suggested that SHR
may express a different subtype of Karp from WKY. In contrast, an impared action of
levcromakalim on Katp was recently found in SHR, and this impairment was restored by the
normalisation of blood pressure with hydralazine. This finding suggests that the impairment can be
attributed to high blood pressure rather than to a different subtype of Katp (Ohya et al. 1996, Seino
1998). Nevertheless, levcromakalim has been shown to be an effective antihypertensive agent in
SHR and in patients with essential hypertension (Tamargo et al. 1995, Kurachi 1998).

K|r regulate membrane potential in VSMC from severa types of resistance arteries and may
be responsible for external K* induced dilations. The Kz are opened by pronounced
hyperpolarization (i.e. membrane potentials negative to Ex), and exhibit a sustained inward current.
The membrane potentials positive to Ex induce only a small outward current through these channels
(Kitazono et al. 1995). The Kk are very sensitive to inhibition by extracellular Ba?* (Nelson and
Quayle 1995). The K,rg channels do not appear to be as widely distributed as Katp in VSMC, and

may provide a mechanism by which changesin extracellular K* can alter VSMC membrane
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potential, and thereby arterial diameter. Therefore, the Kir are important regulators of
smooth muscle function and represent important therapeutic targets (Quayle et a. 1997).

Voltage-dependent Ky channels conduct outward, hyperpolarizing K* current that influences
resting membrane potential and contributes to repolarization of action potentials (Standen and
Quayle 1998). The Ky has been identified in al vascular smooth muscle tissues studied to date
(Carl et al. 1996). When VSMCs are depolarized, Ky (also called delayed rectifier K* channels) are
activated after a short delay, which returns the membrane potentia towards the resting level. Thus,
like Kca, Ky @ppear to be a negative feedback system to regulate the vascular tone (Kitazono et al.
1995). Block of Ky with 4-aminopyridine leads to contraction and to enhanced myogenic response
to increased intravascular pressure (Kitazono et al. 1995). The Ky, channels are regulated by signal
transduction mechanisms involving vasoactive agonists that activate cAMP-dependent protein
kinase or PKC (Cole et a. 1996). The roles of Ky and K in the regulation of membrane potential
in hypertension remain to be elucidated.

Taken together, amost every physiological vasodilator and vasoconstrictor has been shown
to modulate K™ channels of one type or another in arterial smooth muscle (Standen and Quayle
1998). Most vasodilators and vasoconstrictors have multiple pathways of action, and the K*
channels contribute to the changes in contractile tone by altering the cellular membrane potential.
Such effects usualy occur in concert with changes in Ca?* activity, intracellular Ca®* release and
Ca”* sensitivity of contractile proteins (Haddy 1991). The K* channels and cellular Ca?* regulation

are summarised in Figure 3.

[I. Arterial tone after dietary interventions

When compared with the prehistoric diet, the modern human diet is excessive in NaCl and
deficient in K*. The mismatch between the modern diet and the ancient biological machinery of
humans subtly but chronicaly disorders their internal milieu, giving rise to a prolonged state of
low-grade K* deficiency (Morris et a. 1999). A convincing amount of data supports the view that
diets rich in Ca®*, K* and Mg®" are associated with lower blood pressure in humans (Joffres et al.
1987, Kesteloot and Joossens 1988, Witteman et al. 1989, Iso et a 1991, Whelton et al 1993,
Simon et al. 1994, van Leer et al. 1995, McCarron 1997, Ascherio et al. 1998, Appel 1999). All of
these supplementations have been suggested to lower blood pressure in patients with essential
hypertension (Widman et a. 1993, Bucher et al. 1996a, Whelton et al. 1997). Furthermore, when
the intake of K*, and Mg?®" is high, the high ingestion of NaCl chloride diet is not associated with
elevated blood pressure (McCarron 1997). The intakes of Ca®*, K* and Mg are highly correlated,

since they exist together in commonly eaten foods such as fruits, nuts, vegetables, cereals, and dairy
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products. Much circumstantial and some direct evidence links a high Na', low K™ intake to the
development of essential hypertension. Increasing K* intake may lower blood pressure but this
effect seems to be more apparent when both animals and man are on a high Na" intake. Whey
supplementation, a diet rich in milk minerals, has been suggested to lower blood pressure and
enhance urinary excretion of Na* in SHR (Mitsubori et al. 1990). The major electrolyte in Whey is

K™, but it also increases the intakes of Ca?* and Mg?*.

1. K* supplementation
1.1. Role of K" in hypertension

Evidence supporting a role for high K™ intake providing protection against hypertension and
cardiovascular disease has been persistently reported during the last 90 years from a wide variety of
disciplines including anthropology, epidemiology, clinical intervention trials, population-based
research, and animal experimentation (McCabe and Y oung 1994). Studies in experimental animals
have shown a varied blood pressure response to aterations in K* intake. SHR, DOCA-NaCl, Dahl
salt-sengitive, two-kidney-one-clip hypertensive, and renovascular hypertensive rats manifest
responses to both K™ depletion and K* supplementation (Suzuki et al. 1981, Fujita and Sato 1983,
Workman and Paller 1985, Benedetti and Linas 1985, Linas and Marzec 1986).

Many studies in humans have supported the view that increased K* intake lowers blood
pressure (Whelton et a. 1997). Clinical studies have examined the mechanism by which
hypokalaemia can increase blood pressure, and the benefit of alarge K™ intake on blood pressure.
Epidemiological data suggest that K* intake and blood pressure are inversely correlated. In
normotensive subjects, those who are salt sensitive or have a family history of hypertension appear
to benefit most from the blood pressure-lowering effects of K* supplementation. The greatest
hypotensive effect of K™ supplementation occurs in patients with severe hypertension. This effect is
also more pronounced with prolonged K* supplementation (Barri and Wingo 1997). Two meta-
analyses of clinical trials found a significant blood pressure lowering effect (-5.9/-3.4 mmHg) for
K* supplementation in hypertensive subjects (Cappuccio and MacGregor 1991, Whelton et al.
1997). In contrast, K* supplementation had little or no effect on blood pressure in normotensive
persons who were not selected for their previous low of intake K™ (Miller et al. 1987, Grimm et al.
1990, Whelton et al. 1997). Other trials in normotensive persons suggest that K* supplementation
has an enhanced effect on blood pressure in persons with low, rather than average or high, usual
intake. Reducing K* intake from an average to a very low level (77 to 10 mmol/day), increased
blood pressure significantly (6.1/3.6 mmHg), whereas raising K* intake from 62 to 90 mmol

produced nonsignificant changes in blood pressure (-1.0/-3.2 mmHg) (Krishna et al. 1989). In
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blacks, raising K* from a low level of 35 to 115 mmol/day reduced blood pressure by 6.9/2.5
mmHg (Brancati et a. 1996). These studies suggest that K™ supplementation can beneficially affect
for blood pressure regulation at low intake not only in hypertensives but also in normotensives
(Sacks et al. 1998).

In normotensive subjects ingesting norma amounts of Na', short-term K* depletion
increased mean arterial pressure from 90.9+2.2 mmHg to 95.0+2.2 mmHg. Furthermore, acute Na
loading increased blood pressure in K*-depleted subjects, but it had no effect in subjects ingesting
normal amounts of K* (Krishna 1990). In addition, K* depletion elevated blood pressure in
hypertensive patients, and may have partly mediated mineralocorticoid-induced hypertension in
humans (Krishna and Kapoor 1991, Treasure and Ploth 1983). Furthermore, K™ depletion
exacerbated the hypertensive effect of acute Na' loading in hypertensive humans (Krishna and
Kapoor 1993). Hypertension can also induce K* depletion and Na' retention when Na' intake is
kept high (Krishna 1990). Na' retention, atered response to vasoactive hormones, direct
vasoconstrictive effects of hypokalaemia, and Ca®* depletion may all contribute to blood pressure
elevation during K* depletion (Krishna 1994). In addition, K* depletion exerted a direct stimulating
effect on renin secretion, whereas the Na" retention induced by K* depletion tended to suppress
renin secretion (Kapoor and Krishna 1991). Taken together, these studies suggest that K* depletion

resultsin an expansion of extracellular fluid volume and induces a salt-sensitive hypertension.

1.2. Mechanisms through which high intake of K* might protect against cardiovascular
diseases

In studies in humans and animals, a strong inverse association between K* intake and
hypertension and stroke has been described (Takahashi 1999). The mechanisms by which a high K*
diet lowers blood pressure have not been determined, but numerous possibilities have been
proposed. The antihypertensive effect of increased K* intake appears to be mediated by several
factors, which include enhancing natriuresis, modulation of baroreflex sensitivity, direct
vasodilation, or lowering cardiovascular reactivity to NA and Ang Il (Barri and Wingo 1997).

Enhanced Na' reabsorption by the kidney, which may arise from impaired regulation of
proximal tubule Na",K*-ATPase activity, may have a central role in the pathogenesis of essential
hypertension (Gurich and Beach 1994). The antihypertensive effect may be mediated by K*-induced
natriuresis, by a stimulation of Na',K*-ATPase secondary to increased plasma K™ levels, and/or by
a modulation of the renin-angiotensin-aldosterone, kallikrein-kinin, and sympathetic nervous

systems (Overlack et al. 1985). Molecular switch-off of aj-adrenoceptor and a,- adrenoceptor
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signalling occurs in distal tubules cells during the development of hypertension. Long-term K*
supplementation in SHR has enhanced arterial a,-adrenoceptor responsiveness (Meldrum 1990). In
addition, K* supplement significantly increased water intake, urine excretion, urinary kinin, CAMP,
and cGMP levels, which suggests that upregulation of the tissue kallikrein-kinin system may be
attributed, in part, to the blood pressure-lowering and diuretic effects of high K* intake (Sugden et
al. 19873, Jin et a. 1999). Increase in glomerular filtration rate by high levels of dietary intake of K*
will cause a shift in the relationship between arterial pressure and Na' excretion that will lead to a
reduction in arterial blood pressure. In SHR, the antihypertensive effect of long-term K*
supplementation has been found to be accompanied by an increased cardiac output and decreased
peripheral resistance suggesting that vasodilation underlies the blood pressure lowering effect of a
high K* diet in these animals (Workman and Paller 1985). However, the role of altered vascular
sensitivity to vasoactive hormones and aterations in divalent cation metabolism in mediating the
K*-induced changes in blood pressure require further study (Krishna 1990).

The intraarterial infusion of K* into normotensive and hypertensive animals causes
vasodilation, which appears to result from the activation of Na'",K*-ATPase (Maxwell and Waks
1987). The increased Na',K* pump activity on the high K* diet appeared to be due to an increase in
maximum activity of the enzyme, rather than to an increased affinity for K*. Potentially, an increase
in Na',K*™ ATPase activity could contribute to the antihypertensive effect of K* by hyperpolarizing
the cell membrane and by increasing natriuresis (Sugden et al. 1987b, Haddy 1987). The improved
function of vascular Na",K*-ATPase by increased K™ intake has even been observed in the absence
of the elevation of plasma K" concentration in SHR (Dolson et al. 1995).

