CELL MEMBRANE STATUS AND -
CATIONS IN ESSENTIAL AND
MALIGNANT HYPERTENSION

Rhian Touyz

A thesis submitted to the Faculty of Medicine,
University of the Witwaters-and, Johannesburg,
for the Degree of Doctor of Philosophy

Johannesburg, South Africa
1891



This is to certify that the thesis

“CELL MEMBRANE STATUS AND CATIONS IN ESSENTIAL AND
MALIGNANT HYPERTENSION"

presented for the Deqree of Doctor ofiPhi?osophy in
Medicine to the University of the Witwatersrand is my own
work, and has not been presented for a degree at any other

University.

Unless otherwise stated, all the clinical and bicchemical

preparations were performed by myself.

Data for the illustrations have been adapted from the

1iterature but the graphics are my own.

The studies in this thesis have been approved by the Human
and Animal Ethics Committee of the University of the
Witwatersrand., The study “n Chapter 13 was zlso approved

by the Animal Ethics Committee of the University of

Potchefstroom.
//
- Ella::z Qeoter 1WA
Rhian M. Touyz
BSc (Hons), MSc (Med), MBBCh
Johannesburg

1891



ACKNONLEDGEMENTS

Thanks and appreciation are expressed to Proiorrer F.d.
Milne for his encouragement, guidance ana acs!stance so
readily and generocusly afforded me during this study. To
Professor N. Savage, my sincerest gratitude for her
discussion and advice regarding the biochemical aspects of
this project. 1 wish to thank Preofessor H. Seftel who
introduced me to 'the worid of hypertension' &nd who

encouraged me to pursue this field of research.

Special appreciation and gratitude to Dr S.G. Reinach of
the Biostatistics Department (Medical Research Council) for
his expertise and invaluable help with respect to the

statistical analysis used in this study.

Dr P.R. Marsnall is thanked for breeding and handiing the
DOCA-salt S¥R and Dr N. Butkow for his assistance with the

spactrofluorometric measurement of platelet free calcium,

Professor A. Meyers is thanked for making laboratory

facilities available to me.

In the superb preparation of this manuscript I am indebted
to Ms J. Zock.

Thanks are expressed to the many patients and volunteers

who so willingly participated in this study.



Sincerest thanks te my parents who gave me the opportunity
to proceed thus far. Finally I would 1ike fo express my
appreciation to my husband Louis and my children Joshua and
Sarah for their endless support and encouragement during

the preparation of this thesis.



ABSTRACT

Abnormal cell membrane functiorn and altered cellular cation
homeostasis have been implicated in the pathogenesis of
essential hypertension. The role of these factors in the

aetiology of maliorant hypertension is unknown.

Cell membrane Nat-K*-ATPase, CaZ*-ATPase and Mg2+-ATPase
activities and cell membrane calcium binding were studied
in platelets {which resemble vascular smooth muscle)} and
erythrocytes of black and white essential hypertensive
patients and normotensive controls. Serum, platelet and
erythrocyte concentrations of magnesium, calcium, sodium
and potassium were aiso determined. 1In the black
hypertensive group, platelet and erythrocyte membrane Nat-
Kt-ATPase, Ca2¥-ATPase and MgZ*-ATPase activities were
significantiy depressed, Platelet sodium and calcium were
significantly increased and serum magnesium, serum
potassium, platelet magnesium and erythrocyte magnesium
significantly decreased in the black hypertensive subjects.
In the white hypertensive patients, plateiet sodium and
calcium were significantly raised and platelet magnesium
significantly decreased. There were no significant
differences for any of the ATPases studied between the
white normotensive and hypertensive groups. Cell membrane
calcium binding was altered in the black and white

hypertensive subjects.

Cellutar cation status and cell membrane ATPase activity



were also studied in black malignant hypertensive patients.
Platelet and erythrocyte membrane Ca2*-ATPase and Mg2+-
ATPase activities, erythrocyte membrane Nat-K*-ATPase
activity and intracellular magnesium were significantiy
lower in the maiignant hypertensive group compared to the
b ack essentiél hypertensive group. Platelet calcium was
significantly increased in the malignant hypertensive

subjects.

The effects of magnesium supplementation on blood pressure
in 10 week old Wistar-Kyoto rats (WKY) and spontaneously
hypertensive rats {SHR} were determined for 18 weeks. Oral
magnesium supplementation retarded the development of

hypertension in SHR.

Cell membrane function {muscle membrane Na*-K+t-ATPase,
Ca2*.ATPase and Mg2t-ATPase activities) and serum and
erythrocyte magnesium, calcium, sodium and potassium
concentrations were determined at various stages in the
development of experimental malignant hypertension. Ten
weak ¢1d SHR and SHR treated with deoxycorticosterone
acetate (DOCA) and 1% NaCl drinking water were studied
weekly for 14 weeks. Malignant hypertension developed in
the DOCA-salt SHR. In the premalignant phase serum and
erythrocyte magnesium and muscle membrane ATPase activity
were significantly lower in DOCA~salt SHR compared to SHR.
During the late premalignant and malignant phases,
intracellular calcium and sodium were significantly

increased in the DOCA-salt SHR.



Data from this study suggest that black essential
hypertensive patienis have widespread magnesium changes
with asscciated cell membrane ATPase depression and altered
ce1l membrane calcium binding. The cerlular changes in
white hypertensive patients are due to other factors.

- These results suggest racial differences in cell membrane
function in essential hypertension. In malignant
hypertension the cellular ahnormalities may be more severe

~ than in benign hypertension. Magnesium supplementation may
have & protective effect in the development of

 hypertension.
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CHAPTER 1

GENERAL INTRODUCTION



GENERAL INTRODUCTION

1.1 Definition and classification of hypertension

1.1.1 Definition of hypertension

Hypertension, one of mankind's most common diseases is the
persistent elevation of arterial blood pressure. This
concept was defined almost fifty centuries ago in the
Chinese medical treatise attributed to Huang Ti (2698-2598
BC), where bDlood pressure was 1inked to discases of the
heart, kidneys and brain {(Onesti et al, 1973). Blood
pressure was first measured in 1733 when Reverend Stephen
Hales performed his classic experiments on the horse
(Wil1lins and Keys, 1941; Backer, 1953). 1In the late
1800's, Akbar Mahomet at Guy's Hospital first described
what is now termed 'essential hypertension' (Mahomet,

1881}.

Elevated blood pressures are pressures that are abnormally
high for the population. To speak of elevated arterial
pressure fmplies that a normal baseline blood pressure is
known. Sir George Pickering (Pickering, 1990) emphasised
that there is no dividing Tine between normal and high
blood pressure. Rather the relationship between arterial
pressure and morbidity is quantitative:- <the higher the
blood pressure, the worse the progrosis. Blood pressure is

a biophysical characteristic whose distribution chows no



natural subdivision into specific groups: it is determined
by multifactorial variables. Some researchers believe that
hvpertension is a specific disease entity determined by
monogenic inheritance where two groups exist - those whose
pressures increase with age and those whose pressures do
not increase with age {Tarazi and Ray, 1979). These
divergent opinions formed the basis of the famous
pickering-Platt dispute {Swales, 1986). It is nog
generally accepted that hypertension is inherited

polygenically.

Because of the problems that exist in defining
hypertension, arbitrary levels have been used to indicate
those individuals who have an increased risk of developing
a morbid cardiovascuiar event, {l1eft ventricular
hypertrophy, myocardial infarcts, strokes and hypertensive
encephalopathy) and/or those who will benefit from wedical
treatment. Despite the arbitrariness of dealing with
specific values, there is a diagnostic, prognostic and
therapeutic need for setting levels. The World Health
Organisation has based its definition on consensus. In all
populations, blood pressure values have a bell shaped
distribution, skewed to the upper end. The discrete
categorfes of 'hypertensive' and 'normal' levels of blood
pressure are useful and practical simplifications, but it

shouid be emphasised that it is a quantitative entity.

Most researchers and official bodies have defined elevated



Nummbmdmh-nwibuudﬂuwpnuwomuundu-dauuhg.

oh 2 difforent oceamom)
VAPV NAAY
‘ = 180
- 1'0 ‘
- 'm
- 160 E
L
BORDER -L 150 £
'Nqb "o v
€ A
=] m —f .
N %’\ws -
- i - E
R - o\ Vg, =
M 105 -
— 100
A 95
L - 90
1) -
80 -
15 -
bli] -
! 0 -
60 —
¥
: Y
SYSTOLIL DIASTOLIC

{5th phase}

Figure 1.1: Normal, borderline and

elévated blood premssure. (WHO l978)



blcod pressure as systolic greater than or equal to 160
mmHg and/or diastolic blood pressure (5th phase) greater
than or equal to 95 mmHg, with normal systolic and
diastolic blood pressures being Tess than 140 mmHg and 90
mmHg respectively (WHO, 1978). The pressure values between
normal and elevated are defined as borderline (Figure 1.1).

These levels apply to both sexes at any eage.

1.1.2 (Classification of hypertension

Hypertension may be classified according to type and

degree.

1.1.2 (4} Classification by type

There are two major types of hypertension - essential
{primary) and secondary. Essential hypertension is
estabiished by exclusion of identifiable secondary causes,
and constitutes 90 to 95% of adult hypertension. The
rematning 5 to 10% of hypertensive adults have secondary
hypertension, where the cause 1s known and often
reversibie. Classification based on type of hypertension

is presented in Table 1.1.



Table 1.1: Classification of hypertension based on type

(pickering, 1968; Tarazi and Ray, 1979).

II.

1.
i)

ii)

iii)

2.
i)
if)

iid)
iv)

Hypertension in which both systolic and diastolic

pressures are railsed

Essential hypertension

1. Tabile
2. established

Secondary hypertension: hypertension due to a known

disease.

Diseases of the kidneys and urinary tract
Renal diseases giomerylonephritis
-~ chronic pyelonephritis
~ polycystic kidneys
~ obstructive uropathy
- diabetic glomerulosclierosis
- interstitial nephritis
-~ tonnective tissue disceases
- renal tumours
= renal amyloidosis
- hereditary, radiation nephritis
Renal arteriail diseases - fibrous dysplarias
- atheroscleros «
- embolic obst=~ution
- traumatic obstirsution or
occlusion
Compression of the kidneys - perinephritis
- perirenal haematoma

Endocrine hypertension
Catecholamine excess ~ phaeochromocyioma
Steroids - mineralocorticoid excess - primary
aldosteronism

- glucocorticoid excess ~ Cushing's disease
Oral contraceptives
Conditions associated with hypertension -
thyrotoxicosis, myxoedema, acromegaly



3. Neurogenic hypertension
4, Coarctation of the aorta

5. Hypertension of pregnancy
i} preeclampsia

ii) eclampsia

B. Systolic hypertension in which the systolic pressure
only is raised
1. Increased stroke output of the left ventricle
- complete heart block
- aortic incompetence
arteriovenous fistula
patent ductus arteriosus
- Pagets disease of bone

- thyrotoxicosis
- fever
- pregnancy

2. Increased rigidity of aorta due to degenera®ive

_ disease of the wall {atherosclerosis)
3. Decreased capacity of aorta in coarctation

1.1.2 (i) Classification by severity

Hypertension can be classified according to the severity of
the elevated blood pressure into borderline, mild, moderate
and severe. The arbitrary guidelines are presented in

Table 1.2.

Table 1.2: Severity of hypertension

Severity Diastolic BP Systoiic BP
Borderline 84-89 mmHg 128-146 mmHg
Mild 90-104 mmHg 147-159 mmHg
Moderate 105-114 mmHg 160-180 mmHg
Severe > 114 mmHg > 180 mmHg




The benign and malignant phases of hypertension

The benign phase usually occurs in older individuals in
whom the pressures are not severe. The patients condition
remains relatively stable for many years, and death if it
is related to hypertension, is due to cardiac failure or

stroke (Tarazi and Ray, 1979).

The malignant phase occurs at any age and in either sex.
It is more common in the young than in the old and 1s
characterised by severe hypertension, neuroretinopathy and
by a rapid deciine in renal function. Unless the blood
pressure is reduced at an early stage, the conditfon is
fatal within a few months or years. The causes of death
include renal failure, left ventricular failure or cerebral
hasmorrhage. The pathological lesion of malignant
hypertension is fibrinoid arterioiar necrosis (Houstoen,
1989) (See Chapter 12 for detafled definition of malignant
hypertension}.

1.2 Pathogenesis of hypertension

The pathogenesis of essential hypertension is
multifactorial and highly complex. The mean systemic
arterial pressure varies directly with the cardiac output

and totz1 peripheral resistance:-

Mean systemic arterial pressure = cardiac output (c0)

x total peripheral resistance (TPR).
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1.2.1 Cardiac output in hypertension

Cardiac output, the product of heart rate and stroke
volume, is elevated in the early phasres of hypertension and
normalises in established hypertension {Frohlich, 1987}
(Figure 1.2). The initial increase in cardiac output is
assocfated with a normal or decreased total peripheral
resistance {Julius et al, 1971). With time the arterioles
constrict in an autoregulatory manner and peripheral
resistance increases {Eich, 1962). The increase in
peripheral resistance may result in & return of cardiac
output to its original level. The initial elevation of
blood pressure produced by the increase in cardiac output
is now sustained by arteriolar vasoconsiriction. Not aill
hypertensive patients exhibit this haemodynamic pattern,
Werko and Lagerlof {(1949) and Bolomey et al (1949) reported
a group of hypertensive patients in whom the cardiac index
was elevated with normal or low total peripheral
resistance. Frohiich et al (1967) found cardfac output
consistently higher in patients with defined renovascuiar

hypertension.

Although these problems relating to the haemodynamics of
hype:tension have not been settied, a review of the data
suggests that in established essential h:pertension,
cardiac output is normal with total peripheral resistance
being the main determinant of increased blood pressure., 1In

the earlier studies the hypertensive patients with low



peripheral resistance and increased cardiac output may not

have had established essential hypertension.

1.2.2 factors determining blood viscosity

Biood viscosity at a specific temperature depends on the
plasma viscosity, ceil concentration, cell aggregation and
cell deformability (Cinabanal and Chien, 198%0). Many
reports have documented that blood viscosity is increased
in patients with essential hypertension compared to age-
matched normotensive subjects {Letcher et al, 1G683;
Lorient-Roudaut et al, 1987: Weihmayr et &l, 1987). Blood
viscosity and blood pressure are significantly correlated
(Chien, 1986). Factors contributing to the increased
viscosity in hypertensive patiehts tnclude eTevated total
plasma protein, increased fiurinogen {(Letcher, 1983),
increased haematocrit (Lowe et al, 19835}, increased
eryshrocyte aggregation (Petraiito et al, 1985) and
functional abnormalities of erythrosytes (Orlov and

Postnov, 1982; Cherubini et ail, 1987).
The abnormalities in blood viscesity, together with
alterations in cardicvascular function and structure, may

play a role in the pathogener.'s of hypertension.