There are many possible mechanisms by which K* may protect against cardiovascular
diseases. High K™ diets seem to allow cerebral arteries to carry very high blood pressure without
sustaining damage to the artery wall, thereby drastically reducing brain infarcts and lowering death
rate (Tobian et a. 1986). In addition, high K* diet reduced endothelial permeability to albumin in
high NaCl-fed stroke-prone SHR (Ishimitsu and Tobian 1996). The reduced vascular eicosanoid
production in the stroke-prone SHR on high K* diet may reflect the reduced necessity for
cytoprotective vasodepressor PG against vascular injuries (Ishimitsu et al. 1995a). The high K™ diet
has been found to reduce endothelial injuries, which would allow the adherence and infiltration of
macrophages into the vascular wall of hypertensive animals, and thereby contribute to the reduction
of vascular lesions and stroke mortality (Ishimitsu et al. 1995b). Furthermore, an elevation of
extracellular K* concentration within the physiological range inhibited free radical formation from

macrophages and endothelial cells, inhibited proliferation and thymidine incorporation of VSMC,
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and reduced platelet sensitivity to thrombin and other agonists (Young and Ma 1999). In addition,
physiological increases in K* concentration inhibited the rate of superoxide anion formation by cell
lines derived from the endothelium and monocytes/macrophages, and decreased reactive oxygen
species formation by human white blood cells (McCabe et a. 1994). Ishimitsu et a. (1996) have
also reported that high K* diets reduce oxidative stress in the endothelium of high NaCl-fed stroke-
prone SHR independently of blood pressure changes. This effect may be involved in the mechanism
by which high K™ diets protect endothelium and reduce stroke incidence in hypertensive animals.

Long-term K™ supplementation has been suggested to protect the vascular endothelium from
hypertension-induced damage in SHR (Ishimitsu et al. 1995b) even in the absence of changes in
blood pressure (Sugimoto et al. 1988, Ishimitsu and Tobian 1996). Chronic K* supplementation
augments endothelium-dependent aortic relaxation elicited by ACh, but does not affect that evoked
by ADP, or endothelium-independent dilatation induced by nitroprusside, in hypertensive Dahl salt-
sensitive rats (Raij et a. 1988, Sudhir et a. 1993). Because the high K* diet for 8 weeks had no
noticeable effect on blood pressure, enhancement of relaxations to ACh in Dahl rats may at least in
part be independent of changesin blood pressure (Raij et a. 1988).

By these actions, small elevations of K* concentration related to high levels of dietary K*
intake could provide the protection against cardiovascular diseases. The acceptance of the putative

vascul oprotective effect has been limited by inadequate understanding of long-term K™ regulation.

2. Ca*" and Mg®* intake

Numerous epidemiological and interventional studies have been performed in different
populations to elucidate the possible association between Ca®* intake and blood pressure
(Cappuccio et al. 1995, Bucher et al. 1996). The results of recent meta-analyses suggested that Ca?*
supplementation has a small effect (-1.7 mm) on systolic blood pressure in hypertensive but not in
normotensive subjects (Allender et al. 1996, Bucher et al. 1996). Thus, increased intake of Ca?*
appears to reduce blood pressure in hypertensive but not in normotensive subjects (Allender et al.
1996, Bucher et al. 1996).

Increasing the Ca®* content in the food moderately lowers the blood pressure or attenuates
its elevation also in hypertensive experimental animals. These include SHR, DOCA-NaCl, two-
kidney, one clip, and Ang Il-induced hypertension (Hatton and McCarron 1994, Schleiffer and
Gairard 1995). In SHR, the blood pressure lowering effect of increased Ca* intake has been far
greater than that observed in essential hypertensive patients, the reduction in systolic blood pressure
ranging from 12 to 56 mmHg in studies using 8 to 14-week treatment periods (Hatton and
McCarron 1994). In contrast to dietary Ca’* supplementation, which does not lead to hypercalcemia
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(Hatton et al. 1995), acute hypercalcemia induced by intravenous Ca?* administration results in the
elevation of vascular resistance and blood pressure in both rats and humans (Berl et al. 1985, Aoki
and Suzuki 1991).

However, the mechanisms by which increased dietary Ca?* could reduce blood pressure are
not fully understood, athough several different mechanisms have been proposed. Some have
focused on neural, humoral, and renal effects, whereas others have attempted to relate the
antihypertensive action of Ca®* supplementation to improved vascular function (Hatton and
McCarron 1994, Hatton et al. 1995). Indeed, a long-term increased C&* intake has repeatedly been
found to enhance arterial dilatation in SHR (Porsti et al. 1992, Makynen et al. 1995, Sallinen et al.
1996). In addition, Ca®* supplementation has been reported to reduce arteria contractile
responsiveness in SHR (Bukoski and McCarron 1986, Hatton et a. 1993) although most of the
studies have found no difference in contractile function (Bukoski et al. 1989, Porsti 1992, Hatton et
al. 1995, Méakynen et al. 1995, Salinen et al. 1996). The improved vascular function following a
high C&?* diet in SHR has been attributed to decreased a;-adrenoceptor responsiveness (Hatton et
al. 1993), reduced permeability of plasma membrane to Ca®* and other cations (Hatton & McCarron
1994), increased Na'™-K* ATPase activity (Porsti et al. 1992, Makynen et al. 1995, Sallinen et dl.
1996), improved vasodilator function of the vascular endothelium (Mé&kynen et al. 1995), and to
increased sensitivity of the smooth muscle NO (Sallinen et al. 1996).

Dietary Mg®" supplements may also attenuate blood pressure development in hypertension
and significantly modulate stroke risk in men (Horan and Roccella 1987, The World Hypertension
League 1993, Suter 1999). The observed protection may be due to direct and indirect effects of
these nutrients on blood pressure and regulatory functions, such as endothelia function. Mg®*
deficiency has been shown to result in reduced blood flow with diminished termina arteriolar,
precapillary sphincter and venular sizes in normotensive Wistar rats (Altura et al. 1984). Itoh et a.
(1995) have suggested that the dietary Ca?*/Mg?* ratio (but not Mg alone), as well as ageing and
urinary Na'/K™ ratio were important factors related to blood pressure in humans. The infusion of
Mg into the carotid artery of conscious rats reversed carotid vasoconstriction caused by ET-1 and
Ang |1, but not that due to L-NAME, suggesting that the vasodilator effect of acute Mg®* infusion
may involve the stimulation of NO production (Kemp et al. 1993). However, in SHR chronic oral
Mg*" supplementation for 13 weeks neither attenuated the blood pressure elevation nor affected the

arterial relaxation and contraction responsesin vitro (Makynen et al. 1995).
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[11. The metabolic syndrome, arterial tone, and exercisein hypertension
1. The metabolic syndrome and arterial tone: obesity, impaired glucose tolerance, and
hyperlipidemia

The prevalence of hypertension is high among obese subjects (Scheen and Luyckx 1999).
Obesity is one component of a risk factor constellation that consists of insulin resistance (and/or
hyperinsulinaemia), hypertension, impaired insulin-stimulated glucose uptake, glucose intolerance,
and dydlipidemia characterised by low high-density lipoproteins and high cholesterol and
triglyceride levels. This risk factor constellation, which conveys enhanced risk for cardiovascular
disease, is often referred to as the metabolic syndrome (DeFronzo and Ferrannini 1991, Landsberg
1996, Smith and Taskinen 1999).

The link between blood pressure and insulin sensitivity might mainly be related to the
concomitant obesity. Accordingly, obesity can be associated with an increased activity of the
sympathetic nervous system, elevated plasma levels of the vasoconstrictor ET-1, and decreased
insulin-induced endothelium-dependent vasodilation (Scheen and Luyckx 1999). Furthermore,
adipocytes can secrete vasogenic peptides, such as angiotensinogen (Muller-Wieland et al. 1998).

Metabolic disorders have two features in common, namely relative resistance to insulin-
mediated glucose uptake and vascular endothelial dysfunction. Endothelial dysfunction appears to
be an integral aspect of the insulin resistance syndrome, independently of hyperglycaemia.
Although the link between diabetes and cardiovascular disease is not fully understood, loss of the
modulatory role of the endothelium has been implicated in the pathogenesis of diabetic vascular
complications (Vogel et a. 1998). A complex interaction between endothelial dysfunction,
abnormal skeletal muscle blood flow, and reduced insulin-mediated glucose uptake may be central
to the link between insulin resistance, blood pressure, impaired glucose tolerance and the risk of
cardiovascular disease (Cleland et al. 1998). Insulin exaggerates ET-1-evoked peak [C&’'];
responses via increased vascular ET receptor expression, which may contribute to enhanced
vasoconstriction observed in hyperinsulinaemic states (Hopfner et al. 1998).

There is substantial evidence that vasodilation mediated by endothelium-derived NO is
impaired in anima models of diabetes and in patients with insulin-dependent and non-insulin-
dependent diabetes mellitus (Villaet al. 1999). Insulin may stimulate endothelial NO production or
act directly on vascular smooth muscle via stimulation of the Na'-H" exchanger and Na'/K'-
ATPase, leading to hyperpolarization of the cell membrane and consequent closure of VOC
(Scherrer and Sartori 1997). Vascular tone in the obese Zucker rats (OZR), which have been

characterised by insulin resistance, hyperinsulinaemia, glucose intolerance, hyperlipidemia, and by
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agradual development of moderate hypertension, may be influenced by insulin's ability to stimulate
Na'/K*-ATPase at the vascular level (Walker et al. 1999). In the young hyperinsulinaemic Zucker
rat, insulin has a stimulatory effect on the vascular Na'/K* pump, which may be associated with a
decreased presynaptic adrenergic influence on vascular tone. The development of resistance to these
vascular relaxant effects of insulin with advancing age might contribute to the onset of hypertension
in this model (Golub et a. 1998). The ability of insulin to cause endothelium-derived NO-
dependent vasodilation amplifies its overall effect of stimulating skeletal muscle glucose uptake
and modulating vascular tone. Insulin appears to mediate vasodilation by direct stimulation of NO
release from the endothelium (van Zwieten 1999). NO interferes with key events in the
development of atherosclerosis, such as vascular tone, monocyte and leukocyte adhesion to the
endothelium, platelet-vessel wall interaction, and smooth muscle proliferation (Lu and Fiscus
1999). Therefore, the pathogenesis of diabetic vascular disease may involve reduced bioavailability
of endothelium-derived NO. Although mechanisms by which diabetes contributes to endothelial
dysfunction are currently unknown, it is likely that hyperglycaemia, the hallmark of diabetes
mellitus, may initiate this abnormality (Cosentino and L lischer 1998).

Oxidatively mediated degradation of endothelium-derived NO contributes to abnormal
endothelium-dependent vasodilation in animal models of diabetes mellitus (Lu and Fiscus 1999).
Vitamin C has been reported to restore the impaired endothelium-dependent vasodilation in the
forearm resistance vessels of patients with insulin-dependent diabetes mellitus (Baron 1999). These
findings indicate that NO degradation by oxygen-derived free radicals contributes to abnormal
vascular reactivity in humans with insulin-dependent diabetes mellitus (Wilson 1997). Studies with
the endothelium-dependent vasodilator methacholine in lean and obese nondiabetic subjects and
obese subjects with type 2 diabetes mellitus indicate that there may be marked endothelia
dysfunction very early in insulin resistance (Passa 1999). The potent vasoprotective effects of NO
mitigate various atherogenic processes, including vascular smooth muscle cell proliferation, platelet
adhesion and thrombogenesis, lipid peroxidation, and monocyte adhesion to the endothelial cells.
Altogether the interactions between insulin and NO may contribute to the outcomes of the insulin

resistance syndrome (hypertension, thrombosis, atherosclerosis) (Baron 1999).

2. Effects of exercise on blood pressure and vascular function

Today regular physical activity is recommended as a non-pharmacological measure for the
treatment of hypertension (World Hypertension League 1991, Grundy 1999). The associated
benefits which reduce the cardiovascular risks include changes in lipid profile, insulin sensitivity,

body composition and weight, neurohumoral factors, and cardiac structure and function, al of



56

which have been shown to occur following repeated bouts of exercise (Kingwell and Jennings
1997). Vascular adaptation may represent a particular mechanism of benefit. In experimental
animals exercise has been suggested to enhance vasodilation via augmented endothelial release of
NO, PGl,, and EDHF (Koller et a. 1995, Laughlin 1995, Yen et a. 1995), and aso via increased
sensitivity to relaxing stimuli in smooth muscle (Sallinen et al. 1996). A large number of studies
now support the concept that exercise alters the functional control of coronary circulation, since
training is associated with intrinsic vessel size-dependent alterations in coronary smooth muscle
and endothelium-mediated regulatory mechanisms (Parker et al. 1994). Highly trained athletes have
increased endothelium-dependent vasodilator reserve in the forearm (Lewis et al. 1999). This effect,
if trandlatable to the coronary circulation, might provide protection against ischaemia (McKirnan
and Bloor 1994). Aerobic training increases the large-artery compliance, contributing to a reduction
in systolic blood pressure and an attenuation of the cardiac afterload (1zawa et al. 1996). Delp et al.
(1993) have reported that treadmill training alters vasomotor function in rat abdominal aortas
through adaptations of both endothelium and smooth muscle. The exercise training may decrease
NA-induced vasoconstrictive responses and increase NA-stimulated EDRF release the rabbit aorta
(Chen et a. 1994).

The release of endothelium-derived NO increases with regular exercise, which might induce
changesin arterial compliance to some extent. NO-dependent dilation was enhanced after 7 days of
exercise training in the circumflex coronary artery of dogs (Wang et a. 1993). In humans moderate
cycling for 4 weeks increased basa NO production in previously sedentary normal and
hypercholesterolaemic individuals. The exercise-induced increases in blood flow and shear stress
have been suggested to be beneficial to both vascular function and structure (Kingwell and
Jennings 1997). During dynamic muscular exercise the regional arterial blood flow is enhanced.
This leads to an acute increase in intraluminal shear forces, which stimulates the vascular
endothelium with a reactive flow-dependent regional vasodilation mediated by NO, EDHF and
PGIl, (Huonker 1996). By increasing the release of NO and PGI,, shear stress augments
endothelium-dependent vasodilation and inhibits multiple processes involved in atherogenesis and
restenosis (Niebauer and Cooke 1996). Enhanced endothelium-dependent dilation appears to be
mediated primarily through the NO synthase pathway and is associated with an increased
expression of ctNOS (Delp and Laughlin 1997). The efficacy with which an increase in physica
activity can impact on cardiovascular risk factors will depend largely on the adherence to the
exercise programs. Further study in this areais warranted in order to determine the impact of such

interventions on risk factors and vascular changes (Henriksson 1998).
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Aerobic exercise of sufficient intensity and duration has beneficial effects on insulin
sensitivity (Perseghin et al. 1996). Exercise training increases insulin-stimulated glucose uptake in
skeletal muscle, and increases insulin-regulated glucose-transporter mRNA. Training improves
insulin-stimulated glucose transport in muscle of the OZR by increasing GLUT-4 content and by
atering the intracellular distribution of these transporters. Subsequently, the transporters are better
capable of migrating to the cell surface in response to the insulin stimulus (Etgen et al. 1997). It is
noteworthy that endurance training induces a rapid increase in the GLUT-4 isoform of the glucose
transporter in striated muscle of the rat (Host et a 1998). In addition, Chen et al. (1995) have
suggested that dynamic exercise may be used as a safe, therapeutic approach to reduce sympathetic

nerve activity at rest, which is considered to be beneficial for individuals with hypertension.
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AIMSOF THE PRESENT STUDY

The purpose of the present work was to study the control of arterial tone in three different
models of experimental hypertension. Therefore, the functional abnormalities of arteries, which
could contribute to the elevated peripheral vascular resistance, were characterised in two models of
genetic hypertension and in mineralocorticoid-NaCl-induced hypertension. In addition, the effects
of oral K* and Whey supplementation and regular exercise on arterial function were investigated.
Altogether the studies were aimed to examine the roles of different endothelium-derived relaxing
mediators in hypertension, and to elucidate the functional changes in arteria smooth muscle.
Knowledge of the precise mechanisms of arterial dysfunction leading to increased vascular
resistance, and the effects of high K™ intake and regular exercise on the control of arterial tone, will

expand our understanding and possibilities of treating hypertension.

The detailed aims were:

1. To test the hypothesis whether the aterations of arterial function in experimental models of
genetic, mineraocorticoid-NaCl-induced, and obesity-associated hypertension were similar

regardless of the type of hypertension.

2. To investigate the effects of supplementation of rat chow with K™ and Whey on blood pressure
and arterial reactivity in SHR and DOC-NaCl hypertensive rats.

3. To elucidate the effects of long-term exercise training on blood pressure, arterial reactivity, and
metabolic abnormalities in the Zucker rat, an experimental model of genetic obesity with moderate

hypertension.

4. To compare the sensitivity of smooth muscle NOS to induction by IL-1f3, and the effect of

physical training thereupon, in the aortic rings of lean and obese Zucker rats.

5. To test the hypothesis whether the workload upon the heart induced by a 22-week-long treadmill

exercise would be reflected as changes in plasma and tissue ANP levelsin Zucker rats.
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MATERIALSAND METHODS

1. Experimental animals

Normotensive male Wistar rats were obtained from the colony of the Medical School at the
University of Tampere (1), whereas male SHR (Okamoto-Aoki strain) and WKY were obtained
from Mgllegaard's Breeding Centre, Ejby, Denmark (1, 1, I11). In the DOC group (I-11), the rats were
treated with deoxycorticosterone trimethylacetate (25mg/kg subcutaneously once a week; Percorten
M, Ciba-Geigy Ltd., Basle, Switzerland) for 10 weeks and 0.7% NaCl was added to the drinking
fluid. The corresponding control groups received weekly an equal volume of vehicle
subcutaneously. The LZR and OZR were purchased from Iffa Credo in L'Arbresle Cede France (|,
IV-VI). The rats were housed four to a cage in a standard animal |aboratory room (temperature
+22°C, a controlled environmental 12-h light-dark cycle). The studies were approved by the Animal

Experimentation Committee of the University of Tampere.

Table 1. Different rat strainsand models used in the study.

Wistar normotensive rat from the colony of the Tampere University Medical School
SHR genetically hypertensive rat with normal body weight

WKY normotensive control strain of SHR

OZR genetically obese rat with insulin resistance, hyperlipidemia and hypertension
LZR normal control strain of OZR

DOC rat made hypertensive by DOC injections and NaCl addition to the drinking fluid

Okamoto and Aoki (1963), Argilés (1989), Arvolaet al. (1993)

2. Diets

All the rats in the studies (I, 1V-VI) with the exception of the DOC treated groups were
provided with tap water and the controls were ingesting standard |aboratory food pellets (Altromin
no. 1314,Chr. Petersen A/S, Ringsted, Denmark and R3 rat chow, Ewos). The diets in the studies |1
and 111 were as follows: In the Whey-SHR, Whey-DOC, Whey-Wistar and Whey-WKY groups, the
chow contained 25 % Whey (w/w; Vaio SUVAL™ Whey salt, Valio Ltd., Helsinki, Finland).
Whey minera concentrate contained most of the milk minerals and low molecular weight whey
protein, and it was prepared from lactose-rich solution, which is generated from cow milk as a side
product in the process of making cheese in dairy industry. The amount of lactose and protein in the
solution was reduced by crystallisation, ultrafiltration and chromatographic separation, whereafter
the Whey products were dried by using standard dairy equipment. The composition of the Whey
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was (%): potassium 11.1, calcium 2.17, magnesium 0.37, sodium 3.94, phosphorus 1.94, water 1.8,
protein (low molecular weight whey protein) 31.8, lactose 19.3, chloride 13.4, nitrate 0.15, sulphate
0.6, and organic acids 11.0 (including lactic acid 0.8, orotic acid 0.06, citric acid 4.0). In addition, it
contained minute amounts (mg/kg) of riboflavin 5.6, copper 1.0, and iron 7.7. The maor
constituents of the diets in the study groups are summarised in Table |. The dietary contents of K*
in the control SHR and K*-SHR groups were 1% K* and 3.6% K, respectively. The extra K™ and
Na" were added to standard food pellets (Altromin no. 1314, Chr. Petersen A/S, Ringsted,
Denmark) as KCl and NaCl, respectively. Without the moderate addition of NaCl this laboratory
chow can be regarded as alow Na' diet since it only contains 0.2% Na", and thus it does not well

correspond to the diet consumed in most industrialised societies.

Table2. Compositions of the NaCl-enriched normal chow and the chow containing
25% whey mineral concentrate showing the major differences between these two diets.

NaCl-enriched normal chow (%)  Chow containing 25 % Whey (%)

Potassium 1.0 3.58
Calcium 10 1.30
Magnesium 0.20 0.25
Phosphorus 0.90 117
Sodium 1.10 1.10
Chloride 1.90 3.71
Protein 22.0 24.4
Fat 5.0 3.80

3. Exercise protocol

The exercise-trained groupsin studies IV, V and VI ran regularly on a motor-driven 11-track
rodent treadmill during early afternoon hours 5 days a week. The initial running time in the first
study week (rat age 8 weeks) was 5 min at the speed of 20 m/min, whereafter the daily running time
was extended 5 min each week up to 45 min/day. With this setting (900 m/day, 20 m/min, 5 days a
week) the rats were exercised for further 14 weeks (rat age from 16 to 30 weeks). The treadmill
running program was designed on the basis of previous studies to exercise the rats at approximately
40-60% of their maximal aerobic capacity, since this moderate training intensity has been reported
to lower blood pressure in experimental hypertension in contrast to a more strenuous endurance
training (Bedford et al. 1979, Tipton et al. 1983).

4. Blood pressure measur ement
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The systolic blood pressures of the conscious rats restrained in plastic holders were
measured indirectly by the tail cuff method at +28°C. All the measurements were performed with
an IITC Inc. Model 129 Blood Pressure Meter (Woodland Hills, CA, U.S.A.) equipped with a
photoel ectric pulse detector. The blood pressure of each rat was obtained by averaging three reliable

recordings (I-VI).

5. Measurement of drinking fluid and food consumption
The consumption of drinking fluid and food was measured by weighing the bottles and

chow in two consecutive mornings (1-V1).

6. Blood, heart, and tissue samples

In al the studies, food was withdrawn 4 hours before the rats were anaesthetised with
intraperitoneal urethane (0.9-1.2 g/kg body weight) and exsanguinated via carotid artery
cannulation. Blood was collected into prechilled tubes with or without EDTA, whereafter plasma
and serum samples were quickly separated and stored at -70°C until analysed. The mesenteric
arteries, hearts (I-1V), carotid arteries (IV), aortae and right epididymal fat deposits (1V, V) were
immediately excised, the aorta being removed under sterile conditions (V). The hearts and fat

samples were blotted dry and weighed.

7. Plasma atrial natriuretic peptide deter minations

The plasma concentrations of ANP were investigated in the mineral supplementation
experimentsin order to elucidate whether the effects of increased dietary K™ on Na™ metabolism are
mediated via ANP (111). In study VI, ANP contents in the plasma, right and left atrium as well as
ventricular tissue were examined. The exercised and control OZR and LZR plasma and tissue ANP

were extracted as previously described by Ruskoaho et a. (1989). For the radioimmunoassay (RIA)

the atrial and ventricular extracts were diluted 3 x 10° and 1.2 x 103 fold, respectively, with the
RIA buffer. Briefly, the plasma sample acidified to pH 4 was applied to a SepPak C 18 cartridge
(Waters) activated with methanol. After washing, ANP was eluted with 60% acetonitrile. The
eluates were evaporated, and the residue was reconstituted with a RIA buffer (pH 6.0) containing
0.1 M sodium phosphate, 0.05 M NaCl, 0.1% Triton x100, 0.02% sodium azide, and 0.1% bovine

serum albumin. Then the tissue extracts and plasma samples were incubated in duplicates of 100 pl

with 100 pl of the specific rabbit ANP antiserum in the final dilution of 1:2.5x 104 ANP was
determined by RIA as described by Ruskoaho et al., 1989. The sensitivity of the ANP assay was 1

fmol/tube. Fifty percent displacement of the respective standard curve occurred at 16 fmol/tube.
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The intra- and inter-assay variations were less than 10 % and 15 %, respectively. Seria dilutions of
tissue extracts showed paralelism with the standards. The ANP antiserum recognised ANP and
proANP with equal avidity but did not cross-react with brain natriuretic peptide or C-type
natriuretic peptide (<0.01 %).