1.2.3 Peripheral resistance

Increased total peripheral resistance is the major



haemodynamic feature of established essential hypertension.
The importance of this was stressed by Page (1987). "If a

‘sing1e problem in the field of hypevrtension had to be given
greatest priority, development and maintenance of increased

peripheral resistance in hypertension would rank highest".
Paripheral resistance is regulated by many factors, but the
most important of these is vascular smooth muscle tone and

contractility.

1.2.3.1 Vascular smooth muscle in aypertension

1.2.3.1 {3} Smooth muscle growth

A universal feature of all artaries in hypertension is that
their walls are thicker than normal. This reflects an
increase in the synthetic function of the smooth muscle,.
Folkow (1982) demonstrated that the increased wall
thickness contributes to the vascular hyper-reactivity of
hypertension. The thicker wall confers a mechanical
advantage of the vascular smooth muscle in its
vasoconsirictor action. The biochemical and cellular
mechanisms involved in vessel wall thickening are complex,
but the process comprises both an increase in the number
(hyperplasia) and size (hypertrophy) of the vascular smooth
muscie cells (Seidel, 1987). Some cells may have an

increased number of nuclei as well {Oweng et al, 1981).

=N



1.2.3.1 (19} Vvascular smooth muscle tone

Ruegg (1871) defined ‘tone' as "economically maintained
tension, calcium and energy dependent but not necessarily
associated with tetanic {neurogenic or myogenic) activity".
The economy of tension maintenance is inversely related to
the speed of contraction - slow muscles are more 'tonic’
than fast muscles. The tonic features are inversely
related to myosin-ATPase activity and directly related to
the length of the thick myosin filamenits that contrast with
a sliding filament mechanism. The tonic features of smooth
muscle are due to modifications of this mechanism.

Myogenic tone can be modified by nerves, hormones, ions,
stretch and slow (generation) waves {Mellander and
Jvohansson, 1968). The eandothelium and its factors play an
important role in modulating smooth muscle tone {Vanhoutte,
1988; Luscher, 1980}). The primary mechanism regulating
tone and peripheral resistance is contraction of the
vascular smooth muscle and the basic determinant of

myogenic contraction is calcium.

1.2.3.1 (ii11) calcifum and vascular smooth muscle

contraction

A number of mechanisms of vascular smooth muscle
contraction have been described. Some of these mechanisms
are dependent on intracellular calcium cencentration while

others are not. The major intracellular mechanisms of

11
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excitation-contraction coupling in vascular smooth muscle

include:-

i} int.aceliular calcium concentration-dependent myosin

1ight chain phosphorylation,

ij) intracellular calcium concentration-dependent

regulation of contractile force by caldesmon, and

iii) regulation of actin-myosin interaction by the action

of calponin and protein kinase C activation.

1) Myosin 1ight chain phosphorylation

Within the smooth muscle cell, calcium stimulates
phosphorylation of myosin, resulting in myosin.actin
interaction, splitting of adencsine triphosphate (ATP) and
muscle shortening (Khalil et al, 1987; Hartshbrne, 1982)
(Figure 1.3}. C:ilcium first binds to the acid protein
calmodulin, which has four calcium binding sites. Al least
three sites need to be occupied by a calcium ion before
calmoduiin will activate myosin light chain kinase {Boiton,
1986; Ishikawa and Hidaka, 1990). The calc¢ium-caimedulin
complex activates myosin 1ight chain kinase, the enzyme
responsible for phosphorylation {Kamm and Stuil, 1985).
This kinase can phosphorylate the myosin 1ight chain in two
ways - monophosphorylation at serine 19 (the usual way)} or

diphosphorylation at serine 19 and threonine 18 (Lolburn et

19



al, 1988). Phosphorylation of serine 19 increases the
activity of actin-activated myosin magnestum adenosine
triphosphatase (Mg2t-ATPase). The phosphorylated myosin
forms cross bridges with actin, and the siiding of actin
over myosin filaments by cross-bridge cycling, with ATP
splitting, results in tension generation and consequent
muscle contraction {Murphy et al, 1983}. Dephosphorylation
occurs by myosin 1ight chain phosphatase (Murphy et atl,
1983).

i1} Caldesmon

taldesmon 4is a 145000 dalton actin-myosin stabilising
protein. It binds to filamentous actin in the absence of
catcium, resulting in inhibition of actin-myosin
{nteractions. It binds to calmedulin in the presence of
calcium, tnereby removing the inhibition of actin-myosin
interaction_(tampbe11, 1987). It can also inhibit the
actin-activated myosin Mg2*-ATPase in the presence and
absence of calcium (Ngai and Walish, 1887). Phosphorylation
of caldesmon by & calcium-calmodul in-dependent kinase,
reverses the inhibitory action of actin-activated myosin

Mg2*.ATPase (Ngai and Waish, 198&7).

i1} Calponin

This s a basic calcium binding protein with a molecular

wejght of 34000 daitons. It is thought to play a role

13



either as a troponin T-1ike molecule or as a phosphoprotein
in regulating the thin filament of smooth muscle (Takahashi
et al, 1988). Calponin has an inhibitory effect on actin-
activated myosin Mg2T-ATPase activity in the presence of
tropomyosin {Winder and Walsh, 1980). When phosphorylated,
by protein kinase C or caldesmon kinase, the inhibitory
effect of calponin on uhe act s~ -, :sted myosin MgZ+-
ATPase is abolished (Winder and Walsh, 1990)}. The exact
role of this newly discovered pfotein needs to bt

elucidated.

Whatever the mechanism of contraction, calcium is a central
and vital regulator of vascular smooth muscle contractility
and a rise in intracelTuiar calcium concentration is now
regarded as one of the most important determinants of the
tension developed by the contractile proteins (Morgan and

Suematsu, 19%0).

1.2.4 Vascular smooth muscie calcium metabolism

As the central fon in the control of vascular smooth muscile
contraction, calcium may be involved in the pathegenesis of
essential hypertension. An understanding of the general
principies of cellular calcium metabolism and fts relation
"to vascular smooth muscle contractility is pivotal to the
pathophysiology of hypertension, because many cells,
tissues and organs use calcium as a positive intracellular

messenger.

14
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Many complex mechanisms are involved in maintaining serum
levels of ionised calcium in the miilimolar range.
Similarly, complex systems maintain intracellular calcium
concentrations at about 100 nM. Hence, a 10060-fold
gradient of fonised calcium across the cell membrane is
nresent and is functionally utiltised by the cell as a

mechanism of signal transductfon. Cellular calcium

homeostasis involves mechanisms that allow calcium to enter

the cell, mobilise within the cell and exit from the cell.

1.2.4.1 calcium entry into the celi

Smooth muscle cr?1 membranes possess at least four
different channels through which calcium enters the cell.
These channels include the voltage gated channels,
receptor-operated channels, calcium-leak channeis and

stretch activated channels.

i) Voltage-gated channels (potential-sensitive calcium

channel} {(Figure 1.4)

There are two components of voltage-gated calcium currents

in vascular smooth muscle - one of which is activated by
relatively weak ‘2polarisations and inactivates rapidly
while the other is activated by relatively strong
depolarisations and inactivates slowly (Sturek and
Hemsmeyer, 1986; Friedman et al, 1986). These two

components are referred to as rapidly inactivating and

15
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slowly inactivating. The two types of current may also be
distinguished by their sensitivity to various organic
calcium agonists and antagonists and their ability to
conduct divalent cations. The slowly inactivating cu.rent
is modulated by dihydropyridine agonists and antagonists
and is more'permeab1e to barfum than to caicium. The
rapidly inactivating current is insensitive to the
dihydropyridine agents, and is equally or less permeable to

barfum than to calcium (Khalil et al, 1990).

The voltage-gated channels are opened by depolarisation of
the cell following high extracellular potassium
concentration. These channels are hlocked by calcium

channel antagonists {(Bolton, 1986).

ii} Receptor-operated caicium channels (Figure 1.4}

Calcium and other {ons enter the cell via these channels
following activation of specific receptors by agonists,

These are ATP operated channels and differ from voltage-
dependent channels. They are insensitive to blockade by

nifedipine and cadmium, they can be activated at negative

el e e

hotding potentials and they are rapidly desensitised by ATP
(Benham and Tsien, 1987; Khalil et al, 1990). The agonist
may induce a structural change in the receptor which then
reveals & patent channel in the receptor molecule (Benham

and Tsien, 1987).
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§§1) Stretch-activated channels (Figure 1.4)

As early as 1902, it was suggested that stretch is a
stimulus for swooth muscle contraction (Bayliss, 1902},
This mechanism is dependent on extraceliular calcium.
Stretch can stimulate calcium influx and it can open non-
specific cation channeis in smooth muscie membranes (Laher
et al, 1987; Kirb>e et al, 1987). Although the exact
mechanism of activation of the stretch-sensitive channels
is unclear, the endothelium may play an intermediary role

{Katusic et al, 1986}.

iv) Calcium Yeak channel (Figure 1.4)

Calcium Teak is defined as the calcium entry pathway that
is not increased on stimulation of smooth muscle by
depolarisation, agonists or stretch (Khalil et al, 1990).
Increased hydrogen ion concentration and inerganic
polyvalent cations (Tanthanum, cobalt} can block most of
the cafcium Yeak (Van B.ecemen et al, 19872). The magnitude
of the calcium leak into smooth muscie cells is Targe and
is compensated by calcium sequestration into the
sarcoplasmic reticulum and by extrusion into the

extracelluiar space.

Activation of the voltage-gated and receptor operated
channels allows an initial burst of calcium influx which

then rapidly declines, Teaving a residual steady-state

——— .
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calcium inflow. The maanitude of this steady-state calcium
infTux is relatively small. The caicium leak pathway

allows a continuous entry of calcium into the cell.

1.2.4.2 Intracetlular calcium stores

Smooth muscle tissues contain about 1-2 mmol cg’lcium per
kilogram of cell {Van Breemen et al, 1966; Bolton, 1986).
The free ionised calcium concentration within the cells is
around 0,1 ,umol calcium per kg of cell (Bolton, 1986}.
Recent studies, using fluorescent dyes, have reported i
intracellular free cazlcium concentrations as 100 nm (Erne ;
et al, 1984}. Since the ionised level changes witk
relatively 1ittle change in the bound calcium, ithe calcium
stores within the cell are important and potential sources

of caicium for contraction.

1.2.4.2 (1) Intracellular calcium may be {onised or

non-fonised

Non-ionised calcium occurs in at least three forms;-
i) calcium bound to molecules
1i) calcium bound to cripounds suchk as calmodulin
ifi} calcium contained within membranr-bound structures,
such as mitochondria, sacs of the sarcoplasmic 3

reticulum and possibly the nucleus. q

The calcium bound to molecules accounts for some of the

18

LS o o MR i



stowly exchangeable caicium in the cell. The membrahe- and
compound bound calcium 1s loosely bound and can dissociate

quickly.

The non-ionised calcium constitutes an intracellular
chemical buffer to changes in the free cytosolic ionised

calcium.

1.2.4.2 {§ii} Mobiiisation of iintracellular free calcium

(Figure 1.4)

Studies have documented that in the absence of
extracellular calcium or if calcium influx is inhibited,
agonists can still produce a transient contraction of
vascular smooth muscle (Somlyo et al, 1971; Saida and
Nonomura, 1978). This indicates that calcium release from
intracellular stores (sarcoplasmic reticulum and

mitochondria) may contribute to the myogenic activation.

Calcium release from the sarcoplasmic reticulum can be
triggered by two intracellular second messengers. These
messengers are calcium and 1,4,5-inosito]l trisphosphate
{1P3) and calcium-induced calcium release from the

sarcoplasmic reticulum.

1.2.4.2 (ii) a. Calcium induced caltium release

Khalil et al (1987) proposed that calcium release from the
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sarcopiasmic reticulum is influenced by the level of
cytoplasmic calcium. Calcium {s mobilised from the
sarcoplasmic reticuium by IP5. The released calcium in
turn stimuiates further calcium release, thereby setting up
an '"amplification or regenerative' process (Figure 1.%),
The importance of this mechanism under physiological

conditions 15 unclear.

1.2.4.2 (4i)} b. Innsitol trisphosphate-induced calcium

retease from the sarcoplasmic refticulum

The inositol 1ipids, a quantitatively minor fraction of
maibrane phospholipids, are located predominantly in the
inner lamelia of the plasma membranes. FPhosphatidyl-
inositol (Ptd-Ins} constitutes the major portion of these
lipids. The phosphoinositide pathway, is regulated by
specific proteins (Berridge, 1985). The pathway is
stimujated when specific agonists or hormones bfnd to cell
membrane receptors. These receptors (usually o, adrenergic
type} are coupled to guanine nucleotide binding proteins (6
protein) (Cockroft and Gomperts, 1985). The G protain is
also coupled to a specific phosphodiesterase, phospholipase
C (PLC), which cleaves the membrane bound iipid
phosphatidyl-inositol 4,5-bisphosphate {(Ftd-Ins 4,5 Py) (by
hydrolysis) inte .wo compounds with different second
messenger functions (Hanley and Steiner, 1989). The water
socluble product inesit. 1,4,5-trisphosphate (Ins 1,4,5 Py)

1s released into the cytnplasm, whereas % - hydrophobic
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product 1,2 diacylglycerol (1,2-06} remains rixed to the

plasma membrane (Figure 1.6}.

Diacylglycerol has one primary function - it acts as a
cofactor, with calcium, in activating &n enzyme called
protein kinase C (PKC) {Figure 1.6). Protein kinase C is
localised in the interior of the cell membrane until free
diacylglycercl is Tiberated in response to an external
stimulus Tinked v» the G-protein and phospholipase C
(Nishizuka, 1986). Protein kinase C controls the activity
of cell membrane Ca2¥-Mg2t-.ATPase as well as the infiux of
calcium through voltage dependent channels (Rickard and
Sheteriine, 1985; Deriemer et al, 1985). This system may
g1se influence Nat-K*-ATPase, Nat-H* exchange and membrane
adenylate cyclase activity {Simmons et al, 1986; Berridge,
1986). Studies have documented that phorbol esters can
activate PKC and smooth muscle contiaction with no
detectablie increase in cytoplasmic calcium {Danthuluri and

Deth, 1984; Jiang et al, 1986},

Inositol trisphosphate, the cother second messenger, is
freely diffusible in the cytoplasm, and does no%t appear to¢
activate or inhibit any cellular enzymes. Instead, 1P,
acts as a calcium ionophore, 1.e. it causes the
sarcoplasmic reticulum to release its stored calcium into
the cel1l resulting in free intracellular cz2lcium levels to
increase (Hanley and Steiner, 1989} (Figure 1.6). The

release of calcium from ron-mitochondrial organelles occurs
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via a quanidine nucleotide regulatory mechanism {Streb et

al, 1983; Gii1l et al, 19861).