8. Determinations of blood glucose, serum insulin, and lipids

Commercia kits were used for the measurements of blood glucose (E. Merck AG) and
serum insulin (rat insulin radioimmunoassay, Novo Nordisk). Plasma cholesterol and triglyceride
concentrations were determined by enzymatic methods (Boehringer Mannheim). HDL was also
measured enzymatically after precipitating the apoB-containing lipoproteins with 20%
polyethyleneglycol.

9. Urine prostanoidsin Zucker rats

In study IV, for the anaysis of the urinary metabolites of systemic PGl, and TXA,,
2,3-dinor-6-ketoprostaglandin F, and 11-dehydrothromboxane B,, respectively, were extracted
from urine as previously described (Riutta et a. 1992, Riutta et al. 1994).

10. M easurement of cGMP in aortic rings

The aortic rings for cyclic GMP measurements were homogenised in ice-cold 6 %

trichloroacetic acid (0.5 ml) and the tissue suspensions centrifuged at 2000 g for 20 min at 22 °C.
Supernatant fractions were washed four times with water-saturated ether and aliquots of extracts
were diluted with 100 mM sodium acetate buffer (pH 5.8) and acetylated. Cyclic GMP was
determined by radioimmunoassay with a commercial kit (Amersham International Plc, UK).

11. Mesenteric, carotid arterial and aortic responsesin vitro
11.1. Arterial preparationsand organ bath solutions

The superior mesenteric and carotid arteries and the thoracic aorta were carefully cleaned of
adherent connective tissue, excised, and placed on a Petri dish containing PSS (pH 7.4) of the
following composition (mM): NaCl 119.0, NaHCO, 25.0, glucose 11.1, KCI 4.7, CaCl, 1.6,

KH,PO,4 1.2 and MgSO, 1.2, and aerated with 95% O, and 5% CO,. Standard sections of the
mesenteric artery (3 mm in length) were cut, beginning 5 mm distaly from the mesenteric artery-
aorta junction. The endothelium was either left intact or removed by gently rubbing it with ajagged
injection needle (Arvola et al. 1992). The rings were placed between stainless steel hooks (diameter
0.3 mm) and suspended in an organ bath chamber (volume 20 ml) in PSS described above. The
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preparations were aerated with 95% O, and 5% CO, at +37°C, and rinsed with fresh solutions at

least every 20 min, during which time the pH in the baths remained stable. In solutions containing
high concentrations of K" (20-125 mM), NaCl was replaced with KCl on an equimolar basis. In

2 . . . . . .
Ca -free sol utions, CaCl, was omitted without substitution. K -free solutions were prepared by

replacing KH,PO, and KCI with NaH,PO, and NaCl, respectively, on an equimolar basis.

11.2. Arterial contractile and relaxation responses

The rings were initially equilibrated for 30 min at +37°C with aresting force of 1.5g. The
force of contraction was measured with an isometric force-displacement transducer and registered
on a polygraph (FT 03 transducer and Model 7 E Polygraph; Grass Instrument Co., Quincy, MA,
U.S.A.). The presence of the functional endothelium in vascular preparations was confirmed by a
clear relaxation responseto 1 uM ACh in 1 uM NA-precontracted arterial rings, and the absence of
the endothelium by a complete lack of this response. If any relaxation was observed in the
endothelium-denuded rings, the endothelium was further rubbed.

Receptor-mediated contractile responses induced by 5-hydroxytryptamine (5-HT) and NA,
and the effects of cyclooxygenase and NOS inhibition on these responses. The contractions of the
endothelium-intact preparations to serotonin (1) and NA (1-1V) were studied in the absence (I-1V)
and presence (I-1V) of diclofenac (3 uM), and in the presence of diclofenac plus L-NAME
(0.1 mM, I-IV).

Depolarization-induced contractions. The concentration-response curves of the
endothelium-denuded rings to KCl were determined in the study I. The KCI contractions of the
endothelium-intact rings were studied in the absence (11-1V) and presence (11-1V) of diclofenac, and
in the presence of diclofenac plus L-NAME (11-1V).

Ca*contractions. The contractile responses of the endothelium-denuded rings to
cumulative addition of Ca?* to the organ bath after precontraction with NA in Ca?*-free buffer were
studied (1). In addition, the effect of nifedipine (0.5 nM) on these contractions was examined (1).

Endothelium-dependent relaxations to ACh and ADP. Mesenteric arterial relaxations were
studied in response to ACh (I-1V) and ADP (I, I, IV) in rings precontracted with NA. The
relaxations to ACh after NA-precontraction were also elicited in the presence of diclofenac (I-1V);
diclofenac and L-NAME (I-1V); diclofenac, L-NAME and TEA (lll); diclofenac, L-NAME, and
L-arginine (IV). The relaxations to ACh after KCl-precontraction were studied in the absence and
presence of diclofenac and in the presence of diclofenac plus L-NAME (111, 1V). The relaxations to

ADP after NA-precontraction were also elicited in the presence of diclofenac (111, 1V) and in the
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presence of diclofenac plus L-NAME (I, 1V). The relaxations to ADP after KCl-precontraction
were further investigated in the presence of diclofenac (I11, 1V) and in the presence of diclofenac
plus L-NAME (111, V).

Endothelium-independent relaxations to SNP, 3-morpholinosydnonimine (SIN-1) and
cromakalim. The relaxation responses of NA (1 uM)-precontracted endothelium-intact (I, 11, 1V)
and -denuded (111, 1V) rings to SNP and SIN-1 were examined. The responses to SNP were also
studied in KCl-precontracted endothelium-denuded preparations (111, 1V). The isoprenaline-induced
vasodilations of NA-precontracted endothelium-intact rings were examined (111, 1V).

K" relaxation. The relaxations of K*-free solution-contracted endothelium-denuded rings to

the return of K* (1 mM) were determined in the absence and presence of 1 mM ouabain (1V).

11.3. Induction of NO synthesisin vitroin the aorta

In study V, seven successive standard sections (3 mm in length) of the thoracic aorta from
each animal were cut under sterile conditions. The vascular endothelium was removed by gently
rubbing with a sterile jagged injection needle (Arvola et al. 1992). After preparation, the aortic rings
were incubated with recombinant human IL-13 (1 or 10 ng/ ml) or vehicle in the presence and
absence of methylene blue for 6 h a 37 °C in a humidified atmosphere of 5% CO,. Eagle's
minimum essential medium supplemented with penicillin (100 units/ ml), streptomycin (100
pug/ml), polymyxin B (1 pg/ml), diclofenac (3 uM), and bovine serum albumin (100 mg/ml) was
used as the incubation medium. Thereafter, the rings for cGMP measurements were snap-frozen in
liquid nitrogen and stored at -70 °C until analysed. The rings for the measurement of contractile and
relaxation responses were placed between stainless hooks and suspended in an organ bath chamber

as described above (2 g preload was used with aortic rings).

12. Compounds

The following drugs and chemicals were used: bovine serum albumin, methylene blue,
penicillin, phenylephrine, polymyxin B, streptomycin, ACh chloride, ADP sodium, apamin, (*)-
atenolol, (+)-cromakalim, glibenclamide, 5-HT, (+)-isoprenaline hydrochloride, N®-nitro-L-arginine
methyl ester hydrochloride, tetraethylammonium chloride, L-arginine, deoxycorticosterone
trimethylacetate, (Sigma Chemical Co., St. Louis, MO, U.S.A.), diclofenac (Voltaren injection
solution, Ciba-Geigy AG, Basle, Switzerland), dimethylsulfoxide, sodium nitroprusside (E. Merck
AG, Darmstadt, Germany), recombinant human interleukin-13 (Immugenex, LA, USA), SIN-1
(GEA Ltd), ethylenediaminetetraacetic acid, L-noradrenaline-L-hydrogentartrate (Fluka Chemie
AG, Buchs SG, Switzerland). The stock solutions of the compounds used in the in vitro studies
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were made by dissolving the compounds in distilled water, with the exception of cromakalim (in
50% ethanol) and glibenclamide (in dimethylsulfoxide). All the solutions were freshly prepared
before use and protected from light. The chemicals used in the preparation of PSS were of the
highest grade available and obtained from E. Merck AG (Darmstadt, Germany).

13. Analysis of results

The statistical analysis was performed using a one-way ANOVA supported by Bonferroni
test when carrying out pairwise comparisons between the study groups. ANOVA for repeated
measurements was applied for data consisting of repeated observations at successive time points.
All the results are expressed as meantSEM. The data were analysed with BMDP Statistical
Software (Los Angeles, CA, U.S.A.).
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RESULTS

1. Blood pressure, heart rate, heart and body weight, and electrolyte intake

The systolic blood pressures of untreated SHR and WKY were approximately 235 and
140 mmHg, respectively, when measured at the end of the follow up periods (1, 111). The 8-12-week
DOC-NaCl treatment of Wistar and WKY rats elevated the blood pressures by about 50-70 mmHg
from the level of corresponding controls (1, I1). In SHR, supplementation with either Whey or K*
diet for 12 weeks (starting at the age of 7 weeks) reduced the blood pressure rise significantly (l11),
whereas the hypertension caused by DOC-NaCl treatment in Wistar rats was not attenuated by the
concurrent Whey supplementation (I1). The systolic blood pressures of normotensive WKY (I11) and
Wistar rats (11) were not affected by either Whey or high K™ diet. With increasing age the sedentary
OZR developed a moderate hypertension which was completely prevented by the 22-week-long
training (IV-V1).

The development of hypertension in SHR, OZR and the DOC-NaCl-treated WKY and
Wistar rats was accompanied by an increase in heart weight (I-V). Supplementation with either
Whey or K* reduced the heart weights in SHR, bur not in DOC-NaCl-treated rats (11, I11). The
treadmill running increased the heart to body weight ratio, and reduced body weight and epididymal
fat in both obese and lean rats (1V).

The animals in the control SHR and DOC groups gained dlightly less weight than the
respective untreated WKY was Wistar rats, whereas the rats in the OZR group were significantly
heavier than in the lean Zucker rat (LZR) group (I-V1). The diet supplemented SHR, but not DOC
rats gained somewhat less weight than control SHR and WKY (I, 111).

The compositions of the diets are shown in table I. The content of K* was elevated by 3.6
fold, while that of Ca®*, Mg**, and phosphorus were approximately 25-30% higher in the Whey diet
when compared with the control chow. The Whey chow contained almost 2-fold higher amount of
chloride, and somewhat more protein and less fat than the control food. Thus, the most prominent
nutritional ateration in the Whey-WKY, Whey-SHR, Whey-Wistar and Whey-DOC groups was the
marked increase in the proportion of K™ in the diet (11, 111). Chow consumption was comparable in

the two obese rat groups and greater than in their lean controls throughout the study (1V).

2. Atrial natriuretic peptide
The concentrations of plasma ANP were comparable in WKY and untreated SHR on a
moderate Na'" diet. In contrast, K* supplementation increased the concentration of plasma ANP in

SHR (I11). In OZR and LZR the ANP contents in the right and left atrium, ventricular tissue, and
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plasma did not show any differences between the study groups after the 22-week-long treadmill
training (V1).

3. Blood glucose, insulin and lipidsin Zucker rats

The OZR expressed marked hyperinsulinaemia despite unaltered blood glucose when
compared with the lean controls. The training did not significantly affect insulin levelsin either the
obese or the lean rats, whereas blood glucose was reduced in both groups. The non-exercised obese
rats showed severe hyperlipidemia, plasmatotal cholesterol being about 3-fold and triglycerides 15-
fold higher than in the lean controls. Although the concentration of HDL was also elevated in the
sedentary obese rats, its proportion of the total cholesterol remained comparable (up to 70%) to that
in the lean controls. In the OZR, the exercise lowered total cholesterol and triglycerides by
approximately 50% and 70%, respectively, while the HDL to total cholesterol ratio was increased.
Total cholesterol was also reduced by about 30% following the exercise in the lean rats, but the
triglycerides and the HDL to total cholesterol ratio were not changed (1V).