In smooth muscle cells, the released intracelluiar calcium
binds to calmodulin causing 1ight chain phosphorylition and
contraction (S mlyo et al, 1985) (Figure 1.7}. The
caicium-calmodulin complex by different echanisms, can
also result in hydrolysis of cAMP and stimulation of
neurotransmitter release (Hanley and Steiner, 1989). The
inositide messenger molecule is deactivated in two ways; it
can be dephosphorylated to inositol 1,4-bisphosphate (Ins
1,4 P,) or it can be phosphorylated in the 3 position to
produce inositol 1,3,4,5-tetrakisphosnhate {Ins 1,3,43,5,
Pg) (Storey et al, 1984; Batty et a: 95}. Ins 1,4 P, is
further metabolised to inositol 1-phosphate or inositol 4-
phosphate and then to inositol (Storey et al, 1984). Ins
1,3,4,5 Py, is dephosphorylated to produce Ins 1,3,4 Pj;.

In acidic environments, PLC activation may release inositol
1:2 cyclic 4,8-trisphosphate rather than IP; {Williamson,

1986; Berridge, 1986). This cyclin phosphate has specific
functions, one of which is to release calcium in platelets

and pituitary cells (Wilson et al, 1985).

The hormcnes or agonists that bind to the ceil receptors
which activate the phospheinositide pathway include
angiotensin 11, serotonin. war.uranaiine and antidiuretic

hormone {Heagerty et al, 1987; Griendling et al, 1989).
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The effects of phosphoinositide stimulation in vascular
smooth muscle cells are presented in Figure 1.8.
Nitroprusside, atrial natriuretic factor (ANF) and
endothelial derived retaxing factor (EDRF) all inhibit
phosphoinositide hydrolysis by increasing intracellular
hydrolysis and fncreasing intraceilular guanosine

monophosphate (GMP) (Rapoport and Murad, 1983).

1.2.4.3 Cytoplasmic calcium removal and homeostasis

The plasma membrane plays 2 major role in the removal of
excess cytoplasmic calcium. 7Two plasmatemmal mechanisms
have been described: the CaZt-ATPase pump and the Nat-Ca2t
exchange carrier. In addition to these plasma membrane
evenis, two other intracellular membranes determine the
cytoplasmic calcium concentration. These are the
sarcoplasmic reticulum membrane and the mitochondrial
membrane. Both of these membranes have pump-leak systems
which actively take up calcium from and passively Teak

calcium into the cytoplasm.

1.2.4.3 (i) Plasma membrane Cal*-ATPase (Figure 1.4)

This is an ATP, magresium dependent pump that transports
calcium out of the cytoplasm {(Nicholls, 1986). 1t is
stimulated by calmodulin, inhibited by vanadate and is
insensitive to ouabain {distinction from Nat-K*-ATPase)

(Rapp, 1981; Popescu, 1984). The CaZt-pump is the major
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mechanism for calcium extrusion in vascular smooth muscle
(Brading and Lategan, 1985). The molecular architecture of
the ceil membrane Ca2*-ATPase pump 1s presented in Figure

1.9.

1.2.4.3 {ii) Sodium-calcium exchange (Figure 1.4)

This mechanism provides an alternative pathway in the
plasma membrane through which excess intracellular calcium
is driven against a large calcium gradient (Morei and
Godfraind, 1985). It occurs 1 many cell types, including
vascular smooth muscle {Reuter et al, 1973). The process
is driven by the transmembrane sodiu and calcium jonic
gradients and the membrane potential. At least three
sodium fons are exchanged for each calcium fon, so
generating a net current in the direction of the sodium
movement (Blaustein and Hamlyn, 1984). 1In the past the
Na2t.Ca2t exchange was assumed to be a predominﬁntiy cal+ta
efflux puthway. It is now clear that depending upon the
membrane potential, ionic gradients of sodium and calcium
and the relative importance of intracellular calcium, this
pathway may contribute to ejther calcium extrusion or
catcium influx. In cardiovascular diseases, especially
hypertension, the Na*-Ca2+ exchange grocess may be a cause
of 1ncr§ased intracellular calcium (Blaustein and Hamiyn,
1984). The Nat-Ca2t transport mechanism is dominant in

cardiac muscle (Brading and Lategan, 198%),
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l.2.4.4, Calcium transvort systems of the sarcoplasmic

reticulum and mitochondria

1.2.4.4 (i) The Ca2*-ATPase pump of sarcoplasmic reticulum

Ca2+.ATPase is the main protein component of the
sarcopiasmic reticulum. A hydrophillic pertion extends
from the cytoplasmic surface of the membrane, and a
hydrophobic core is inserted into the membrane bilayer
{A1len, 1980) (Figure 1.9). Sarciplasmic reticulum
membranes accumulate 2 moies of calcium per mole of ATP

hydrolysed (Hassetbach, 1964).

1.2.4.4 (i1i) The calcium-release channels of sarcoplasmic

reticulum

In muscle, the rate of calcium release is almost three
times higher than that of calcium uptake. Opening of the
channels requires low concentrations of cytoplasmic
¢alcium, which explains the phencmenon of calcium-induced
calcium release (Carafoli et al, 1989; Carafoii et al,
1990). The channel is activated by micromolar

concentr tions of nucleotides such as ATP and inositol
trisphosphate and is inhibited by high concentrations of
magnesium and/or calcium (Carafoli et al, 1990). The IP3~
sensitive channels are different to those stimulated by
ATP. Sarcoplasmic reticular calcium release is the mafin

regulator of Che cytosolic free calcium concentration.
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(Figure 1.10).

1.2.4.4 {111) The mitochondrial Cal*-uniporter

Mitochondria from many c211 types, including vascular
smooth muscle, can actively %transport calcium across the
inner membrane into their matrix (Nicholls and Akerman,
1982) (Figures 1.4: 1.10). The energy for this active
transport 1s the electrical potential generated across the
inner membrane during cxidation of metabolic substrates by
the respiratory chain or during hydrolysis of ATP {Carafoli
et al, 1990}. The exact function of the mitochondrial

calcium transport system 1s unclear.

In summary, calcium is the major second messenger that
regulates vascular smooth muscle contraction. Calcium
enters cells via different calcium channels and is released
from the intracellular stores - particulariy the
sarcoplasmic reticulum, by stimulation of the
phosphoinositide system. Calcium is extruded frowm vascular
smooth muscle cells mainly via an active Ca*-pump and Tess
importantly by a sodium-calicium exchange mechanism. Under
patholagical conditions, calcium enters the cell by the

sodium-calcium exchange system.
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1.2.% The role of magnasium in vascular smooth muscle

contraction

Magnesium, the second most abundant intraceliular cation,
plays an important role in vascular smooth muscle
contraction. 1t 1s essentias for the regulation of
contractile proteins, sarcoplasmic reticular membrane
transport of galcium, it is & vital cofactor in ATPase
activities and in thé metabolic reguiation of energy-
dependent cytoplasmic and mitochondrial pathways (Altura
and Altura, 1990).

1.2.5.1 Regulation of magnesium in vascular smooth

muscie cells

1.2.5.1 (i} Magnesium concentration

The exact mechanisms of vascular smooth muscle magnesium
metaboiism are not clearly understood. The total magnesfum
content of vascular smooth muscle 1s about 10-35 mmol per
kilogram dry cell weight {Palaty, 197%; Somlyo et al,
1979). Almost half of this can be depleted in magnesium
free solutions (Palaty, 1971). The free cytoplasmic
magﬁesium concentration in vascular smooth muscie 1s about
0,1l mM to 4,0 mM (Palaty, 1971; Hess and Weingart, 1981).
In erythrocytes, the free magnesium concentration is 261 *

9.8 ,suM (Resnick et al, 1984),
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1.2.5.1. [11) Intracellular magnesium distribution

Most of the intracellular magnesium is complexed, It may
be chelated by adenine nucleotides and citrate {Palaty,
1974) or it may be bound to proteins:- ! 7ignesium ion per
G-actin monomer on F-action (Bogucka, 1976; f. ather et al,
1986a; 1986b). Similar to the calcium-caimodulin complex,
there may be a 'magmodulin’ which binds to intracellular
magnesium {Watker and Duffus, 1983), Within the cell,
magnesium is compartmentalised in the nuclei, mitochondria

and sarcoplasmic reticulum (Gunther et al, 1986).

1.2.5,1 {iif) Magnesium transport across ceil membranes

Figure 1.11

1.2.5.1 (i) a. Magnesium influx into the cell

Uptake of magnesium by the cell seems to occur by
facititated diffusion (Gunther and Vormann, 1984). The
energy required by this mechanism is provided by the cell
metabolism {Palaty, 1971}.

1.2.5.1 (i11) b. Magnesium transport across the

mitochondrial membranes

Isolated mitochondria from vascular smooth muscle show
energy-linked magnesium transport (Stoane et al, 1978).

Active transport is bidirectional, and both magnesium
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influx and efflux are blocked by inhibitors of

mitochondrial respiration (Stoane et al, 1878}.

1.2.5.1 (§i1) ¢. Magnesium extrusion from the cell

Since the intracellular magnesicm concentration is less
than one fifth of the extracelliular concentration, active
extrusion of magnesium from the cell must take place for
this gradient to be maintained. The energy for outward
movement of magnesium against a concentration gradient is
generated through an inward movement of sodium (Palaty,
1871). Vvitamin B6, Vitamin D, insulin and taurine may
fncrease intracellular magnesium concentrations, whereas
adrenaline may decrease the levels {Duriach and Durlach,

1984).

1.2.5.2 Effects of magnesium on vascular tone

Mg2t-ATP is the substrate of actomyosin ATPase and of all
the transport ATPases (Aikawa, 1981). It is a vital
cofactor for many enzymes, 1t regulates intraceliular
caicium homeostasis and it stabilises cell menbranes (Bara,
1988). These metabolic processes are all important 1n the

maintenance of vascular smooth muscle tone,

Lowering the magnesium concentration of 1solated animal and
human vesseis induces rapid contractile responses and

potentiates the action of various neurohumoral constrictor
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agenis, including angiotensin 1i, adrenergic amines,
eicosandids, serotonin and cations such as potassium and
calcium (Altura and Altur-, 1981; Altura et al, 1983;
Aitura and Altura, 1°85). The greater the deficit in
extracellular magnesium concentration, the greater the
vascular contraction and the greater the potentiation of
constrictor agents. The potentiatfon of vasoactive agents
in the presence of magnesium deficiency may be related to
altered receptor binding affinity of the agents (Somlyo et
al, 19663 Altura and Altura, 1985).

1.2.5.3 Effects of magnesium on vascular smooih muscle

calcium

Specific membrane magnesium sites control and regulate
intracellular concentration, distribution, influx and
effiux of calcium in vascular smooth muscie. Magnesium
binds compefitive1y with calcium on the outer cell membrane
{Bara, 1988). It alters receptor interactions and inhibits
the slow inward current of calcium (Witteman and Grobbee,
1990). Also the CaZ*-ATPase pump responsible for calcium
extrusion from the cell is dependent on magnesium
(Turlapaty and Altura, 1980). By altering vascular smooth
muscle calcium metabolism, magnesium may play an important
role in the regulation of vascular tone, contractility and

reactivity.
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1.2.6 Sodium, potassium and vascular smooth muscle

At the cetlular level, the jons do not function 1n
isolatien. Sodium, potassium, magnesium and calcium
interacti with each other and abnormalities in celiular
regulation of one cation may affect regulation oF the
others. €Calcium and magnesium are directly involved 1n
vascular smooth muscie contraction and ultimately
peripheral resfstance. Sodium and potassium may influence
peripheral resistance by altering calcium regulation, by
modutating cellular water content and by maintaining

electrochemical gradients.

1.2.6.1 Cellular regulation of sodium and potassium

(Figure 1.12)

Intracellular sodium concentratfons depend on the rate of
sodium entry into the cell and the ability of the sodium
pump to extrude it. Cytosolic potassium Tevels are
determined by the rate of potassium pumped into the ceil.
Sodium-potassium transport mechanisms across cell membranes

may be ouabian-sensitive or ouabatn insensitive.

1.2.6.1 (1) OQuabain-sensitive transport

The sodium-potassium pump (Nat-K*-ATPase) mobilises sodium
out of and potassium into the cell against concentration

gradients. This 1s the best defined sodium transport
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system and s quantitatively the most important (Jorgensen,
1986}. The Nat-pumn is inmhibited by ouabain {Jorgensen,
1986). In erythrocytes, at physiological Tevels cf
intraceliular sodium, the pump transports sodium out of the
cell at a rate that is preportional to the intracellular
level {Hilton, 997}, Very small changes in cellular
sodium concentratior around physiological levels exert a
targe effect on Na*-K*-ATPase {Lasker et al, 1985). The
relationship begins to brezk down when the fntracelluiar
sodium increases above the physiological range, as the pamp
approaches its maximum rate of activity {Garay and
Garrahan, 1973). In leukocytes, the relation between the
intracellular sodium concentration and its efflux by means
of the pump is 1inear up to levels twice the normal vatue

{Hilton, 1986).

1.2.6.1 (11) Quabain insensitive transport

(Figure 1.12)

a) Passive sodium flux {uniport)

This is the undirectional movement of sodium ions through
membrane channels down a concentraticn gradient from the

extracellular fluid (Hilton, 1986}.

b) Sodium-potassium cotransport {Nat-X* symport}

The Nat-K* symport transports sodiam and potassium
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simultaneously across_the cell membrane (Wiley et al,
1974). This pathway depends on chioride and is
electrically neutral, as it carries sodium, potassium and
chioride into and out of the cell in a stoichiometry of
1:1:2 (Ch’pperfield, 1980). The Nat-K* cotransport pathway
is sensitive to furosemide and bumetanide (Wiley et al,
1974; Tokushige et al, 1986). It exists in many cell
types, inciuding vascular smooth muscle (Chipperfield,
1985; Tokushige et al, 1986). In human erythrocytes under
basal conditions, the net transport of ions thrnugh the
Nat-K* cotransport is in an outward direction (Brugnara,
198€). 1In renal epithelium, endothelium and vascular
smooth muscle cells, the net transport is in an inward
direction (Owen, 1984). The Nat-X* symport is reguiated by
cyclic adenosine 3'5'-monophosphate (cAMP)} {inhibits the
system) and cycliic guanosine 3'5'-monophosphate (cGMP)
(stimulates the system) (Palfrey et al, 1980; G'Donnel and
Owen, 1986). The system is also ATP dependent
(Chipperfield, 1986).

c} The sodium=-Tithium {Nat-Li*) countertransport

The Na*-Li* countertransport is the fraction of 1ithium
efflux that depends on the presence of external sodium
(Canessa et al, 1980G; Brugnara et al, 1983). Under
physiological conditions {i.e. in the absence of 11thium),
the erythrocyte Na*-LiT exchange mediates 1:1 Na*t = Nat

with no net effect on the int-acellular sodium level
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b, it

{Canessa et al, 1980; De la Sierra et al, 1988). The
physictogical function of Na*-Li* countertransport is
u'aown. It is not involved in fonic regulation at the
cellular level. Erythrocyte Nat-Hit countertransport may
be the counterpart of the Nat-Li* antiport In other ceils
or the two transport systems may be independont entities

(Aronson, 1982; Canessa et al, 1937).

d) The sodium-hy&rogen exchange {Nat-Ht antiport)

The plasma membrane Na*-H* exchange is an ubiquitouns system
that is driven by the sodium and hydrogern gradients acro:.s
the cell memprane; Amiloride and its analogues »lock the
Nat-H* antiport (Seifter and Aronson, 1986). This
transport system plays an important role in many
physiological processes including i) the response to
mitogens and growth factors; 11) activation of platelets
and leukocytes; iii) cellutar sodium volume and pH _
regulation; iv) response te vasoactive agents and v) sodium
reabsorption at the renal proximal tubules level {Grinstein
et al, 1985; Grinstein and Rothstein, 1986; Seifter and
Aronson, 1986). The Na*-H* antiport is activated by
protein kinase { and by increased intraceliular catcium

concentrations {Huang et 21, 1987; Berk et al, 1987).

e) Sodium-calcium exchangg

As discussed in section (1.2.4.2 11}, this transpoﬁt
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mechanism can exchange three or more sodium ions for each
calcium ion, so generating a net current in the direction
of the sodium movement (Blaustein, 1877). It depends on
the membrane potential, the intra- and extracellular
concentrations of sodium and calcium, and it can operate in

either direction across the cell membrane (Aviv, 1988).

Abnormalities in these transport systems may be associated
with increased vascular smooth muscle contractility and
increased cell size, both of which will ultimately affect

peripheral resistance and blood pressure.

1.3 Cellular ¢ .pes in essential hypertiension

The underlying pathugenetic lesion in essential
hypertension may be related tu defective c211 membrane
transport and altered intracellular ion regulation.
Postnov and Oriov (1984) proposed a widespread abnormality
in the ion transport function of the cell membrane and
changes in its ultrastructure and physico-chemijcal
properties resulting in insufficient membrane control over
intracellular caicium (the 'membrane defect' or
membranopathy). The significant consequence of this
membrane defect is an increased cytoplasmic calcium
concentration (Postnov, 1990}. Mechanisms that may be
responcible for the intracellular calcium overload in
hypertension include altered cell menbrane calcium Hinding

and calcium influx, increased intracellular calcium

35



mobiiisation and decreased calcium efflux. A number of

these defects have been described in human hypertension,

1.3.1 1intracellutar calcium concentrations

Intracellular calcium studies have been facilitated by the
use of fluorescent dyes which aré released within the cell,
and which fluoeresce in a manner quantitatively related to
the cytopliasmic free calcium concentration (Tsien, 1980;
Tsien, 1982j. Using fluorescent dyes, intracellular
calcium content has been reported to be raised in
platelets, 1ymphocytes and erythrocytes from essential
hypertensive patients and spontaneously hypertensive rats
{Bruschi et al, 1985; Cooper et al, 1987; Erne et al, 1984;
Zidek et al, 1982; Papageorgiou and Morgan, 1990; Morgan
and Suematsu, 1990). Erne et al (1984) demcnstrated a
significant correlation between platelet cytosoiic calcium
concentration and bleod pressure. Furthermore,
intracellular piatelet calcium concentration normalises
f21lowing antihypertensive therapy (Erne et al, 1984; Lenz
et al, 1985). Some studies have failed to show changes in
intracellular free calcium levels in human and experimental
hypertension (Nabika et al, 1985; Bing et al, 1986a). In
white hypertensive patients, total erythrocyte calcium was
unaltered (Bramley et al, 1986)}. These conflicting data
could be related to different populations, cell models and
techniques studied. 1Intracellular calcium concentrations

may be elevated in certain models of hypertension and in
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specific suybgroups of human essential hypertension.

1.3.2 Cell membrane calcium binding

Calcium binds to many comy. nents of the cell membrane and
is a function of both the membrane Tipids and proteins
(Duffy and Schwartz, 1973). Bound calcium has important
effects on cell membrane function. It influences the
activity of the potential operated channels, 1t controis
calcium influx and it acts as a cell membrane stabiliser
(Romero, 1976; Hurwitz et al, 1982). Calcium binds to the
inner and outer sides of the cell membrane. The outer side
of the membrane is exposed to ifonic calcium concentrations
three times greater th n the inner aspect and both low and
high affinity binding are important. The inner side of the
cell membrane is exposed to jonic cai~ium concentrations of
approximately 1 ,umol/1 and high affinity binding 's

impo: tant here. Cell membrane calcium binding may be

altered 1n hypertension.

Animal and human studies have suggested defective calcium
binding to the outer membrane of cells from hypertensive
rats and patients. Most studies have reported decreased
caicium binding (. soter et al, 1977; Postnec: et al, 1979).
Bhalla et al (1978}, however, dei.onstrated increased
calcium binding in the aorta of spontaneously hypertensive

rats.
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pecreased calcium binding to the inner aspect of the cell
membranes of hypertensive subjects has been demonstrated in
erythrocytes, adipocytes and hepatocytes {Devynck et al,
1981a; Friedman, 1983a; Robinson, 1984; Postnov and Oriov,
1985; Cirillo, 1990). Since these defects are similar in 3
week old and adult spontaneously hypertensive rats, the
cell membrane abnormaiity is probably genetic in origin

(Devynck et al, 1981b}.
The functional consequences related to defective calcium
binding may be increased activity of the potential operated

snels with a resultant increased calcium influx.

',5.,3 Calcium infilux

Bound calcium may influence the activity of potential
operated channels. In a variety of cell types, calcium
bound to the inner membrane increases potassium conduction
with resultant hyperpolarisation of the cell {Romero, 1976;
Isenberg, 1377). Defective calcium binding, as in
essential hypertension, would favour depolarisation with
resultant activation of potential operated channels
{Robinson, 1984)., Experimental and human studies have
demonstrated partial depolarisation of platelet and
synaptosome plasma membranes (Kravtsov et al, 1983; Buhier
and Resink, 1988), Cell membrane depolarisation and
activation of potential operated channels results in

increased basal calcium infiux and consequentiy increased
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cytosolic calcium {Figure 1.13}.

Enhanced calcium entry into cells in essenti i hypertension
may be re1a£ed to an increased response to vasoactive
agonists (Buhler et al, 1986). The vasculature of
hypertensive patients is more sensitive to vasoactive
agents than normotensive subjects (Friedman, 1983b). This
hyperresponsiveness of cells may be genetically determined

{Nara et al, 1984},

1.3.4 Intracellular calcium mobilisation - the

phosphoinositide system and hypertension

The generation of phosphoinositides plays a central role in
the regulation of transmembrane {fonic fluxes and, via
diacyiglyceroi, mediates control of ceil pH, cell
differentiation and cell growth (Heagerty and O0lierenshaw,
1990). Phosphoinositide metabolism is also fmplicated in
the regulation of calcium {nflux and efflux across the
plasma membrane, membrane fluidity, wembrane calcium
binding and membrane CaZ*-ATPase and adenylate cyclase
activities {Michell, 1975; Allan, 1982; Marche, 1985).
Alpha-,-adrenoceptors, vasopressin, endothelin and
angiotensin Il receptors are directly coupled to
phosphoinositide turnover, while aLz-adrenoceptors are
coupled to adenylate cyclase inhibition (Michell and Kirk,
1981; Dostal et al, 1990). Evidence is accumulating to

suggest that phosphoinositide metabolism is altered in
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essential hypertension resulting in increased intraceliular
calcium concentrations (Figure 1.14). This defect may
provide a 1ink between abnormal monovalent and divalent ion

Fluxes, membrane 1ipids, intracellular calcium and bloed

pressure.

In erythrocyte membranes from hypertensive patients the
phosphoinositide 1ipid content was Tow with an increased
rate of P32 fncorporation into Ptd Ins 4,5-P, {Marche et
al, 1985). These findings and others have demonstrated an
increased rate 6f phosphoinositide turnover (TrembTay et
al, 1990). This signalling system is enhanced in
erythrocytes from normotensive offspring of hypertensive

patients (Riozzi et al, 1987).

Recent studies examining the phosphoingsitide system in
plateliets have demonstrated that phospholipase C is
enhanced and phosphatidylcholine turnover is increased in
spontaneously hypertensive rats and hypertensive humans
{Koutouzov et al, 1987: Marche et al, 1980). SHR studies
have demonstrated that Ins 1,4,5 P3 is produced in excess
in resistance vessels, and PLC activity is increased in the
aorta (Durkin et al, 1988; Dllerenshaw et al, 1988; Uehara
et al, 1988; Durkin et al, 19%0). Enhanced
phosphotinositide metabolism results in increased
intracellutlar calcium mobitisation, raised cytosolic
calcium, smooth muscle contraction and ultimately ‘ncreased

peripheral resistance with elevation in biood pressure.
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In addition to 1ts calcium mobilising effects,
phosphoinositide hydrolysis may influence blood pressura by
jts effects on the vascular media., Activation of Nat-H*
exchange by autonomic hyperactfvity or phosphoinositide
stimulation {by vasoconstrictor agrnjsts such as
angiotensin 11, noradrenaiine, vasopressin) results in cell
alkalinisation with cell growth and proliferation
{Rozengurt, 1986) (Figure 1.14). 1In spontaneously
hypertensive rats (SHR), thymocyte Na*-Hf exchange is
increased (Feig et at, 1987). Also, the basal
intraceliular pH in SHR resistance vessels is more alkaline
than in Wistar Kyoto (WKY) vessels (Izzard and Heagerty,
1989). This growth promoting effect oriy occurs when a
tissue is stimulated excessively for a long time (Berridge,

1987a; 1987b).

Stimulation of the phosphoinositide signalling system
initiates and maintains contraction in vascular smooth
muscle cells., This system alsc provides a means for cell
proliferation. 1In essential hypertension, phosphoinositide
hydroiysis is increased resulting in intracelluiar calcium
elevatioh, increased Nat-H* exchange, cell alkalinisation
and consequent DNA synthesis., In vascular smooth muscle
these cellular activities manifest as enhanced contraction,
hypertrophy and hyperplasia ~ all basic hallmarks of

essential hypertension.
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1.3.5 Cyclic nucleotides, calcium and hypertension

{(Figure 1.15)

Cellular calcium metabolism is influenced not only by
phosphoinositide stimulation, but also by ecycltic
nucleotides (Namm, 1982). Cyclic nuclteotides are invoived
in celiular events leading to contraction or vascdilation,
hormone secretion {(catecholamines, renin}, 1bn cransport
and cell proiiferation (Hamet and Tremblay, 1990). The
major cyclic nucleotides include cyclic adenosine
monophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP). Cyclic AMP is generated iniracellularly by a
membrane-bound enzyme-adenylate cyciase, via a cyclasing
reaction in the presence of magnesium (Hamet and Tremblayw,.
1990). Cyclic-AMP-dependent wrotein kinase is the best
characterised target enzymes of cAMP {Walsh et al, 1968).
This enzyme translates the cAMP message into specific
celiular functions. Cyclic AMP promotes calcium uptake
into the tubular system, increases calcium influx, prevents
calcium-calmoduiin activation of myosin Tight-chain kinase
and inhibits phospholipase C hydrolysis of
phosphatidylinositol (Rasmussen and Goodman, 1977). The
nett result of adenylate cyclase stimulation is to inhibit

an increase in intracellular calcium.

Cyclic GMP 1s also synthesised by a cyclasing reaction from
a triphosphate substrate, GTP, in the presence of

magnesium, by an enzyme guanulate cyclase (Figure 1.15).
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This enzyme exists in two forms, soluble and particulate
odanulate cyclase (Murad et al, 1979). It is activated by
nitric oxide free radicals {(Murad et al, 1979). Cyciic GMP
activity is expressed via cGMP-dependent protein kinase. A
number of vasodilators ect via cGMP. Nitroprusside,
nitrate, nitroglycerin, nitric oxide and related substances
promote the formation of nitric oxide free radicals and
have been termed ‘'nitrovasodilators'. Endothelium-
dependent dilators {endothelial derived-relaxing factor-
EDRF) and atrial natriuretic factor (ANF) also act via cGMP
(Ballerman and Brenner, 1985; Furchgott, 1934; Marshall and
Kontos, 1990). The activation of guanylate cyclase and the
accumulaiion of cellular cGWP results in phosphoinositide
inhibition, decreased protein kinase activity, myosin light
chain dephosphorylation und decreased 1ntracellular calcium
by enhancing Ca*-ATPase activity (Murad et al, 1987).

These cellular events lead to vascular smooth muscle
relaxation and consequent vasodilatfon. Both cAMP and cGMP

are degraded by cyclic nucleotide phosphodiesterasas.

A number of abnormalities relating to the cyeclic
nucleotides have been described in essential hypertension.
Plasma and tissue levels of cAMP and adenylate cyclase
activity are increased only in the early phases of
hypertension. Once hypertension is established, there is
progressive diminution of cAMP concentr-tions and adenylate
cyclase activity (Resink et al. 1986; Hamet and Tremblay,
1950). Alterations of CAMP and cGMP-dependent protein
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kinase activity have been demonstrated in cardiovascular
tissues from SHR (Bhalla et al, 1980). 1Im SHR, at the age
when hypertension 1s established, protein kinase activity
and its response to ¢AMP stimulation is decreased (Coquil
and Hamet, 1980; Prashad, 1985). Phosphodiesterase
activity has been reported to be increased, decrzased or
remain unchanged in the aorta and heart of SHR {Hamet et
al, 19%0; Bahner et al, 1987). Although several anomalies
in cycltic nucleotide metabolism in 3HR and essential
hypertension have been described, the exact role of the
cyclic nucleotide system in the pathogenesis of

hypertension remains unciear.

1.3.6 Calciam efflux

The two mejor calcium extrusion transport mechanisms, Ca?*-

ATPase and Na*-Ca2t exchange may play a role in the raised

intracellular calcium in essential hypertension. Increased

cytosolic calcfum should result from decreased activity of
the Ca2*-ATPase pump or from inhibition of the Nat-K*-pump
which results in intraceilular sodfum accumulation with

decreased Na*-Ca2* exchange (Figures 1.13, 1.14).

Studies examining erythrocyte and platelet membrane Ca2+.
ATPase in essential hypertension have demonstrated abnormail
activity (Lin et al, 1985; Vincenzi et al, 1986; Resink et
al, 1986). However, there is no agreement concerning the

nature of the abnormality, whether CaZ*-ATPasa activity 1s
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increased, decreased or unchanged in hypertension, and
whether the enzyme is c¢almodulin dependent or independent.
Findings of reduced Ca2*-ATPase activity in erythrocytes of
essential hypertensive patients are *ifferent to those
derived from platelets. Erythrocytes from hypertensive
individuals have decreased Vg,, for basal and calmodulin-
stimulated Ca?*-ATPase as well as reduced affinity of the
enzyme to calcium {postrov et al, 1984; Vincenzi et al,
1986). Resink et al, h-wever, reported that basal and
calmodulin-stimulated Vy,. values for cal*t.ATPase are
higher in patients with essential hypertension {Resiak et
al, 1986}, Takaya et al (1989) suggested that defective
calcium pump activity is associated with Toww-renin
hypertension. This was confirmed by De Ta Sierra et al
(1990} who reported a negative correlation between the
apparent dissociation constant for internal calcium and
plasma renin activity. This group demonstrated that plasma
membrane Ca2*-pump abnormaiities are not ubiquitous in
essential hypertension, but rather occur <in a subgroup of

hypertensive patients (De la Sierra et al, 1990).