4. Urine prostanoids after exercisein Zucker rats

The urinary excretion of 2,3-dinor-6-keto-PGF,, was increased in the young (8-week-old),
but not in the adult (30-week-old) sedentary OZR when compared with the lean controls. Moreover,
the higher excretion of 11-dehydro-TXB; in the young obese rats was even further enhanced during
the follow-up period. Thus, the ratio of PGI, to TXA, metabolite excretion, which was normal in
the young obese animals, was reduced in the 30-week-old OZR. The training augmented the
excretion of 2,3-dinor-6-keto-PGFy, in both OZR and LZR, whereas that of 11-dehydro-TXB:
remained unaffected. Hence, the excretion ratio of vasodilating versus constricting prostanoid
metabolites was increased in both exercised groups when compared with the corresponding non-
exercised rats (1V).

5. Arterial function in vitro
5.1. Control of arterial tonein 3 forms of experimental hypertension

Vasorelaxation responses. In NA-precontracted rings, the relaxations to ACh and SNP were
reduced in SHR, DOC and OZR when compared with the respective normotensive controls,
whereas ADP-dlicited relaxations were attenuated in the SHR and DOC groups, but were not
different between OZR and LZR. The cyclooxygenase inhibitor diclofenac dlightly enhanced the
relaxation elicited by ACh in SHR and DOC rats. L-NAME attenuated the dilations to ACh
effectively in al study groups, the inhibitory effect being more potent in SHR and DOC and similar
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in OZR when compared with respective controls. Unlike in NA-precontracted rings, the relaxations
to ACh, ADP and SNP during precontraction with 60 mM KCI (prevention of endothelium-
dependent hyperpolarization) were not impaired in 3 forms of experimental hypertensive animals.
L-NAME totaly inhibited the relaxations to ADP in the WKY, SHR and DOC groups, and the
inhibitory effect of L-NAME was more pronounced in the OZR group when compared with LZR.

Vasoconstrictor responses. The DOC group, but not SHR and OZR showed enhanced
arterial contractile sensitivity to NA when compared with the controls. This increased sensitivity
persisted after pre-treatment of the endothelium-intact vascular preparations with L-NAME.
Moreover, L-NAME comparably enhanced the NA-induced contractions in the hypertensive groups
and their normotensive controls. Nifedipine inhibited the contractile responses induced by
cumulative addition of Ca®* during stimulation with NA more effectively in SHR and DOC than in
WKY, whereas no such difference was seen between OZR and LZR (1). The results are summarised
in Table 3.

5.2. Effects of whey mineral and K™ intake on arterial reactivity

Endothelium-dependent relaxations. Whey supplementation improved the relaxations of
NA-precontracted rings to ACh in the absence and presence of diclofenac in SHR and DOC rats (ll,
l1). The K" supplementation enhanced the relaxations of NA-precontracted rings to ACh in the
absence and presence of diclofenac in SHR (111). The response to ACh remained enhanced in the
presence of diclofenac and L-NAME in Whey and K™ supplemented SHR (I11) and in DOC rats
supplemented with Whey (I1). The addition of TEA reduced the diclofenac and L-NAME-resistant
relaxations in Whey and K* SHR (I1l). When the relaxations to ACh were dlicited in KCI-
precontracted rings in the absence and presence of diclofenac, and in the presence of diclofenac and
L-NAME, the responses remained somewhat augmented in Whey and K™ supplemented SHR when
compared with untreated SHR (I11).

Endothelium-independent relaxations. Whey and K* supplements improved the relaxations
of NA and KCI -precontracted rings to SNP and isoprenaline in SHR. The impaired endothelium-
independent relaxations to cromakalim were normalised by Whey and K™ diets in SHR (111). Whey
supplements also improved the relaxations of NA -precontracted ringsto SNPin DOC.

Vasoconstrictor responses. Whey supplementation in SHR and DOC rats, as well as K*
supplementation in SHR attenuated the arteria contractile sensitivity to NA and KCl. Minerd
supplements had no effect on the maximal contractile forces induced by NA and KCI in SHR and
DOC-treated rats (11, 111). Contractile sensitivities and maximal contractile forcesto NA and KCl in

the presence of diclofenac, and in the presence of diclofenac and L-NAME did not differ between
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untreated SHR and mineral-supplemented SHR (l111). However, 3 mm long arterial preparations
from the DOC-rats weighed more than those of control Wistars, and the tissue weight-related
contractions were lower in the DOC but not in Whey DOC rats when compared with control
Wistars (11).

5.3. Effects of exercise on the control of arterial tonein Zucker rats

The endothelium-independent relaxations. The 22-week-long treadmill exercise enhanced
the relaxations induced by the two exogenous NO-donors, SNP and SIN-1, in NA-preconstricted
mesenteric and carotid arterial rings of both OZR and LZR. When compared with the relaxations
which were €elicited in NA-precontracted rings, the response to SNP was still augmented in KCl-
preconstricted rings of the obese rats following the exercise, but no difference was observed

between the trained lean animals and their sedentary controls. The dilations induced by the

readdition of K' after the K -free medium-induced precontractions were augmented in the
mesenteric arterial rings following the exercise in both OZR and LZR.

The endothelium-dependent relaxations. In the carotid arterial preparations, the exercise
protocol clearly augmented the relaxations to ACh in both obese and lean rats. The addition of
L-NAME completely abolished the relaxations to ACh in the carotid rings of all study groups. The
exercise protocol augmented the relaxations induced by ACh and ADP in NA-preconstricted
mesenteric arterial rings of the OZR, while no significant shift was seen in the lean animals. The
improved dilatations to ACh in the exercised obese rats were observed in both the absence and
presence of diclofenac, and also in vascular preparations depolarized with 50 mM/I KCI. In
contrast, the addition of L-NAME to the organ bath completely abolished the enhancement of ACh-
induced relaxations in the exercised obese rats. The further addition of L-arginine induced a partial
reversal of the inhibitory action of L-NAME upon the responses to ACh, the effect of which was
more pronounced in both obese and lean trained groups than the sedentary controls.

Vasoconstrictor responses. The maximal contractile forces of mesenteric arterial rings
induced by NA, 5-HT and KCI were increased by the treadmill running so that the contractions of
the trained obese group no more differed from those of the lean controls. Mesenteric arterial
vasoconstrictor sensitivity to NA was somewhat lower in the exercised when compared with the
sedentary obese rats, and this difference was abolished by diclofenac. Furthermore, in the presence
of diclofenac or L-NAME no significant differences in arterial constrictor sensitivity were observed
between the four study groups. The exposure to K*-free medium induced comparable maximal

force generation in the obese and lean controls, while this response was also higher in the trained
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obese group when compared with the sedentary obese rats. It is noteworthy that exercise was
without any significant effects on the vasoconstrictor responses of the mesenteric artery in the lean
rats. Moreover, the maximal contractile forces of carotid rings induced by NA were increased in the
obese and lean rats by training, an effect that was observed in both the absence and presence of
diclofenac and L-NAME.

5.4. Inducible nitric oxide synthesisin the aorta of Zucker rats

Biochemical determinations. The 22-week-long exercise program did not significantly affect
insulin levels in either OZR or LZR, whereas blood glucose was lowered in both of these groups.
NO production in IL-1[3-treated aortic rings was confirmed by measuring cGMP accumulation into
the tissue. A 6-hour incubation of aortic rings with IL-1f3 (10 ng/ml) induced an approximately
3-fold increase in smooth muscle cGMP in al study groups, and this effect was prevented by the
guanylate cyclase inhibitor methylene blue (1 uM). No significant differences were observed in
cGMP accumulation between the study groups.

Aortic responses in vitro. The contractile sensitivity of endothelium-denuded control aortic
rings to NA did not differ between the study groups. The sensitivity to NA was reduced by
incubation with IL-13 in all groups, and this effect was more pronounced in the obese than the lean
rats. Interestingly, following the exercise the reduction in arterial contractile sensitivity induced by
IL-1f3 was further enhanced in both obese and lean rats. Maximal contractile forces of control
preparations to NA were similar in al study groups. Incubation with IL-113 reduced contractile force
generation to NA in both of the obese rat groups but not in the lean rats. Aortic relaxations to SNP
did not differ between the study groups. In addition, relaxations to SNP were not significantly
affected by IL-1(3 in any of the study groups. L-arginine did not cause significant arterial relaxation
in untreated arterial rings precontracted with NA. However, L-arginine relaxed IL-1(3-treated rings
in a dose-dependent manner in both OZR and LZR. Interestingly, exercise enhanced the relaxations
of aortic ringsto L-arginine after induction by IL-113, and this influence was more pronounced in the
obese than in the lean rats. The effects of the diets and exercise on the control of arteria tone are
summarised in Table 4.
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Table 3. Arterial responses in SHR, DOC-NaCl-treated rats and OZR when compared with

nor motensive controls.

Variable SHR DOC OZR

Contractile responsesinduced by

NA = 1 -
Ca" contraction . N 5

Inhibitory effect of nifedipine

on Ca* contractions 1 N .

Relaxation responsesinduced by

ACh after precontraction with NA ! ! !
in the presence of diclofenac+L-NAME ! ! |
ACh after precontraction with KCl - - -
ADP after precontraction with NA ! ! -
Nitroprusside l ! !

1, 1 and - indicate anincrease, reduction and no change when compared with the corresponding

normotensive control group, respectively.
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Table 4. Mesenteric arterial responses after Whey and K" intake in SHR, Whey intake in
DOC-NaCl hypertensive rats, and after exercise in Zucker rats when compared with the

cor responding control group.

Variable Whey-SHR  K*-SHR  Whey-DOC E-OZR E-LZR

Relaxation responses induced by

ACh/ NA precontraction i i t 1 N

in the presence of

- diclofenac 1 ) 1 1 1
- diclofenactL-NAME - 1 1 = 5
- diclofenactL-NAME+TEA - -
- diclofenac+L-NAME+L-arginine 1 1
ACh/ KClI precontraction 1 1 1 1
Nitroprusside 1 1 1 1 1
SIN-1 1 1
Isoprenaline 1 1
Cromakalim 1 1
K* relaxation 1 1

1 and - indicate an increase and no change when compared to corresponding hypertensive control

group, respectively.
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DISCUSSION

1. Methodological aspects

SHR, an inbred strain that develops high blood pressure with increasing age, is the most
widely studied anima model of human essential hypertension, and WKY rats have amost
exclusively been used as normotensive controls for SHR. Although SHR and WKY rats have
originally been derived from the same colony, the amount of genetic variation between these strains
is nowadays comparable to the maximum divergence possible between unrelated humans (Johnson
et al. 1992). Therefore, some of the differences observed between SHR and WKY rats are likely to
be unrelated to hypertension (St. Lezin et a. 1992). The genetic background of the present model of
obesity and hyperinsulinemia, the Zucker fatty rat, has been extensively studied and well
characterised. The obese rat represents autosomal recessive homozygous inheritance (fa/fa), while
the heterozygous and missing fa gene (Fa/?) produces the corresponding slender control strain, the
lean Zucker rat (Argilés 1989). In the third present model of high blood pressure genetic divergence
could not be a significant contributor to the results when comparing the DOC-hypertensive and the
respective control rats, since they came from the same colony and the genetic background of all
these animals was well matched.

In the present study, the systolic blood pressures were measured by the tail cuff method,
which has been reported to show excellent correlations with concurrent recordings from intra-
arterial catheters in rats (Bunag and Butterfield 1982). The main limitations of the method used in
this investigation, however, are the facts that the measurements can only be performed in restrained
animals and diastolic blood pressures cannot be obtained.