Other factorc besides intracellular calcium and sodium may
influence Ca2*.ATPase activity. Magnesium, a vital
cofactor for all ATPases, is lower in erythrocytes of
hypertensive patients compared to normotensive controis
(Resnick et al, 1984; Touyz et 21, 1989). Erythrocyte
magnesium depletion may contribute to decreased erythrocyte

Cal*-ATpase activity in hypertension. To date, there is no
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data regarding platelet magnesium levels in essential

hypertension,

Decreased calcium efflux due to depressed Ca?*-ATPase
activity may be an important cause of intraceliular calcium
overtoad in hypertension. The extent of participation of
the Nat-Ca2* exchange in calcium reguiation in non-cardiac

cells is unclear.

1.3.7 Cellutar sodium and hypertension

Rafsed intracellular sodium has been repeatedly
demonstrated in hypertension. The accumulation of excess
intracellular sodium in the wall of vessels may result in
vasoconstriction or exaggerated vasoconstrictor responses
to agonists. These effects way be due to a number of

mechanisms $ncluding:-

i} increased sodium-binding capacity of the paracellular
matrix of arteries resuliing in tissue oedema with
exaggerated irtraluminal bulging, decreased vessel
diameter and increased peripheral resistance (Feigl et

al, 1963; Friedman and Friedman, 1967).

i) altered transmembrane sodium gradient which is
determined by the extracellular sodium content (Simon,
1990). The increase in transmembrane sodfum transport

may potentiate vasoconstrictor and trophic responses

46



iii)

iv)

v)

to agonists whose mode of action includes the
stimutation of sodfum influx {Harris and Palmer, 1972;

Mendoza et al, 1980; Berczi and Simon, 1988).

Sodium-1inked noradrenaline transport. The active
transport of noradrenaline uptake and release from
nerve endings jis driven by the electrochemical energy
derived from the transmembrane sodium gradient (De
Chanplain et al, 1968). The rate of uptake of the
transported molecule varies directly with the
extracellular sodium concentration, whereas the efflux
is enhanced by an increase in the intraceilular sodium
content (Bogdanski and Brodie, 1969). 1In the absence
of a sodium gradient, noradrenaline transport 1s

abolished.

Sodium-Tinked transport systems. Several sodium-
linked transport systems in vascular smooth muscie
whose activity may be altered by changes in the
transmembrane sodium gradient, include Nat-Ca2t
countertransport and Na*-H* exchange ({Aviv and Lasker,

19903}.

Volume expansion and fluid overload {Haddy et al,
1978; Haddy et al, 1980).

Increased intracellular sodifum in hypertension may be

due to altered sodium transmembrane transport systems.
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1.3.8 1iIntraceliular sodium in hypertension

Most studies examining cellular sodium in hypertension have
been performed in circulating blood cells, particularly
erythrocytes and leukocytes. Data relating to erythrocyte
sodium in essential hypertension are conflicting (See
Section 8.1,1.1 1ii). Studies examining intracellglar
sodium under experimental conditions iaat resemble in vivo
s{tuations have revealed that erythrocyte sodium is
decreased and intracellular potassium fncreased in
hypertensive patients (Trevisan et al, 1983; Svensson et
al, 1984; Simon and Engel, 1987).

Unlike erythrocytes, more consistent findings of elevated
sodium in experimental and human hypertension have been
reported in leukocytes and lymphocytes in particular
(Furspan and Bohr, 1985; Bing et al, 19d6a; Heagerty et al,
1986). This may be related to the consistent findings of
decreased maximal sodium-pump activity in these cells. A
recent study however reported no significant diffefences in
the isotopicaily exchangeable intracellular sodfum
concentration between lean and overweight hypertensives

compared with normotensive controls (Ng et al, 1990).
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1.3.9 Abnormalities in sodium transport in hypertension

(Figure 1.186).

1.3.9.1 The sodfum pump (Na*-K*-ATPase) (Figure 1.16b)

Under steady-state conditions, the sodium pump reflects the
rate of sodium entry into cells. Failure of this pump
results in progressive irtracellular sodium accumulation
with resultant increased myocardial contractility and
vasoconstriction and enhanced responsiveness of biood
veszsels to vaspactive agents (Haddy et atl, 1978). Both
increased and decreased erythrocyte Na*-K*-ATPase activity
have beer described in hypertension (Parker and Berkowitz,
1983; Rahman et al, 1986; Ringel et al, 1987; Syme et al,
1890). 1In these studies relatively small populations of
subjects who have been arbitrarily divided into
normotensive and hypertensive groups were studied. When a
large group of subjects were not categorised as
hypertensive or normotensive, the systelic, diastolic and
mean blood pressure Teveis were indirectly correlated to
erythrocyte Nat-K*t-ATPase activity and directly related to
intracellular sodium (Rygielski et al, 1987). Nat-K*-
ATPase activity was negatively correlated to cytosoiic
sodium concentration. A recent in vive study reported
increased sodium-potassium pump activity and potassium
efflux in skeletal muscle of SHR (Syme et al, 1990). This
could represent increased potassium efflux via calcium-

activated potassium channels or as part of cell volume
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regutation secondary to increased Nat-H* antiporter
activity. Studies examining teukocytes in essential
hypertension, have consistently demonstrated decreased Nate
Kt-ATPase activity (Edmonson et ai, 1975; Chien and Zhao,
1984; Boon et al, 1985).

Reduced pump activity, volume expansion and hypertension
appear to be causally related through a circulating Nat-K*-
ATPase inhibitor (See Section $.1.1.1 ii). Haddy (1978}
proposed that sodium pump activify in hypertension is
suppressed in low renin, salt dependent, volume-expanded
forms of hypertension. The volume expansion acts in part
to raise pressure by generating the production of a
‘cardiac glycoside' 1ike factor (Haddy, 1980)., Depressed
Na*-K*-ATPase activity in hypeftension may aiso be related
to a decreased Nat-K* pump number {Ringel et al, 1987) and
possibly to decreased intracellular magnesium

concentration.

1.3.9.2 OQuabain insensitive sodium transport in

hypertension (Figure 1.16a)

1.3.9.2 {i} The Na*-Li* countertransport

Sodium-Tithium countertransport in erythrocytes is
increased in some patients with essential hypertension
{Canessa et al, 1980; De la Sierra et al, 1988; Laurenzi

and Trevisan, 1989). The activity of this transporter is
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related to the presence of a family history of hypertension
{Canalf et al, 1981: Carr et al, 1989; Carr et al, 1990Ca).
Its increased activity in normotensive individuals may
represent a warker for a predisposition to hypertension
(Carr et al, 1990a). 1In the general population, there is a
continuous and bimodal distribution pattern of the Nat-Li+
counterpart {Boerwinkle et al, 1986). Subjects in the
upper mode of the distribution curve have an altered sodium
transport pathway that has been related to the develiopment
of hypertension (Boerwinkle et al, 1986). The prevalence
of the increased ¥at-Li* counterpart in the hypertensive
population depends on racial and ethnic factors (Canessa et
al, 1984; Bunker et al, 1987). In addition to the genetic
factors, a number of environmental variables affect Na*-Li*t
countertransport. These include hypokaTaemia
hypercholesterclaemia, diabetes, exercise, renin status,
pregnancy and oral contraceptives {Worley et al, 1982;
Brugnara et al, 1983; Beuckelmann et al, 1985: McDonald et
al, 1990; Carr et al, 1990b).

The pathogenetic role of the Na*-Li* countertransport in
essential hypertension 1s unknown. It may be a genetic
marker of hypertension or 1t may represent Na*t-H* exchange
in cells other than erythrocytes (Weder, 19863 Duhm and
Behr, 1987),
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1.3.9.2 {(11) Sodium-hydrogen egchange

The Nat-H* exchange~ has many functions, but one of the
most important is the sodium uptake pathway on the apical
mambrane ¢f the proximal tubule epithelial cell (Van Dyke
and Ives, 1988), 1t therefore plays a vital role 1o sodium
transport in the proximal tubule. Although it has been
proposed that the erythrocyte Nat-Lit exchanger represents
Na*-H* exchange in other cells, there are a number of
differences between these systems. Na¥*-H* exchange is
amiloride sensitive whereas Na*-Li1t exchange is resistant
to this agent (Kinsella and Aronson 1981; Kahn, 1987). The
data now suggest that the renal Mat-H* exchanger and the
erythrocyte Na*-1iT countertransoort system are not
identical, but'may represent different modes of function of
the same or related transport systems (Ives, 1989; Ives,

1990).

Increased Nat-H* exchange activity has been demonstrated in
cultured vascular smooth muscle cells. from SHR and in
'p1ate1ets from hypertensive subjects (Livine, 1987; Berck
et al, 1989). Mechanisms which increase Na*-H* exchange
activity include cell pH, cell fum concentration, growth
factors, vasoconstrictors {(angiotensin 1I, vasopressin,
endothelin), hormones {thyroid and glucocorticoids),
osmotic agents and environmental factors {Brinstein and
Rothstein, 1986; Van Dyke and lves, 1988; Cogan, 1990).

Whether increased Na*-H* exchange in essential hypertension
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is a primary abnormality in hypertension or due to the
factors indicated above is uncliear. Whatever the mechanism
of the increased activity of this transport system, it has
several effects on vascutar smooth muscle which may be
important in the development and maintenance of
hypertension, These include: increased cell sodium,
increased cytosoiic pH and increased cell volume,

According to the Blaustein hypothesis, increased
intracellular sodium elevates cytosolic calcium by its
effects on the Na*-Ca2* exchanger (Blaustein, 1977). Cell
alkalinisation stimulates DNA synthesis with increased cell
growth and differentiation {Frelin et al, 1990). Increased
cell volume results in decreased vessel diameter with

consequent increased peripheral resistance.

1.3.9.2 {131} Sodium-calicium exchange

Sodium-calcium exchange activity in smooth muscle membranes
appears to be very 1dw, Tess than 1% of that found in
cardiac myocyte membranes {Morel and Godfraind, 1984).

This may be due to loss of activity during preparattfon, or
Nat-Ca2+ exchange may not be abundant in vascular smooth
muscle. The role {if any)} of this transport system in

essential hypertensfon is unknown.

1.3.9.2 (iv) Sodium-potassium cotransport

Data have demonstrated altered Na*-K* cotransport in
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essential hypertension. Eariy studies demonstrated a lower
Vgax fOor the outward component of the Nat-K* cotransport in
erythrocytes of hypertensive patients compared to
normotensive controls [Garay et al, 1980; Cusi et al,
1981). Subsequent studies reported a higher V.., for the
influx and efflux or basa) efflux of erythrocyte Nat-K*
cotransport of hypertensives {(Wiley et at, 1984; Weder et
al, 1987). A recent report has shown a negative
correlation between Na*t-K* cotransport awd bloud pressure
in a general male populasion (Hajem et al, 1990). These
conflicting results may be related to technical
difiarences. Genetic factors may expltain the a1teréd Na*t-
K* cotransport in hypertension. The presence of low or
high effiuxes in erythrocytes from hypertensives is

associated with simiiar findings in their normotensive,

first degree relatives (Smith et al, 1984).

1.3.% 2 {v) Passive sodium inflow

In essential hypertensive patients, the increased
intracellular sodium may be due to enhanced sodium 'leak’
or increased cell membrane permeability to sodium. This
has been demonstrated in erythrocytes and Tymphocytes

(Pederson et al, 1983; Linjnen 2t al, 1984).

The extensive 1iterature on cellular sodium and its
transport in essential hypertension has demonstrated that

the topic is complex .nd not entirely resolved. What can
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be concluded is that in essential hypertension, 1eﬁkacyte
sodium is increased, most probably due to abnormal sedium
pump activity. Whether erythrocyte sodium pump, sodium-
potassium cotransport, sodinm-hydrogen exchange and sodium-
calcium exchange mechanisms are altered in hypertension are
unresolved. Genetiﬁ factors are important, but not
exclusive, determinants of both sodjum-potassium
cotransport and sodium-T1ithium countertransport. The
sodium-1ithium system appears to be genetically linked to
hypertension., Whether these sodium transport abnormalities
are directly involved in the pathogenesis of hypertension

remains unknown.

1.3.10 Sodium-calcium interactions

Special relationships exist between cellular calcium
metabolism and sodium homeostasis. The Tink between these
two cations may be important in hypertension. Two
hypotheses relating to sodium and calcium interactions in
the aetiology of hypertension have been proposed. The
first 1s based on the premise that an abnormality in sodium
metabolism is the primary defect and that defective calcium
regulation at the cellular level is a secondary event. The
second hypothesis 1s that the primary abnormality in
essential hypertension is in cetlular calctium regulation
and that changes in cellular and systemic sodjum metabolism
are due to altered cellular calcium homeostasis (Aviv,

1988; Aviv and Lasker, 1990).
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The first hypothesis was based on the fact that
hypertension occurs because of the inability of the kidneys
of susceptible subjects to excrete 'excess' salt {Dahl et
al, 1960; de Wardener and MacGregor, 19B2; Blaustein and
Hamlyn, 1984). This results in the secretion of
"natriuretic’ hormone which elevates blood pressure. This
hypothalamic factor inhibits Nat-K*t-ATPase in many cell
types and organs {Iwaoko et al, 1991), 1Its secretion is
stimulated by extracellular volume expansion. Inhibition
of Natu.Kt-ATPase in the renal tubules results in
natriuresis with ‘normatisation' of the extracellular fluid
volume (Blaustein and Hamlyn, 1984). The non-specific
hypothalamic inhibitor aitso *nnibits the sodium pump in
other cells, including neurons and vascular smooth muscle
cells {Blaustein and Hamlyn, 1984; Iwaoka et al, 1991). In
thes® cells, decreased Na* pump activity results in
increasdd intracellular calcium. Two mechanisms are

invelved:-

i) voltage gated channel activation by memb:ane

depolarisation {Haddy and Pamnani, 1980},

i1) decreased Nat-Ca2% exchange because of a reduced
transmembrane sodium gradient {Blaustein, 1977;

Blaustein and Hamlyn, 1984},

Increased vascular smooth muscle calefum would result in

vascular contraction and increased cytosolic calcium in
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adrenergic neurons enhances neurotransmitter release.

The second thesis 1s based on findings that Na*-H* activity
is increased and intracellular calcium is raised in
nlatelets of essential hypertensive patients (Erne et al,
1984; Rosskopf et al, 19%1}. Stimulation of cytosolic
calcium mobilisation also induces Nat-H* antiport activity
(Aviv and Lasker, 1990). This results in increased sodium
‘entry and accelerated pump activity (Little et al, 1986).
In the renal proximal tubules this is expressed as
augmented sodium reabsorption (Rarris et al, 1986).
Consequently, salt sensitivity may be a manifestation of
these alterations (Kurtz and Morris, 1990). 1Inr the juxta
glomerutar cells, raised cytosolic calcium and activation
of the Na*-H* exchange results in decreased renin secretion

{Fray et al, 1977).

The calcium Nat-H* antiport 1ink aiso plays a role in the
hyperplastic/hypertrophic features of hypertensive vascular
smooth muscle cells {3chwartz and Ross, 1984). Vasoactive
agents, growth factors and serum exert their cellular
effects by increasing cytosolic calcium and stimulating the
Nat-H* antiport (Owen and Villereal, 1983). The
relationship between raised cytosolic caTcium and
hyperactivity of the Nat-H* antiport may be the common
factor for the enhanced vasoactive response, the growth
process of vascular smooth muscle and salt sensitivity,

which are a1l characteristic features of essential
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hypertension.

1.3.11 Ccellular ‘growth' in essential hypertension

A number of growth characteristics are typical of cells in
SHR and essentia’ hypertensive patients. These include the
hypertrophy and hyperplasia of vascular smooth muscle
celis, the proliferation of sympathetic terminals supplying
the arterial bed, erythrocytosis and increased platelet
number 1n SHR (Scott and Pang, 1983; Bruschi et al, 1986;
Levei, 1986; Postnov, 1990). The growth potential and
membrane abrormalities of these cells in essential
hypertensicn can be attributed to a combination of
genetics, fissue growth factors and hormones (Rozengurt,
1986; Schelling et al, 1991). <Cells have the intrinsic
ability to proliferate (Yamori et al, 1984). The altered
expression of cellular orcogenes (proto-oncogenes) could
explain part of the cellular membrane abnormalities
described in hypertension (Postnov, 1988). The abnormally
functioning proto-oncogenes {c-myc, ¢-ras and c-fos) may
irtervene in the phosphoinositide signal transduction
pathway, thereby activating protein kinase C, (Jove and
Hanafusa, 1987; Postnov, 1990)}. 1t has recently been
hypothesised that an increase in cytosolic free calcium
concentration triggers the expression of proto-oncogenes,
which in turn directs the characteristic 1hcrease in

protein synthesis {(Marban and Koretsune, 1990},
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1.3.12 Summary

The investigation of cellular abnormaliities in human
hypertension has relied on cells other than those from the
vascular smooth muscie itself, Since pliateiets have
characteristics in common with smooth muscie cells, they
are a suitable model for investigation of hypertension and
many studies now use platelets as the cell study modetl.
The celluiar abnormalities that have been described in
essential hypertension include altered Nat-Kt pump
activity, elevated intracellular Na*, abnormal Na*-Lit
countertransport and raised intracellular ca2*, Since
intracelluiar Ca2* is an important determinant of vascular
smooth muscte contractility, changes inm cytosolic Cal+
levels will ultimately affect peripheral resistance and
blood pressure. The increased CaZt may be due to the
opening of membrane voltage or hormone dependent Calt
channels or to the mobilisation of Cal* from intracellular
storage sites. The second messenger for the release of
intracetlular Ca2* 1s Ins {1,4,5) P3 and 1ts site of action
is the sarcoplasmic reticulum. Many vasoactive hormones
which may participate in the development or maintenance of
hypertension exert their contractile effect through
production of Ins {(1,4,5) P3. 1Ins (1,4,5) P3 is raised in
many cell types in hypertensive patients. Inrhibition of
Ins {1,4,5) P3 by increased cGMP results in vasodilation.
Three groups of vascdilators produce their effects through

increasing cGMP synthesis. These are the
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nitrovasodilators, ANF and the endotheljum dependeant
vasodilators - which stimulate EDRF (nitric oxide)
synthesis. 1In hypertension, where the vascular wall is
abnormal, there is impairment of endotheljum-dependent
relaxation aﬁd endothelium-dependence contr:«2tion becomes
prominent. The constricting response predominates despite
the continuous relzase of L, Altered protn-oncogene
expression may result in cell membrane abnormalities and

potentiated ceil growth in essential hypertehsn.

Proto-oncogene expression, growth factors, endothelial
function, phosphoinositide metabolism and celiular handling
of cations are interdependent. Modification of these
factors may account for the multifaceted membrane
abnormalities associated with essential hypertension.
Whether the abnormalities found in the cells studied also

occur in vascular smooth muscie have yet to be determined.
i.4 Essential hypertension - causes and associ{ations

Hypertension arises from interactions between genetic and
envirenmental factors. These factors exert their effects

via physiotogical control mechanisms which are themselves

interrelated.
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1.34.1 Biolggica1 factors

1.4.1.1 Genetic factors

The greatest single determinant of high or low pressure is
probably genetic. Black and white family studies have
demonstrated associations between blood pressures of
siblings and between parents and children as young as a few
days old (Zinner et al, 1971; Murphy, 1973; Zinner, 1985;
Ibsen €t al, 1980). Correlations between spouses are less
consistent and none are seen between parents and recently
adopted children (Sackett et al, 1975; Biron and Mongeau,
1978). [Identical twin blood pressures correlate more
strongly than those of non-identical twins (Feinleib,
1975}, Whether or not the higher prevalence of
hypertension in blacks is genetically determined is
uncliear. The phenotypic expression of a genetic tendency
to elevated blood pressure only operates in the presence of

appropriate environmental stimuli.

l1.4.1.2 Effects of age

Arterial pressure is related to height, weight and age.
Multiple regression analysis shows that age has a larger
independent effect than any other measure of development
(Beresford and Holland, 1973}, In all races and in all
societies, pressures rise through childhood and adolescence

until physical maturity is reached., Thereafter, in
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westernised societfes, pressure increases with age (Hargt,
1980). 1In small, fsolated, poor and economically
undeveloped communities, ithere is no rise of biood pressure
with age (Akinkugbe, 1972). The best predictor however of
the role of blood pressure acceleration is the pressure
already attained i.e. the higher the pressure, the more
rapidly it will increase with age (Hart, 1980). The rise
in pressure with age is multifactorial. Age includes an
accumutation of environmental effects and th- effects of
genetically determined {and sex 1inked} ageing processes in

the body (Henry and Cassel, 196%).

1.4.1.3 Thr_ adrenergic drive

The association between stress, autonomic response and
hypertension has been extensively studied and Osterfieid
and Sheketle {1967) concluded that acute psychological
stress may initiate sudden and transient elevations of
blood pressure in some individuals. There is no evidence

however that this is a maintaining cause.

1.4.1.4 Body fat and obesity

The positive velationship between body fat and btlood
pressure levels has been consistently demonstrated in
cross-sectional and Tongitudinal population studies from
early childhood to old age (Beilin, 1987). This

relationship is not restricted to the obese, but is
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continuous throughout the entire range of fat distribution
(Arkwright et al, 1982). The Framingham study, carried out
over 16 years, demonstrated that each 10% weight gain was
associated with a 6,5 mwmHg increase in systolic biood
pressure {Ashley and Xannel, 1974). Alterations in body
weight in childhood, adolescence or early adult iife are
retated more strongly to blood pressure increases than the
initial or final weight (Kannel et al, 1967)}. Since fat
adolescents usualiy become fat adults, children who have
higher biood pressures with high fat lTevels are more likely

to become hypertensive adults.

1.4.2 Dietary factors

1.4.2.1 Sodium &nd potassium

The important role of sodium and potassium and their
relations to volume control and vascular smooth muscle
activity in blood pressure reguiation are undoubted {see
Section.1.3.7), but the role of dietary sodium and
potassium in determining blood pressure levels in the
community is unclear. Most within population studies of
dietary sodium in veiation to blood pressure have shown no
associativn or even an inverse correlation {(Staessen et al,
1981; Kesteloot et al, 1984b). 1In some positive studies,
the effects of sodium disappear after adjusting for body
weight. The conflicting data that has been presented in
the l1iterature may be due to the fact that subsets of the
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population may be salt sensitive and others salt resistant
in terms of blood pressure change. It appears that sodium
restriction to about 70 mmol1/24 hr is of value in
hypertensives and may reduce the need for drug therapy

{Beilin, 1987).

Interactions between effects of dietary sodium and
potassfum may be important in view of their potentially
opposing and interacting effects on biood pressure. The
blood pressure lowering effects of potassium supplements in
hypertensive subjects appears to depend on a high sodium

intake (Smith et al, 1988) (see Section 8.1.1).

1.4.2.2 Eggnesium and calcium

Magnesium sulphate s an effective antihypertensive agent
when administered intravenously {(Singh et al, 1988).
Epidemiological and alinical studies associating magnesjum
intake and blood pressure levels are however conflicting
(Resnick et al, 1985; Cappuccio et’la, 1985; Touyz et al,
1989). Low dietary calcium intake may be associated with
high blood pressure {see Sections 8.1.1.2 1 and 8.1.1.4 i).
Clinical trials invelving cajcium supplements have bheen
negative (Zoccali et al, 1984; Cappuccio et al, 1987).
Further, larger scale, randomised placebo-controlied trials

are needed in normotensive and hypertensive subjects.
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1.4.2.3 Alcohol

The effects of alcohol on blood pressure are seen in both
sexes of all races studied and with different types of
alcoholic beverages {Beilin, 1987). The effect is age
dependent and appears to “e independent of, but additive to
obesity and the use of oral contraceptives ,Arkwright et
al, 1982; Beilin and Puddey, 1984). A cause and effect
relationship has been confirmed by randomised trials in
both normotensive and treated hypertensive individuals
(Puddey et a1, 1985), It is sti11 unclear whether the
dose-response curse relating the amount of alcohol consumed
to blood pressure Tevels is linear throughout the drinking
range, or J-shaped (Beilin, 1987; Klatsky, 1986). The
exact mechanism by which ajcohol increases blood pressure

is unknown.

1.4.2.4 (QOther dietary factors

Yegetarians have lower blood pressures and less of an
increase with age compared to the general population of
meat eaters despite a high sodium intake (Rouse and Beilin,
1984). In a tightly controlled study comparing the
distribution of blood pressure in "eventh Day Adventist
Vegetarians and Morman omnivores, Rouse and Beflin (1983)
showed that the prevalence of hypertension was only 2% in
the vegetarians compared to 10% in the meat eaters.

Dietary constituents that may account for these differences
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include the absence of fish, meat and poultry, higher
consumption of magnesfum, calcium, potassium and vitami, =
and a lTower intake of satured and mono-unsatured fa*s,

cholesterol, total protein, iron and vitamin Byo-. }

Other nutritional factors that may have an effect on blood
pressyre includz dietary fibre and marine oils {Burr et al,
1985; Anderson and Tietyen-Clark, 1986; Knapp et al, 1689; %
Wing et al, 1990). Also increasing the polyunsatured to

satured fat ratio may lower blood pressure {Puska et al,

-t I e SR i - L b

1983}. However, the independent effects of fibre and fats

on blood pressure are sti?il unproven.

Carrie il b 77,

1.4.3 Behaviourial and psychological factors

1.4.3.1 Physical activity

Regular physical exercise may have a protective effect on

blood pressure elevation (Seals and Hagberg, 1984; Jennings
et al, 1986). Jennings et al (1986) demonstrated that in 3
mild hypertensive subjects, systolic blood pressure fell
10-12 mmHg after 3 weekly sessions for 4 weeks of 65-70%

maximal exercise lasting 45 minutes each.

1.4.3.2 Psychological faciors

Epidemioiogical studies of blacks and whites have

demonstrated that in high stress communities, a tendency to
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hoid anger in when provoked [suppressed hostility) was
associated with higher blood pressure and a greater
prevalence of documented hyperténsion compared with those
who reported an ‘unger-out' coping style (Harburg et at,
1979). Associations between hypertension and Type A/B

personalities have also been reported (Smyth, 1990).

1.4.3.3 Environmental stress

The term 'hypertension' itself implies a disorder initiated
by scecial and personal stress beyond the 1imits of
tolerance. High blood pressure is the disease of high
pressure societies and many studies have shown higher
pressures in urban migrants than in rural populations of
origin {Akinkugbe, 1969; Sever et al, 1980; Poulter et al,
1984). Of the environmental factors related to
hypertension, socioeconomic status has received the most
attention., This variable has provided a consistent
association between social status and blood pressure levels
among both whites and blacks (Syme et al, 1974; Dyer et al,
1976; Seedat et al, 1982). The Hypertension Detection and
Follow-up Program (HDFP) Cooperative Group examined the
relationship between education and hypertension prevalence
and showed that educa.ion was inversely related to
hypertension in both rﬁce and gender groups (HDFP, 1977).
This inverse education-hypertension correlation, however,
1s not uniformlv evident across all ages. As age

increased, wducational status became less predictive of
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blood pressure levels (HDFP, 1972; HDFP, 1977).

Reasons for the high prevalencz rates of hypertension among
Tower socioeconomic groups remain unresolved. Possibly,
factors which contribute to high blood pressure may be more
provalent in the lower socioecoromic status communities,
for example:~ inadequate nutrition, social instability,
poor housing etc. However, not all subjects of lower
socioeconomic status develop hypertensfon. OQther
bioTogical and psychosocial variables must interact with
the factors of low socioeconomic status to make some people

mere susceptibie to developing high blood pressure.

Socioecnlogical stress, social disorganisation, and low
socioeconomic status may contribute to the differences of
essential hypertension between blacks and whites #see

Section 1.5 for details regarding hypertension in blacks).
1.4.4 Suymmary

Although essential hypertension nas been defined as a
progressive rise in arterial blood pressure occurring with
age for which there is no obvicus underlying aetiology a
number ov causes, associations and predictors have been
defined {Hurar and Lenfant, 1990). Within Western’sed
communities the major causes of increased blood pressure
appear to be related to excess body fat, regule¢- alcoho?

consomption, dietary factors, physical activity and
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socioeconomic status. Lipid abnormalities and altered
glucose tolerance are also associated with hypertension
(Weber et al, 1991). A combination of these factars with
an underlying genetic predisposition to developing
hypertension is probably the major determinant of blood
pressure in individuals in particular and populations in

general,

1.5 Hypertension in blacks

Epidemiological, clinical and pathophysioiogical
d1fferences have been demonstrated when black and white
hypertensive g: .ups are compared. Tnese differences may

have impertant therapeutic and prognostic implications,

The prevalence of hypertension in black populations is
disproportionately higher than that in whites in urbanised
areas of Africa, the United States and in the West Indies
{Schneckiloth, 1962; Akin Kugbe, 1972; HDFP, 1979; Aubert
and Biount, 1990}. Hypertension occurs at an earlier age
in blacks and is usually more severe than in whites (Joint
National Committee for the Detection, Evaluation and
Treatment of High Blood Pressure, 1888}). ..1e higher
incidence and severity of hypertension in blacks has been
associated with more congestive cardiac failure, l1eft
ventriculor hyperteophy and end stige renal disease
"Saunders, 1987). Factors that may be responstble for

(iiese differences include genetics, environmental variabies
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(dietary and socioeconomic differences) and

pathoephysiplogic mechanisms.