The major complications of hypertension result from the affliction of relatively large arteries
(Safar et a. 1998). Therefore, from the therapeutic point of view, the effects of different
antihypertensive interventions on the function of conduit arteries are of importance. The main
superior mesenteric artery was used as a model of the conduit artery in most of the present
experiments, because of its superior suitability for the experimental setting, which required stable
precontractions and reproducible relaxation responses. In study 1V also the carotid artery was used
in order to compare the results between two different conduit-size arteries. Finaly, in study V
several functionally corresponding vascular preparations form each animal were simultaneously
needed, whereby the experiments were performed with aortic rings. It is noteworthy that
hypertension, exercise, dietary constituents, and induction of NOS may differently affect the arterial
function in different parts of the vasculature, and the present results may not be applicable to all of

the vascular beds.



74

2. Arterial function in 3 forms of experimental hypertension

One aim of the present studies was to examine the difference in arterial function in three
forms of experimental hypertension: 1) SHR, a model for genetic hypertension; 2) DOC-NaCl-
treated rats, a model for chronic mineralocorticoid-salt excess -induced sodium-volume-dependent
hypertension, and 3) OZR, a genetic model for obesity, insulin resistance, hyperlipidemia and
hypertension.

Impaired endothelium-dependent relaxations to ACh in experimental hypertension have
been previoudly reported in severa studies (Busse and Fleming 1993, Arvola et al. 1993, Makynen
et al 1994, Boulanger 1999). In concert, the present investigation showed attenuated ACh-induced
relaxations in NA-precontracted rings from the SHR and DOC groups. The relaxations to ACh were
also impaired in the OZR group when compared with the LZR group. In this study, diclofenac did
not significantly affect the ACh-induced relaxations of the study groups, suggesting that vasoactive
products of the COX pathway were not playing a mgor role in the endothelium-dependent
responses of these rat mesenteric arterial preparations. In contrast, inhibition of NO synthesis by L-
NAME diminished the relaxations to ACh effectively in all groups. The attenuation of the
relaxations to ACh by L-NAME was more effective in the SHR and DOC groups than in the WKY,
and comparable between the OZR and LZR groups, indicating that NO release was significantly
contributing to mesenteric arterial relaxation in these models of hypertension. However, in the
presence L-NAME both normotensive groups still showed significant relaxations to ACh.
Therefore, it appears that endothelium-dependent relaxation especialy via a non-NO route was
impaired in the SHR, DOC and OZR groups. The attenuated mesenteric arterial relaxations to ADP
in the SHR and DOC groups further supported the view of impaired endothelium-dependent
dilations in these forms of experimental hypertension. In OZR the responses to ADP did not deviate
significantly from those in LZR. L-NAME aso inhibited the ADP-induced relaxations more
effectively in the OZR than the LZR group, suggesting higher contribution of NO to the ADP-
induced relaxation in the OZR group.

Interestingly, no significant differences between the SHR and OZR groups and their
normotensive controls were found in response to the endothelium-dependent relaxants ACh and
ADP when the responses were dlicited in KCl-precontracted rings. In the DOC group the
relaxations to ACh were even somewhat augmented when compared with the WKY group. The
precontraction with KCl also abolished the differences in the ADP-elicited dilation, which were
observed in the NA-precontracted rings of the SHR and DOC groups when compared with WKY .
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Severa authors have reported that ACh can cause hyperpolarization of arterial smooth muscle in
vitro (Garland et a. 1995, Chen and Cheung 1997, Feletou and Vanhoutte 1999). Membrane
depolarization induced by precontracting the preparations with KCl eliminates the action of EDHF,
and the remaining relaxation to ACh thus largely reflects the effect of NO, whereas during NA-
induced precontractions EDHF remains operative (Chen and Cheung 1997, Feletou and Vanhoutte
1999). In present study, L-NAME totally inhibited the responses to ACh and ADP in KCl-
precontracted preparations of WKY, SHR and DOC groups, and markedly attenuated them in the
LZR and OZR groups. This suggests that NO was mainly responsible for the endothelium-mediated
relaxations in KCl-precontracted rings. Since the relaxations to ACh and ADP were comparable or
even enhanced in the SHR, DOC and OZR groups during precontractions with KCI but were clearly
impaired during precontractions with NA, these attenuated relaxations in the three hypertensive
groups can be attributed to reduced agonist-induced endothelium-dependent hyperpolarization.

Attenuated endothelium-independent relaxations induced by the donor of exogenous NO,
SNP, were also observed in all hypertensive groups after precontraction with NA indicating
impaired capacity of arterial smooth muscle to relax in response to NO. Interestingly, when the
relaxations to SNP were €licited after precontraction with KCl no differences were observed
between the WKY and SHR or LZR and OZR groups. The proportion of NO acting via cGMP
appeared to be preserved in the WKY, SHR, LZR and OZR groups, since the relaxations to ACh
and ADP after precontraction with KCl were corresponding between the groups, the responses of
which were aso effectively inhibited by L-NAME. The above relaxation results with SNP,
however, suggest that aterations in the action of NO on K* channels in arterial smooth muscle
could also have participated in the attenuated endothelium-dependent relaxations in the SHR and
OZR groups. Since the role of endogenous NO in the ACh-induced mesenteric arterial relaxations
appeared to be preserved, these results further suggest that the release of endogenous NO from the
endothelium was not diminished in the hypertensive groups.

Contractile sensitivity of endothelium-intact mesenteric arterial rings to NA was increased
in the DOC, but not in the SHR and OZR groups when compared with the normotensive controls.
However, the increase in sengitivity to NA induced by L-NAME was comparable between the
hypertensive and normotensive groups. Thus, the increased sensitivity to NA in the DOC group was
not mediated by deficient NO release, and the role of endothelial NO in attenuating receptor-
mediated contractions remained comparabl e between the hypertensive and normotensive groups.

The hypertensive groups and the normotensive controls showed similar contractile

responses of endothelium-denuded vascular preparations in response to arterial smooth muscle
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depolarization with high concentrations of KCl. However, when voltage-dependent Ca’* entry was
evaluated by the inhibitory effect of nifedipine on the Ca?* contractions, the SHR and DOC groups
showed increased sensitivity to nifedipine, whereas there were no differences between the OZR and
LZR groups. Thus, the present study results support the concept of enhanced Ca®* entry via voltage-
dependent dihydropyridine-sensitive channels in vascular smooth muscle of SHR and DOC-NaCl
hypertensive rats (Porsti 1992, Makynen et a 1994). The OZR did not share this hypertensive
feature. Since the OZR group had lower blood pressure than SHR and DOC, this may indicate that
exaggerated voltage-dependent Ca?* entry is secondary to very high blood pressure as suggested by
Ebata et a. (1991). However, atered Ca®* entry has also been shown in prehypertensive SHR (Erne
And Hermsmeyer 1989), suggesting potential differences in arterial mechanisms of hypertension
between obesity-related and genetic as well as sodium-volume-dependent hypertension.

Taken together, the experimental models of genetic, mineralocorticoid-NaCl-induced, and
obesity-related hypertension shared a common feature in the control of arterial tone: impaired
vasorelaxation. Defective vasodilation did not appear to be limited to endothelial dysfunction, but
involved both endothelium-dependent and -independent relaxation responses. The abnormal
function of voltage-dependent Ca?* channels in arterial smooth muscle, reflected as enhanced
inhibitory effect of nifedipine on arterial contractions in SHR and mineralocorticoid-NaCl

hypertensive rats, did not seem apply to experimental obesity-related hypertension.

3. Effects of whey mineral and K* supplementation on the control of arterial tone

In the present study, the K™ content in Whey diet was elevated 3.6-fold (thus being the major
nutritional alteration), while that of Ca?* and Mg®* were approximately 30 % higher when
compared with the control chow. The Whey diet also increased the intakes of chloride, phosphorus,
organic acids, and protein, and reduced the intake of fat. In these experiments, the effects on blood
pressure of the Whey diet and K* supplementation in SHR were very similar. This suggests that the
beneficial effects of Whey diet on blood pressure can be attributed to the increased intake of K™,

The development of hypertension in SHR is not Na™ dependent, but moderate changes in
blood pressure can be achieved by aterations in Na' intake (Aoki et a. 1972). Accordingly, in this
investigation, the SHR on moderate Na’ diet developed a more severe hypertension than in
previous investigations (Makynen et al. 1995, Salinen et al. 1996). Whey diet and K*
supplementation have previously been reported to moderately lower blood pressure in SHR (Barden
et al. 1988, Mitsubori et al. 1990), the findings of which were confirmed in the present study. Thus,
the antihypertensive effect of neither Whey nor K* was compromised by increased Na' intake,

rather the effects appeared more pronounced when compared with earlier reports (Barden et al.
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1988, Mitsubori et a. 1990). However, the Whey supplementation was without significant effect on
blood pressure in the DOC rats. Apparently this dietary ateration was not able to counteract the
powerful blood-pressure-elevating effect of the DOC-NaCl treatment.

The present results did not show differences in plasma ANP between SHR and WKY, even
though hypertension-induced ventricular hypertrophy is associated with increased synthesis and
release of ANP (Ruskoaho 1992). This discrepancy can be explained by the moderately elevated
Na" content of the present diet, which results in stimulated ANP release from the heart (Ruskoaho
1992). Interestingly, high K* diet has been reported to enhance natriuresis (Haddy 1991), and in this
study both Whey and K* supplementations elevated plasma ANP in SHR, which may partialy
explain the observed changes in blood pressure in these animals. Previously, K™ supplementation
has been shown to attenuate Na" retention and weight gain in essential hypertensive patients on a
high Na" diet (Fujita and Ando 1984). Correspondingly, we found that both SHR groups receiving
the Whey and K™ diets gained |less weight than control SHR.

The heart/body weight ratios were not decreased by the supplements (111). It is known that
cardiac hypertrophy in SHR is not only governed by the level of blood pressure, but also by the
cellular responses to growth factors such as endothelin (Karam et al. 1996). More importantly, Na’
intake is a strong and blood pressure-independent determinant of cardiac hypertrophy in
experimental animals and in human subjects (Harmsen and Leenen 1992, Beil and Schmieder
1995). Thus, increased Na" content of the present diet provides an explanation why the heart/body
weight ratios remained comparable in all SHR groups despite the differencesin blood pressure.

Previously, endothelium-dependent dilation has been shown to be impaired in hypertension
(Makynen et al. 1995, Makynen et al. 1996). Interestingly, high K* diet has been found to augment
endothelium-dependent relaxations in hypertensive rats via a mechanism not related to alterations
in blood pressure (Sugimoto et al. 1988). In the present investigation, supplementation with either
Whey or K™ was accompanied by enhancement of endothelium-mediated relaxation in SHR and
DOC rats, which thus agrees with previous findings (Sugimoto et al. 1988).

EDCHF(s), the production of which depends on COX, have been suggested to be involved in
impaired endothelium-mediated vasorelaxation in SHR and DOC rats (Jameson et al. 1993,
Méakynen et al. 1996). In these experiments (11, 111) diclofenac somewhat improved the response to
ACh in control SHR and DOC rats, thus supporting the concept whereby EDCF were released from
the endothelium of these animals. On the other hand, diclofenac was without significant effect on

the response to ACh in all mineral-supplemented rats, suggesting that Whey and K* supplements
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diminished the production of EDCF in SHR and DOC rats. However, reduced EDCF release did not
entirely account for the enhanced relaxations to ACh in the Whey- and K*-supplemented rats.

Inhibition of NOS by L-NAME effectively diminished the relaxations to ACh in all groups.
Since the endothelium-mediated response in control SHR and DOC rats were nearly abolished by
L-NAME, it was predominantly mediated via NO, whereas all other groups showed distinct
diclofenac- and L-NAME-resistant relaxations, suggesting that endothelial products other than NO
were mediating the enhanced response to ACh.