1.5.1 Genetic factors

High blood pressure in blacks 1s due to genetic factors
moditied by environmental variables {Grim et al, 1980;
Check, 1986)}. American blacks with darker skin tend to
have higher blood pressures than those with lighter skin
colour {Harburg et al, 1978; Tyroler ans Jawmes, 1978).
These factors however may be associated with low
socioeconomic status and other environmental variables
{Tyroier and James, 1978). The differences between black
and white hypertension are not simply due to genetics and

other variables must play a role.

1.5.2 Behaviocural and social factors

Behavioural factors such as anger-coping e (suppressed
hostility) and John Henryism {an active, effortful stress
coping style or hard work and determination against
overwhelming odds), and social factors such as low
socioeconomic status, sozioecological stress, lack of
social support, and the processes of acculturation may all
contribute significantly to the higher prevalence and
increased severity of hypertension in blacks (Harburg et

al, 1979; James, 1985;:; Anderson et al, 1989),
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1.5.2 Dietary factors

pifferent dietary factors have been implicated in the

aetiolocgy of hypertension in biacks and whites.

1.5.3 (1} Sodium

The exact role of excessive sodium consumption in the
aetiology of hypertension remains unclear (Pickering,
1981). Some studies have reported high dietary sodium
intake among urban blacks {(Desor et al, 1975; Karp et al,
1980). Others however have suggested a lower, rather than
a higher intake than whites (Grim et al, 1980; Frisancho et
al, 1984). Blacks may not ingest more diztary sodium than
whites, but they appear to excrete less sodium than whites
for a specific amount of sodium ingested. BRence, even at
Tow Tevels of sodium consumption, the pressor effects of
sodium may be greater for blacks than for whites {Saunders,

1987).

1.5.3 {fi} potassium

A wigh sodium to potassium ratio as well as low levels of
potassium intake are associated with hypertenszion
(Frisancho ¢t al, 1984). Blacks consume significantly less
potassium and have a higher dietary sodium:potassfum ratio
compared to whites (Grim et al, 1980: Frisancho et al,

1984). These factors may be important in the black-white
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hypertension differences.
1.5.3 {111} Calzium

Low levels of calcium intake may be asscciated with
hypertension. Blacks have a higher dietary sodium:calcium
ratio compared to whites (Langford et al, 1980). Also,
calcium suppiementation appears to be effective in lowering
blood pressure in hypertensive btacks (Zemel et al, 1986).
Thus, low dietary intake of calcium may be jmportant in the

pathogenesis of black hypertension.
1.5,3 (iv) Magnesium

There is no reported data in the literature examining
magnesium intake in black and white hypertensive groups.
Since potassium rich diets are also rich In magnesium, it
may be suggested that if blacks have a low potassium intake

they probably also have a lTow magnesium intake.

In summary, potassium (and possibly magnesium) intake is
lower, the sodium - potassium ratio is higher and the
sodium - calcium ratio is greater in blacks compared with
whites. These factors may be important 1n the pathogenesis

of black hypertension.
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1.5.4 Pathophysiology of hypertension in blacks

1.5.4.1 Renal function

Two aspects of the renal system have been extensively
studied in black hypertension. These include the renin-

angiotensin system and sodium metabolism.

1.5.4.2 Low renin hypertension

As a group, black hypertensives have lower plasma renin
levels than white hypertensives (Wisenbaugh et al, 1972;
G11lum, 1979; Freis et al, 1983). The differences in . "in
profiles between the two groups appears to be age related.
Hypertensive subjects, both black and white, under 30 years
have high or normal renin levels, whereas in black
hypertensives older than 50 years, there is a high
incidence of low-renin hypertension {Brunner et al, 1943).
Grim et al (1980) reported that biack hypertensives younger
than 40 years had significantly higher plasma renin levels

than patients older than 40 years.

Suppressed renin activity in black hypertensives may be due
to defects in the normal hemeostatic response to renin
release, to changes in renal blood flow, to alterad plasma
volume and to a greater salt retaining capacity (Saunders,
1987). It has also been suggested that atrial natriuretic

factor may suppress renin in the presence of salt retention
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(Check, 1986). Resnick et al (1983) reported an
association between low renin essential hypertension and
decreased concentrations of serum ionised calcium,
ATthough recent reports have shown altered cellular calcium
handling in black hypertensives, it has not yet been
demonstrated that low renin or black hypertensives have
raised intracellular calcium levels compared to normal-to~
high renin or white hypertensives. Data with respect to
plasma renin status in black hypertension is not
consistent, and some reports have iailed to identify
differences in renin activity between black and white
hypertensive subjects (Kaplian et al, 1976; Luft et al,
1877).

1.5.4.3 Renal sodium excretion

Blacks have a higher blood pressure increase at Tower
levels of sodium loading and a jreater retention of sodium
compared to whites (Saunders, 1987). The enhanced capacity
for renal reabsorption of dietary or intravenous 1oads may
be related to the kallikrein-kinin system. Activity of
this system, via secretion of renal kallikrein and
uTtimately kinin, produces both natri.resis and renal
vasoditation (Warren and 0'Connor, 1980)}. A deficiency in
the natriuretic vasodilatory renal kallikrein-kinin system
may rgsu1t in a higher incidence of Tow-renin hypertension
associated with sodium retentian in hlacks (Warren and

0'Coniior, 1980; Grim et al, 1980). During unresiricted
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sodium consumption, urinary kallikrein was greater in white
normotensives compared to black normotensives, black
hypertensives and white hypertensives (Levy et al, 1977}).
When sodium intake was restricted, all groups showed
increased urinary kallikrein excretion, but the increase
was blunted in the black hypertensive subjects (Levy et al,

1978).

Despite the suppression of aldosterone and stimulation of
ANF {triggered by an expanded plasma volume), there is
excessive sodium retention in hyperiensive bplacks
{Saunders, 1987; Sowers ¢t al, 1988). Besides the
kalTikrein-kinin involvement, the excess retention of
sodium may be due to the lower total renal blood flow and
higher renal vascular resistance observed in blacks
compared with whites who have similar blood pressure levels
{Levy et al, 1978: Frohlich et al, 1984). Defective
stimulation of dopamine (a vasodilator with natriuretic
properties) may also influence the sodium retention in
biack hypertension {Sowers et al, 1988). Blacks have an
" exaggerated decrease in glomerular filtration rate which
may also contribute to the racial differences in sodium
excretion (Luft et al, 1980)}. .

1.5.4.4 Plasma volume

Results from studies examining biood voiume in black and

white hypertension have been conflicting. Some reports

75



have demonstrated increased plasma volume in black
hypertensive subjects, while others have not found raciai
differences (Chrysant et al, 1979; Messerii et al, 1979;
Dunn et al, 1983). Since the measurement of plasma volume
is relatively imprecise, it may be difficult to demonstrate

subtle racial differences that may be present.

1.5.4.5 Satt sensitivity

Luft et al (1979a) examined the effects of volume expansicn
(150 mg sodium per day and intravenous infusion of normal
satine) and volume contraction (10 mg sodium per day and
three 40 mg doses of furosemide} on blood pressure in
blacks and whites. Following volume expansion, blacks
excreted significantly less urinary sodium than whites.
When blacks and whites consumed egquivalent amounts of
sodium, the black subjects stowed consistently and
significantly higher blood pressure than whites {Luf%t et
al, 1979b). Blacks may be more susceptibie to the blood
pressure effects of sodium {(i.e, they are more salt
sensitive), compared to whites. This salt sensitivity in
both normotensive and hypertensive blacks is due to the
enhanced renal reabsorptive capacity for sodium and is
manifested by excessive elevation in blood pressure
following a high salt intake {Sowers et al, 1988). The
pressor response may be related to the enhanced sodium
retention as well as to the Tnteraction of sodium with

other blood pressure controlling factors (Dustan and Kirk,
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1988). The higher dietary Nat:X* ratio and increased
urinary Na‘t:K* in many black hypertensive subjecis may be
associated with the increased occurrence and saverity of
hypertension and salt sensitivity in blacks (Saunders,
1987). Hence the salt sensitivity could also be related to

lTow dietary potassium intake.

1.5.4.5 Obesity

The greater prevalence of hypertension in blacks may be
partly due to the greater prevalence of obeslty in this
group, especially among females (Stamler et al, 1978;
Bunker et al, 1990)}. Obesity is positively correlated with
biood pressure in African and American blacks (HDFP, 1977;
Seftel et al, 1980; Seedat et al, 1982; M'buyamba Kabangu
et al, 1986). Two large epidemiological American studies,
however, reported that the reiationship between blood
pressure and weight was not as strong among blacks as it
was in whites (Boyle et al, 1967; Tyrcler et al, 1975).
Hence, although the relationship between obesity and
hypertension among blacks needs to be resolved, obesity in
biack females is associated with an increased risk for

hypertension in this group.

1.5.4.7 Haptoglobin protein

There may be a genetic difference in the blood protein

haptoglobin between black and white hypertensive subjects.
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Studies have revealed that salt sensitive individuals were
more 1ikely tc be homozygous for one naptogliobin genotype,
while salt resistant subjects were predominantly homozygous
for the other (Check, 1986). The importance of these

differences is unclear.

1.5.4.8 Neurogenic factors

Hyperactivity of the sympathetic nervous system may play a
role in the aetiology of hypertension (Abboud, 1982}.
Studies however have failed to report differences in
noradrenaline Jevels between biac: and white hypertensive
and normotensive groups (Lichtman and Woods, 1967; Sever et

al, 1976; Sever et al, 1979).

1.5.4.9 Cell membrane cation transport defects

A number of differences *n c¢eiliular fon regulation between
blacks and whites have been identified. Erythrocyte
studies have shown that blacks have Tower Ha*t-K*-ATPase
activity, Mat-K* cotransport and Na*-Li countertransport
compared to whites (Aviv and Gardner, 1989). Some blacks
have an accelerated sodium turnover that is related to
enhanced activity of the Nat-K* exchanger system (Kuriyama
et al, 1988). Nakamura et al {1989) demonstrated that
fibroblasts from blacks exhibit hyperresponsiveness to
serum stimulation as compared with fibroblasts from whites.

This enhanced responsiveness was associated with an

78



increased magnitude of intracellular calcium transients and

accelerated calcium efflux.

These cellular factors may contribute to the accumulation
of intracellutar sodium and %0 the enhanced sodium
reabsorption by the proximal tubuies observ:d in blacks
{Hail, 1990). If similar diff-«ences occur in vascular
smooth muscle cells and renal tubular epithelium, the
predisposition of blacks to salt-sensitive forms of

essential hypertension can be explained.

1.5.5 Hypertension in South African blacks

Donnison reported in 1929 that
'Over two years at a native hospital in the South of
Kavironrdo d* ~=rict of Kenya, during which period
approximately 1 800 patients were admitted, no case of

raised blood pressure was encountered ....veo.’

Today, over fifty years later hypertension is one of the
most comwon cardiovascular diseases in South Africa, with
ene in four adult black patients with cardiac failure
suffering from high bJood pressure. Seedat (1981} reported
that tweni,-five percent of urban Zulus are hypertensive.
By contrast, hypertension appears to ke rare in rural QIack
populatiuns {Sever, 1980). According to Seftel (1973)
after vinlance and accidents, hypertension and its

complications are the most :ommon cause of death among
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Witwatersrand blacks. This significant increase in black
hypertension may be attributable to the process of
urbanisation. With environmental changes or acculturation
there is a rise in blood pressire. The factors in the
acculturation process which are responsible for the
elevation of pressure include social stresses (alcoholism,
violence, illegitimacy, overcrowding), obesity and high

salt intake (Seftel et al, 1980).

The relationskip between cations and hypertension in the
biack South African has recently provoked interest. Some
studies have reported that urbanised black hype-tensives
have a low serum potassium which could be atl ‘‘iuted to a
high starch intake, habitual traditional purgacion and low
intake of proteins and vegetabiesr (Sever et al, 198(;
Mokhobo, 1982). Rural communities (where the incidence of
hypertension is Jow) on the other hand, have high potassium
intakes, usually through high fruit and vegetable
consumption. Augmented salt intake has been implicated as
a cause for the increased incidence of hypertension in city
Placks {Seftel et al, 1980). It has however been shown
that in Johannesburg blacks the salt intake is not
excessive and that their blood sodium levels are not
significantly raised compared to Jchannesburg whites.
Another study reported that dietary sodium and urine
sodium/creatinine ratio were significantly raised in urban
biacks, but there was no within-population relationshin

between either dietary sodium nrr urine sodium/creatinine
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ratio and blood pressure (Cohen et al, 1982).

Little data are available about magnesium, calcium and
btood pressure with respect to hypertension in South
Africa. Rasults of a recent study have shown that in a
gooup of hypertensive Jdohannesburg black male labourers,
there is a significantly lower concentration of serum and
erythrocyte magnesium ani serum calcium concentrations when
compared to their normotinsive counterparts (Touyz et al,

1989).

Although sodium and potassium {and recently magnesium and
calcium) intakes have been associated with the increased
prevalence of hypertension in the urban black community, it
is important to realise that urban and rural populations
differ from each other in many other ways besides dietary
fntakes. Primitive individuals are smaller in s$ize, do not
become obese with age, are more physically fit and are
genetically more homogeneous. Although 1{ttle attention
has been attrihuted to these differences it is likely that
these are influencing factors with regard to the prevalence

of hypertension.

Whatever the mechanisms of essential hypertension in the
btack South African, the condition is reaching epidemic

proportions and early recognition and treatment of the

disease is.essential.
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1.5.6 Summary

There is consistent and convincing evidenrr that
hypertension and some of its complications are common in
blacks fn America, the United Kingdam, the West Indies and
in urban Africa. 1In contrast, black subjects in rurai
Africa have 1ittle or no hypert~.sion. (he .:-"zcess of
urbanisation is associated .ith major dietary changes,
excessive salt intake, o+2sity and increased psychosocial
stress. These factors in addition to altered regulatory
mechanisms contro?Ting blood pressure and a genetic
predisposition to develeping high blood pressure, are

probadbly the major determinants of hypertension in blacks.
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CHAPTER 2

HYPOTHESIS
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HYPOTHESIS

The major determinant of increased biood pressure is
increased total peripheral resistance.

Total peripheral resistance is influenced b vascular
smooth muscle tone and contractility.

vascular smooith muscle activity is determined by the
intracellular calcium concentration. Increased
intraceltular calcium results in increased
contractility.

Peripheral resistance is also influenced by the
Tuminal diameter of the vessel,

Intracellular sodium concentration and water content
may affect the vessel Tumen. Increased intracellular
saodium is associated with cell oedema, vessel wall
engorgement, decreased lumen size and increased
peripheral resistance,

In essential hypertension, intraceliular sodium and
calcium concentrations have been found to be
increased.

The exact mechanisms responsible for these biochemical
changes in hypertension are unknown.