Inhibition of large-conductance K¢, by TEA reduced the diclofenac and L-NAME-resistant
relaxation in al groups, and abolished the difference between control SHR and the group
supplemented with K*. In this study, apamin significantly reduced the L-NAME and diclofenac-
resistant relaxations to ACh in the Wistar rats, and further inhibition of the response resulted when
glibenclamide was added to the medium. These findings suggest that endothelium-mediated
hyperpolarization via Kca and Karp were enhanced after the high K* diet in SHR. When
endothelium-mediated hyperpolarization of arterial smooth muscle was eliminated by
precontractions with KCI, we found only small differences in ACh-induced relaxations between
control SHR and the other groups, and the responses were similar in all mineral-supplemented SHR
and the WKY. Collectively these findings support the view that supplementations with Whey and
K" normalised the endothelium-mediated relaxations in SHR and DOC rats via enhanced
hyperpol arization mechanisms.

Arterial relaxations to SNP were augmented in both Whey and K™ -supplemented SHR
groups and Whey-supplemented DOC rats, indicating enhanced sensitivity to NO following
increased Whey and K™ intakes. However, the fact that the relaxations to SNP were similarly
improved whether the precontractions were induced by NA or KCl suggests that NO-mediated
hyperpolarization was not playing a significant role in this response.

Vasodilation to isoprenaline is predominantly endothelium-independent via the stimulation
of B-adrenoceptors and the subsequent increase in cyclic AMP in smooth muscle (Bulbring and
Tomita 1987). However, isoprenaline also hyperpolarizes blood vessels via K atp and K¢, in smooth
muscle (Randall and McCulloch 1995, Song and Simard 1995). Thus, enhanced hyperpolarization
could partially explain the improved relaxation to isoprenaline in the mineral-supplemented SHR.
Indeed, the present results whereby the responses to cromakalim, an opener of Katp, were improved
in all supplemented SHR groups further support the view of augmented arterial hyperpolarization
following increased Whey and K™ intakes. The fact that the above agonists mediate vasodilation via

three different mechanisms suggests that the improvement of general vascular relaxation properties
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(e.g. regulation of intracellular Ca®*) may also have played a role in the enhanced endothelium-
dependent relaxation in the supplemented groups.

Arterial contractile sensitivity to NA and KCI was lower in both mineral-supplemented SHR
when compared with control SHR. This difference in contractile sensitivity between control and
mineral-supplemented SHR was abolished by COX inhibition, suggesting that diminished release
of vasoconstrictor prostanoids was responsible for the lower sensitivity to NA and KCI after Whey
and K" supplementations.

Taken together, these results (Il, 1) showed that dietary Whey and K* supplements
comparably lowered blood pressure in SHR on a moderate Na' diet. This effect was accompanied
by enhanced endothelium-dependent and -independent arterial relaxation and attenuated receptor-
and depolarization-mediated contractile sensitivity in both SHR and DOC rats. The Whey minera
diet had a protective effect on the vasodilator responses in experimental sodium-volume-dependent
hypertension even without the lowering of blood pressure. The vascular mechanisms underlying the
effects of these supplements may involve improved arterial hyperpolarization, increased sensitivity
of smooth muscle to NO, and decreased production of vasoconstrictor prostanoids. Since the effects
of these supplementations on arterial function were very similar, the beneficial effects of Whey diet

on arterial dilation in hypertension may largely be attributed to the increased intake of K.

4. Effects of exerciseon thearterial tonein Zucker rats

Co-ordinated resistance vessel dilation during exercise is dependent on a signal which
‘ascends  from the microvessels to the feed arteries located upstream (Shepherd 1987). Recent
studies of ascending vasodilation have especialy concentrated on the contribution of the endothelial
cells, which lie at the interface between the circulating blood and vascular wall (Green et al. 1996).
Endothelial cells respond to changes in rheologica and humora conditions within the
cardiovascular system, and transduce these changes into vasoactive signals, which regulate blood
flow, vascular tone and arterial pressure. Endothelium-derived NO contributes to the regulation of
vascular tone also by acting as afunctional antagonist to sympathetic neural constriction, and NO is
also released in response to deformation of the endothelial cell membrane by pulsatile flow and
shear stress of streaming blood (Hecker et a. 1993). Since the dilation of microvessels in response
to exercise induces increases in blood flow through the upstream feed arteries, which subsequently
dilate, a very probable explanation for ascending vasodilation is that NO release is stimulated by
flow-induced shear stress (Green et al. 1996).

We found that long-term physical exercise prevented the devel opment of hypertension in the

OZR, an effect that was associated with enhanced vasorel axation and normalisation of the impaired
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vasoconstrictor responses. Furthermore, the improved vasodilation could especially be attributed to
enhanced sensitivity to NO in arterial smooth muscle of the exercised rats. These results agree with
previous findings whereby endothelial NO release was augmented in lean normotensive animals by
training (Sun et al. 1994, Muller et al. 1994), and even short training period in dogs have been
suggested to augment coronary dilation and increase aortic NOS expression (Sessaet a. 1994).

The mesenteric artery was chosen for the study, since blood flow in the splanchnic area is
not increased during physical effort, in contrast to the blood vessels directly subjected to exercise-
induced flow and shear stress (Shepherd 1987). Thus, the functional changes in this artery could
reflect the more generalised vascular adaptations induced by exercise. The responses of the carotid
artery were also studied in order to examine whether the training would elicit more widespread
changes in the control of arterial tone. The 22-week-long training enhanced endothelium-dependent
relaxations in both mesenteric and carotid arteries of the obese rats. Since the enhanced relaxations
to ACh were abolished by L-NAME, but not by diclofenac and preconstriction with KCI, exercise
augmented endothelium-mediated vasodilation via NO. The fact that competitive reversal by
L-arginine of the L-NAME-induced inhibition of vasodilation to ACh was more pronounced in the
trained animals than their sedentary controls supports the notion that exercise beneficialy
influenced the function of the endothelial L-arginine/NO pathway. In addition, the vasodilations
induced by the exogenous NO donors, SNP and SIN-1, were augmented in both mesenteric and
carotid arteries of the trained rats. Therefore, in addition to the probable increases in endothelial NO
release, enhanced sensitivity to NO in arterial smooth muscle following the exercise may largely
explain the observed improvement of vasorelaxation in these animals. It is noteworthy that the
exercised obese group exhibited greater relaxations to SNP in both the mesenteric and carotid
arteries than the sedentary lean group, whereby regular training appears to be more influential than
obesity in regulating the sensitivity of arterial smooth muscle to NO.

In the present experiments, the enhancing influence of training on vasodilation was
supported by the improved K™ relaxations in the mesenteric arteries of the exercised rats. This
relaxation induced by the readdition of K* after precontractions due to Na" pump arrest with K*-
free medium can be blocked by ouabain (Arvolaet a. 1992), and it indirectly evaluates the activity
of the Na" pump. Thus, physical activity improved vasorelaxation also via the action of Na',K*-
ATPase. Furthermore, the exercise-elicited enhancement of the relaxations to SNP in NA-
precontracted mesenteric arteries of the obese rats was diminished, and in the lean rats it was
abolished, in preparations precontracted by depolarization with KCl (Adeagbo and Triggle 1993). In
addition to the pathway via cGMP, the relaxing action of NO is also mediated via the opening of K*
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channels and activation of Na'",K* -ATPase in the cell membrane (Cohen and Vanhoutte 1995).
Therefore, augmented hyperpolarization of smooth muscle may partially explain the enhanced
vasorel axations following regular exercise in obesity-associated hypertension.

It is noteworthy that the present exercise program enhanced vasorelaxations to SNP, SIN-1,
and K" return also in the lean rats. Most of the earlier reports have suggested that the improved
vasodilation following physical conditioning is endothelium-mediated, whereas the endothelium-
independent dilations have remained unaffected (Sun et a. 1994, Muller et a. 1994). The
discrepancy between the present study and previous results can be attributed to the differences of
the vascular regions studied, and to the duration of the exercise period. Prolonged training may be
required to achieve adaptive changes in arterial smooth muscle, while endothelial function may be
more readily affected already after shorter periods of physical activity (Sessa et al. 1994). The
exercise-induced vascular adaptations have been reported to deviate even along one arterial bed
such as the coronary circulation (Laughlin 1995).

The impaired vasodilation to ACh in the mesenteric rings of the sedentary obese rats could
be attributed to reduced endothelium-dependent hyperpolarization of smooth muscle, since the
functiona inhibition of EDHF by depolarization with KCI abolished the difference in the
relaxations to ACh between the non-exercised obese and lean rats. The relaxations to SNP were
aso diminished in the NA-precontracted mesenteric arteries of the obese rats, while the elimination
of smooth muscle hyperpolarization by KCl abolished also the difference in response to SNP
between the sedentary obese and lean rats. Therefore, impaired hyperpolarization of smooth muscle
appears to play a significant role in the attenuated mesenteric arterial vasodilatory responses of the
sedentary OZR. In contrast, in the carotid artery the relaxations to ACh and SNP were not impaired
in the obese rats, and the response induced by ACh appeared to be largely mediated via NO in all
groups, since it was completely abolished by L-NAME. Altogether the present results indicate that
endothelium-dependent relaxation in the mesenteric artery was mediated by NO, EDHF and
vasodilatory prostanoids, whereas in the carotid artery the response appeared to be mediated by NO
alone. The high contribution of EDHF to the endothelium-dependent vasodilation (reflected as the
L-NAME- and diclofenac-resistant relaxation) in the mesenteric artery of the lean rats may provide
an explanation to the finding that regular exercise did not improve the relaxation to ACh in these
animals, although the response to exogenous NO was clearly enhanced.

The training increased the urinary excretion of 2,3-dinor-6-keto-PGFy4, a metabolite of PGI,
produced by the endothelium. The excretion of this metabolite reflects the amount of PGl released
into the systemic circulation (Falardeau et al. 1985). Thus, endurance training enhanced PGl-
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mediated endothelia vasodilatory function, the mechanism of which also provides an explanation
to the lowering of blood pressure. More importantly, this finding demonstrates that vasodilatory
endothelial autacoid production was increased by exercise. The sedentary OZR showed exaggerated
production of the vasoconstricting TXA,, since the urinary excretion of its metabolite 11-dehydro-
TXB, was increased. This corresponds with previous findings in human diabetes mellitus (Davi et
al. 1993). The increased excretion of the TXA, metabolite was further accelerated during ageing,
thereby leading to a vasoconstriction-favouring imbalance between the prostanoids in the non-
exercised obese rats. It is noteworthy that the PGl, to TXA, metabolite excretion ratio was
normalised by exercise, i.e. it was similar in the sedentary LZR and exercised OZR.

High blood lipids and oxidised LDL are mediators of vascular dysfunction in
hypercholesterolaemia (Cox and Cohen 1996). However, aimost al of the plasma triglyceride and
cholesterol content in Zucker ratsresided in HDL and very low-density lipoprotein, and not in LDL,
suggesting that oxidised LDL could not explain the changes in vasodilation in the study. Although
the role of triglycerides in regulation of vasomotion remains poorly characterised,
hypertriglyceridemic patients express diminished vasodilation of skin vessels, the impairment of
which is reversed by the lowering of triglycerides (Tur et a. 1994). Furthermore, cutaneous
vasodilations due to ACh, isoprenaline and SNP have been shown to negatively correlate with
triglyceride levels and positively with HDL to total cholesterol ratios in man (Algotsson 1996).
Therefore, the exercise-induced decrease in triglycerides and increase in HDL to total cholesterol
ratio together with improved arterial dilation suggest that the correction of vascular dysfunction in
the OZR by training may be mediated by its antilipaemic action.

The blood glucose-lowering influence of exercise despite unaltered insulin levels in the
present investigation indicates that insulin resistance was alleviated by training, which agrees with
previous findings in Zucker rats (Cortez et a. 1991). An imbalance between the pressor
(sympathetic nerve stimulation, antinatriuresis, vascular hypertrophy) and depressor (vasodilation)
actions of insulin has been proposed as a link between insulin resistance and hypertension
(Anderson and Mark 1993). According to this hypothesis there is a resistance to the actions of
insulin on glucose uptake and vasodilation, but not to its pressor activities (Anderson and Mark
1993). The vasodilatory mechanisms of insulin include the stimulation of Na“,K*-ATPase (Tack et
al. 1996), K* channels and endothelial NO production (McKay and Hester 1996). Thus, impaired
vasodilation in the sedentary OZR in this study could have reflected their insulin resistant state, the
aleviation of which could partially explain the improved vasorelaxations after exercise. Since

hyperinsulinaemia in the obese rats was not affected in spite of the antihypertensive and
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vasodilation-enhancing effects of exercise, the present findings suggest that high insulin level per se
was not a key determinant for the elevated blood pressure and vascular dysfunction in obesity-
associated hypertension. Furthermore, although hyperglycaemia has been shown to suppress arterial
dilation and predispose to the development of hypertension (Angulo et al. 1996), the lack of overt
basal hyperglycaemiain the OZR suggests that the modest changes of blood glucose were unlikely
to explain the alterations of arterial reactivity.

Taken together, the present results suggest that regular long-term exercise is associated with
enhanced vasodilation in OZR. This is expressed as increased arteria sensitivity to both
endogenous and exogenous NO, increased release of PGl, from the vascular endothelium, and
possibly also as augmented Na*™ pump action in arterial smooth muscle. Improved arterial function
following physical training in experimental obesity-associated hypertension may be mediated via
aleviation of hyperlipidemia and insulin resistance, whereas hyperinsulinaemia does not seem to

play akey role.

5. Physical exerciseand atrial natriuretic peptidein obese Zucker rats

On the basis of previous reports, the induction of ventricular ANP synthesis by endurance
training does not straightforwardly result from ventricular hypertrophy, but from other factors
associated with increased workload imposed on the heart (Mantymaa et al., 1994). The gene
expression of ANP in the left ventricle positively correlates with pulmonary capillary wedge
pressure, left ventricular end-diastolic pressure, peak systolic or end-diastolic wall stress, and left
ventricular end-systolic or end-diastolic volume index (Ruskoaho, 1992). These findings support
the concept that mechanical wall stretch is closely associated with ventricular ANP gene
expression, and increased cardiac filling pressure and wall stress may be a common stimulus for the
expression of ANP within the ventricular myocardium (Mantymaa et al. 1994). However, physica
training provokes a multitude of neurohumoral responses, including changes in sympathetic tone,
glucocorticoids, and thyroid hormones, which have been found to affect cardiac ANP gene
expression (Ruskoaho et al. 1997).

In present study, the treadmill running program was designed on the basis of previous
reports to exercise the rats at approximately 40-60% of their maximal aerobic capacity (Bedford et
al. 1979, Tipton et al. 1983). All of the exercised rats successfully completed the 22-week-long
training without signs of exhaustion, and expressed clear adaptive changes such as reduced
epididymal fat and body weight, which indicate diminished body fat content. In addition, heart rate
and blood pressure were decreased, whereby the level and duration of training were sufficient to

induce clear physiological adaptations in the groups.
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The treadmill running increased heart weight in the obese rats, while the heart weight/body
weight ratio was elevated in both lean and obese animals. Endurance training is known to induce
cardiac hypertrophy, probably to match the increased workload imposed on the heart (Shapiro,
1992), but in the present lean rats the increased cardiac index thus resulted from the reduced body
weight. However, in the obese rats both reduced body weight and increased cardiac mass were
observed, a plausible explanation for this being that the standard exercise was more strenuous to the
obese rats because of the higher body weight in this group. Nevertheless, exercise was without
effect on plasma and cardiac ANP levels in both lean and obese rats, whereby the training did not
enhance ANP synthesis in this experimental model of obesity and hypertension. Taken together,
based on ANP synthesis profiles, the hypertrophy caused by hypertension and the hypertrophy

resulting from endurance physical training are different biological phenomena.

6. Effects of exercise on inducible nitric oxide synthesisin the aorta of Zucker rats

The expression of the iINOS in cytokine-activated vascular smooth muscle leads to the
generation of large amounts of NO when compared to those produced by the ctNOS in endothelia
cells (Schini and Vanhoutte, 1993). NO stimulates soluble guanylyl cyclase activity in vascular
smooth muscle, leading to an increase in intracellular cyclic GMP production (Moncada et al.
1991). As cyclic GMP production serves as a sensitive measure of NO synthesis, aortic cyclic GMP
levels were measured to confirm NO synthesis in the IL-13-treated aortic rings. Incubation of aortic
rings with IL-13 for 6 h induced an approximately 3-fold increase in the cGMP levelsin all groups,
and this effect was prevented by the guanylyl cyclase inhibitor methylene blue. Thus, effective
induction of NO synthesis could be achieved in all groups.

The INOS-dependent production of NO in the vascular smooth muscle has been shown to
contribute to the decreased contractility of isolated blood vessels, which had been exposed to
cytokines for several hours (Junquero et al. 1993). Also the contractile sensitivity of endothelium-
denuded aortic rings to NA was reduced following incubation with IL-1R for 6 hoursin all groups.
Since L-NAME restored contractile responses in IL-1R3-treated arteries in both the lean and obese
rats, the impaired contractility can be attributed to synthesis of NO. Additional evidence was
provided by the finding that the NOS substrate L-arginine caused concentration-dependent
relaxations in IL-1R-treated aortas from both lean and obese rats but not in the respective control
arteries. Since arterial relaxation to the NO donor SNP was not significantly affected by incubation
with IL-13 in any of the study groups, alterations in the sensitivity of the vascular smooth muscle to
NO could not explain the enhancement in L-arginine-induced relaxations. Previous studies have
shown that insulin partially inhibited the IL-1-induced NO formation in cultured rat aortic VSMC
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(Schini et al. 1994), but increased cGMP levels in cultured human VSMC by a NO-mediated
mechanism (Trovati et a. 1995). In the study (V), IL-1ftreatment reduced NA-induced
contractions slightly more effectively in aortic rings from the OZR than in those from the lean
controls. These findings suggest that the present model of hyperinsulinaemia is associated with
increased NO synthesis in response to IL-11 treatment as compared to the lean controls. Thus,
hyperinsulinaemia in vivo does not appear to prevent the cytokine-induced arterial smooth muscle
NO synthesisin OZR.

Following the exercise the reduction in arterial contractile sensitivity and increase in
relaxation sensitivity to L-arginine induced by IL-13 was enhanced in both the OZR and LZR.
Previously, regular exercise has been found to attenuate vasoconstriction and augment endothelium-
dependent relaxations in normotensive animals, the effects of which could be attributed to enhanced
NO production via the L-arginine/NO pathway (Muller et al. 1994, Sun et al. 1994, Delp 1995,
Laughlin 1995). Training has aso been reported to augment endothelium-dependent dilatation
(Wang et a. 1993) and NO production in coronary arteries of dogs, and increase cNOS gene
expression in their aorta, possibly as a result from the increased shear stress after the exercise
(Sessa et al. 1994). Training has been suggested to increase the sensitivity of the endothelium to
shear stress in rats, leading to enhanced release of NO and prostaglandins (Koller et a. 1995). In
summary regular training seems to augment the release of NO from the endothelium via increased
expression of ctNOS. The results from the study (V) suggest that exercise appears also to augment
NO production in response to IL-13 in arterial smooth muscle in Zucker rats.

Exercise reduced fasting glucose in obese rats, and this effect was associated with more
pronounced increase in sensitivity of smooth muscle iNOS to induction by IL-13 when compared
with the lean controls. Since exercise did not change plasma insulin concentrations in the OZR,
modulation of insulin levels did not explain the differences in sensitivity of smooth muscle iINOS to
induction by IL-1R between the study groups. However, exercise enhanced the action of insulin in
both strains as reflected by reduced blood glucose, the effect being more pronounced in obese rats,
which is in agreement with previous findings showing exercise-induced improvement of insulin
resistance in Zucker rats (Cortez 1991). It is noteworthy that hyperglycaemia has previously been
shown to suppress arterial dilatation (Guptaet al. 1992, Angulo et al. 1996).

The expression of iNOS in the circulation is associated with pathological states like sepsis
(Nava et al. 1991), with the exception of the rat fetus in which iINOS seem to maintain the
vasculature in a dilated state without pathological consequences (Bustamante et al. 1996). The

pronounced sensitivity of smooth muscle iNOS to induction by IL-1R in the model of obesity and
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insulin resistance, and the further increase in sensitivity after chronic exercise raises question
whether also patients with corresponding metabolic aterations are more susceptible to expression
of INOS in pathological conditions like sepsis. Future investigations will show whether the present
phenomena are only limited to the OZR.

In conclusion, the sensitivity of iINOS to induction by IL-113 appeared to be slightly higher in
arterial smooth muscle of the OZR than the lean controls. Thus, this model of hyperinsulinaemia
was associated with increased sensitivity of smooth muscle iNOS to induction by IL-13. Regular
exercise did not change plasma insulin concentrations, but it enhanced the action of insulin in both
rat strains as reflected by reduced blood glucose, and somewhat increased the sensitivity of smooth

muscle iINOS to induction by IL-113.
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SUMMARY AND CONCLUSIONS

This study was designed to examine arterial function in three different models of
experimental hypertension, and study the influences of Whey supplementation, increased dietary K*

intake, and regular physical exercise on the control of arterial tone in experimental hypertension.

The mgjor findings and conclusions are:

1. Experimenta models of genetic, mineralocorticoid-NaCl-induced, and obesity-related
hypertension were associated with attenuated arterial dilatation. The defect of endothelium-
mediated relaxation most likely resulted from impaired endothelium-dependent hyperpolarization
of vascular smooth muscle in these hypertensive models, whereas the endothelial L-arginine-NO
pathway appeared to be preserved. The function of voltage-dependent Ca?* channels, as evaluated
by enhanced inhibitory effect of nifedipine on the arterial contractions, was abnormal in smooth
muscle of SHR and DOC-treated animals, while such an abnormality was not observed in obesity-

related hypertension.

2. Supplementation with Whey and a comparable dose of K* similarly opposed the development of
experimental genetic hypertension, an effect which was associated with improved arterial dilatory
properties. Supplementation with Whey had a protective effect on endothelium-mediated control of
arterial tone in experimental DOC-NaCl hypertension even in the absence of a significant effect on
blood pressure. Both supplements augmented the hyperpolarization-related component of arterial
relaxation, increased the sensitivity of smooth muscle to NO, and decreased the production of
vasoconstrictor prostanoids. Altogether the beneficial effects of the Whey diet could be attributed to
increased intake of K* in SHR and DOC.

3. The antihypertensive effect of long-term exercise in experimental obesity-related hypertension
was associated with improved vasodilation. This was expressed as enhanced relaxation via
endogenous and exogenous NO, and increased endothelial PGI, production. The improved control
of arterial tone after training could be attributed to the alleviation of hyperlipidemia and insulin

resistance, whereas hyperinsulinaemia per se remained unaffected.
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4. The sensitivity of NOS to induction by IL-113 was higher in arterial smooth muscle of the OZR
than the lean controls. Thus, this model of hyperinsulinaemia was not associated with reduced
sensitivity of smooth muscle NOS to induction by IL-13. Regular exercise did not change plasma
insulin concentrations, but it enhanced the action of insulin in both rats strains as reflected by

reduced blood glucose, and increased the sensitivity of smooth muscle NOS to induction by 1L-113.

5. In the absence of preceding myocardial hypertrophy the long-term exercise-induced workload
was not deleterious to the heart in experimental OZR, since no changes in plasma and tissue atrial

natriuretic peptide were detected.
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