Since cellular sodium, potassium and calcium
metabolism are closely related to magnesium
metabolism, abnormaljties in magnesium homecstasis

will affect the other cations.,
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10.

In normal states, magnesium enhances calcium binding,
it stabilises the cell membrane and it activates the
magnesium dependént pumps {(Ca2+t-ATPase and Na*-X*-
ATPase). The internal milieu is thus maintained
{(Figure 2.1).

In magnesium deficient states, cell membrane caicium
binding is altered, cell membrane permeability fis
increased and CA2*-ATPase and Nat-K*-ATPase activities
are depres.ed. These abnormalities result in
disrupted cellular cation homeostasis with consequent
cytosolic sodium and calcium accumulation (Figure

a2}

It is hypothesised that:-

a)

b)

c)

magnesium deficiency and associated cellular
abnormalities may play a role in the pathogenesis of
essential hypertension.

the cellular defect is widespread occurring in
different cells in all essential hypertensive patients
and

the more severe the membrane lesion, tiie higher the

hlood pressure,

It will become evident in the following studies that the

above hypotheses did not in fact hold true for all groups

of hypertensive patien’s {see Chapter 14}.
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CHAPTER 3

AIMS OF THE STUDY
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3.

AIMS OF THE STUDY

This study is di-ided into two major sections. Section 1

deals with eszential hypertension, and Section II with

malignant hypertension. Each section comprises a human and

animal experimental component.

3.1

3.1.

Section I ESSENTIAL HYPERTENSION

1 Human study

The aims of thic study were:-

1.

3.

To determine the relaticnship between extra- and
intraceilular monovalent and divalent cations and blood
pressure in black and white patients with essential
fypertension.

To assess c¢ell membrane status 1in essential
hypertension:-

The paramaters studied included:-

i) cell membrane adenosinetriphosphatase activity, and
1i) calcium binding to cel membranes,

in bTack and white patients with essential hypertension.
To determine the role that wagnesium plays in cellular

events in essential hypertension.

3.1.2 Experimental study

The aims of this study were to determine the effects of
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dietary magnesium supplementation on blood pressure fin
spontaneously hypertensive rats and normotensive Wistar Kyoto
rats.

3.2 Section Il MALIGNANT HYPERTENSION

3.2.1 Human study

The aims of this study were:-

1. To assess the status of extra- and intracellular cations
in patients with malignant hypertension.

2. To determine c¢ell membrane adenosinetriphosphatase

activity in patients with malignant hypertension.

3.2.2 Experimental study

The aims of this study were:-

1. To establish an experimental model of malignrant
hypertension.

2. To assess the cellular cation changes and cell membrane
ior transport altterations ihat occur in the transition

from benign to malignant hypertension.
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CHAPTER 4

THE STUDY CELL MODELS
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4 THE STUDY CELL MODELS

4"1

Platelets

The structures directly responsible for determining the

peripheral resistance are the vascular smooth muscle cells.

ideally, cellular studies in essential hypertension should

be performed on these cells. There are however a number of

problems associated with the direct examination of vascular

smooth muscle. These Tnclude the facts that:-

i}

ii)

iif}

iv)

The vessel wall is compiex comprising a variety of
tissues inciuding vascular smooth muscie.

In vivo studies examining cellular cation metabolism
using radioactive isotopes have been performed in
large vessels such as the aorta and 1ts branches.
These vessels differ from the smaller resistance
vessels and consequently may not be a good cell model
for essential hypertension studies.

The vascular wall undergoes structural changes when
hypgrtens1on 1s present. It is thus difficult to
differentiate whether aiterations in the vascular
smooth muscle tells are due to the increase in blood
pressure or to intrinsic pathoaetiologic factors in
hypertension.

It is ethically and practiceolly difficult to obtain
samples of blood vessels from 1iving normotensive and

hypertensive individuals.
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For these reasons, other cells have been si'died. Blgod is
gasily accessible and therefore most studies examinirg
celluler events in hypertension have been performed on

biood celis,

Whun studying cells other than those di~ectly involved in
the physiciogical mech:: 1sms of vascular contraction a
numper of underlying assumptisns need to be made:-
i} alterations in circulatirg biond cells are
representative 6f & generalised phenonienon,

i) 1f similar alterations occur in vascular smooth muscle
cells, they can predispose or contribute to blood
pressure elevation in susceptibie subjects.

iii) in-vitro findings resemble in~-vivy processes,

(Swales, 1982: Aviv and Lasker, 1990},

Studies examining cellular catiian regulation in essential
hypertension have been performed o¢n eryvthrocytes 2-4
Teukaocytes. These cells, and particularly mature' |
erythrocytes are not representative of other cells.
Platelets have recently been used to examine celliular
changes in hypertension. Platelets exhibit several
anatomical and functional characteristics similar to
vascular smooth muscie cells and are therefore an ideal

cell model tv study in essential hypertension.
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4.1.2 Similarities between piatelets and vascular smooth

muscle cells (VSM)

The main features which thesa two cell types share

include:-

i) Both cell types possess an d.z-adrenoceptor system
which, when inhibited, results in vasodilation of
smeoth muscle and inhibition cf platelet activation
{Erne et al, 1983: Bolli et al, 1983},

i1) Platelets and VSM cells have common receptors,
including the 5-HT, prostaglandin and vasopressin
receptors (Erne ot al, 1985).

ii1) Both cell types cc.tract via active calcium-
contractile protel coupiing [{Hinssen et al, 1978;
Niederman and Pollard, 19,35).

1v} There are similar calcium pools for regulation of
cytosolic calcium - the dense tubular system in
platelets and the sarcoplasmic reticulum in smooth
muscle cells (Bahler and Restink, 1988}.

v} Both platelets and vascular smooih muscie cells
contain cuntractile proteins whose hormonal response
1s mediated through the 'second messenger' sysiem of
cyclic AMP and calcium and through calcium
mobilisation by phosphoinositide hydrolysis {Belli et
al, 1983; Zavoico and Feinstein, 1984; Agranoff et al,
1983).
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vi) The physiological alterations of platelets and VSM are
¢losely refated, e.g. release of thromboxane by
platelets results in vasoconstriction, whereas release
of prostacyctin by VSM inhibits platelet activation
(Robertson et al, 1981; Moncada et al, 1976).

vi{) Hypertensive states are associated with an increased
risk for thromboembolic disorders (Kannel and Dawber,

1973).

Besides the simitarity between these cell types, platelets
have additional advantages over other tissues. They are
clinically easily accessible and are a homogeneous cell

T1ine.
In this study, both platelets and erythrocytes were used as
cell models. Platelets were studied because of their

accessibility and resembiance to vascular smooth muscle.

4.2 Erythrocytes were studied as a baseline of comparison

and a1lso to determine whether alterations in hypertension

are restricted to specific cell types.
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SECTION I

ESSENTIAL HYPERTENSION

94



CHAPTER §

EXPERIMENTAL DESIGN :

Studies on essential hypertension
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5. EXPERIMENTAL DESIGN

5.1 Definitions

5.1.1 The population sample

Black and white normotensive and hypertensive adults of
both sexes were studied. A1l subjects were resident in
Jofi anesburg. The normotensive, hypertensive black and

white subjects were matched for age, height and weight.

-Definition of essential hypertension

"2 »pitecia for hypertension used in this study were based

on data defined by the World Health Organisation {1978).

1. Systolic bliood pressure {SBP) greater than 160 wmHg
and/or

2. Diastoiic blood pressure (DBP) greater than 95 mmMHg
and/ow

Mean arterial pressure (MAP) greater than 117 mmHg.
Mean arterial pressure was calculated from the

standard formugla:-~

MAP = DBP + 1/3 {(SBP - DBP).
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§. EXPERIMENTAL DESIGN

5.1 Definitions

§.1.1 The population sample

Black and white normotensive and hypertensive adults of
both sexes were studied. A7 subjects were resident in
Jdohannesburg. The normotensive, hypertensive black and

white subjects were matched for age, height and weight,

§.1.2 Definition of essential hypertension

The criteria for hypertension used in this study were based

on data defined by the Worid Health Organisation (1978).

1. Systolic blood pressure (SBP) greater than 160 mmHg
and/or

2. Diastolic blood pressure (DBP) greater than 85 mmHg
and/or

Mean arterial pressure (MAP) greater than 117 mmHg.
Mean arterial pressure was calculated from the

standard formuia:-

MAP = DBP + 1/3 (SBP - DBP)}.
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5.1.3 Subjects

5.1.3.1 Normotensive control subjects

5.1.3.1 {a} Black subjects

Male and femaie healthy normniensive volunteers from the
nonmedical staff of the Johannesburg Hospital {a major
academic hospital) were studied., A1l were older than 25

years and satisfied the following frclusion criteria:

Inclusion criteria

1. Systolic blood pressure below 140 wmmHyg.

2, Diastolic blood pressure below 90 mmHg.

3. No current or previous systemic¢ iliness.

4. No previous history of pregnancy associated
hypertension or eclamp-ia.

5. No history of hospital admissions (except for
obstetric reasons).

6. No antihypertensive medication.

7. No medfcation for the past six months.

8. Not malnourished.

9. Normal renat function.

10. Resident in Johannesburg for at least Five years.

5.1.3.1 {b) White subjects

Healthy normotensive male and female white volunteers
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entered into the study. They were obtained from the
nonmedical staff of the Universit: teaching hospitals. All
were older than 25 years and all satisfied the same

inclusion criteria indicated in Section 5.1.3.1 (a).

5.1.3.2 Essential hypertensive patients

5.1.3.2 (a) Black hypertensive patients

Black male and female patients with essential hypertension
were studied. They were obtained from the Outpatient
Departments of the Hillbrow and Johannesburg Hospitails
{academic hospitals). The patients had all been referred
to the hospitals by either private general practitioners,
medical officers at municipal clinics or from the medical
centre at the local labour bureau for Ffull assessment and
management of hypertension. O©On arrival at the OQutpatient
department, the subject's blood pressure was measured by
the medical officer who was unaware of the study.
Hypertension was diagnosed as systolic blood pressure above
160 mmHg and/or diastolic blood pressure greater than 85
mmHg on three separate occasions. (Reading 1 by private
doctor; reading 2 by medical officer, reading 3 by the
auther). A1l patients who participated in the study
satisfied the inclusion criteria stated in Section 65.1.3.1
(a) except that systolic blood pressure (SBP) had to be
greater than 160 mmHg on three separate occasions, and/or

diastolic blood pressure (DBP} greater than 95 mmHg on
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three separate occasions.

5.1.3.2 {b) White hypertensive patients

The white hypertensive subjects included male and female
patients from the Hypertension Clinic at the Johannesburg
Hospital. As with the black hypertensive patients,
hypertension was diagnosed if blood pressure was raised
(according to the definitions in section 5.1.2} on three
separate occasions., The inciusion criteriz were the same

as 5.1.3.1 (a).

5.1.3.2 {c) Diagnosis of essential hypertension

Only patients with diagnosed essential hypertension

participated in the study. Secondary renal hypertension

was excluded on the basis of

1. Normal general medical examination

2. Normal renal function (urﬁna1y51s and serum
creatinine)

3. Normal renal sonar

5.2 Subject examination and collection of demographic
data

5.2.1 History and questionnaire

The subjects were studied under standardised conditions by
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the same medical doctor {RMT). Subject examination was
performed every Monday and Tuesday morning {January 1988 to
october 1989), between 08h30 and 14h00. A gquestionnaire
which enquired about diet {24 hour recall), alcohol,
smoking, occupation, education and medical history was

completed by all the subjects.
No special dietary instructions were given, but alt
subjects were requested to refrain from smoking for at

least two hours prior to blood pressure measurement.

5.2.2 Medical examination

The subjects all underwent a general medical examination.
The following parameters were also measured on each
individual:

i, Height: - without shoes, usirg a standardised
centimetre marked tape measure.

2. Weight: - in undercliothes only - using a standardised
balanced scale.

3. Radial pulse ~ the right pulse was measured three
times at five minute intervals. The mean value was
recorded for analysis.

4. Urinaitysis - prior to the medica) examination, spot
urine samples were coliected for analysis. The urine
was tested with the Combur-9-test sticks (Boehringer
Mannheim). These strips determine for leukocytes,

nitrite, pH, protein, glucose, ketones, urobilinogen,
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hilirubin and blood in urine, Patients with abnormal
dipsticks results were excluded from the study.
Femzles who 1ested positive for blood due to
menstruation were included.

5. Biood pressure.

5.2.3 Measurement of blood pressure

The same procedure was used to measure blood pressure in
211 the subjects. After a minimum of fifteen minutes rest,.
biood pressure was measured in the dominant arm with the
subject in the seated position. A standard mercury
sphygmomanometer which was regu1ar1y calibrated was used.
Three readings, five minutes apart were taken, Systolic
and phase V diastolic pressures corre:iuonding respectively
to the first and fifth phases of the Korotkoff sounds were
measured. For subjects with an arm girth less than 35 cm,
the standard size cuff was used. For subjects with arm

girth greater thar 35 cm, the large cuff was employed.

To minimise interoperator error, every tenth hypertensive
reading for each operator was noted and compared: also the
means + SD of fwenty two readings for each doctor was
computed and compared using the Students-t-test. There
were no significant differences between the mean values (t
= 0,06; p < 0,u001), and the "tenth readings" did not vary

between doctors.
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5.3 Blood specimen collection

5.3.1 Patient preparation

Vvenous blood was obtained from the median cubital vein in

the ansecubital fossa, in the non dominant arm. The skin

of the cubita) fossa was cleaned with sterile isopropyl

alcohol swabs (WebcolR-Macmed, S.A.).

Various piological facters can affect the cation and
protein concentrations of serum and plasma. These include
posture of the patient, immobilisatien, exercise, circadian
variation, smoking and venous stasis at the time of blood
sampling. lonised calcium concentrations are lower in
immebilised individuals compared to ambulatory subjects.
{Robertson 1981). Exercise or muscular activity increases
plasma protein and cation levels (Renoe, 1%80). Stasis
causes water affiux from the vascuIar compartment,
increasing serum protein and cation concentrations. {Renoe,
1980). For these reasons, in this study, blood was
collected in the recumbent position, without the use of a

tourniquet.

5.3.2 Venepuncture

Fifty millilitres of blecd was obtained using vacuated

blood tubes and an 21-gauge needle. Sterile, 1ithium
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heparin {0,2Z mg/m1 blood} coated glass tubes {Vac-U-test,
Radem Laboratories Egqirt. Sandton, S.A.) were used. The
vacuated tubes were employed because they are easy to
manipulate and there is less 1ikelihocd of c:ntamination of

their outside with Blood.

Forty miTi{litres of blood was immediately transferred to a
50 m1 polyurethane tube containing 7 ml acid citrate
anticoagulant {75 mm trisodium citrate, 42 mm citric acid,

Ho0, 138 mm dexirose) (Dacie, 1984).

The citrated blood was used for all platelet studies and
the heparinised blood for serum and erythrocyte analysis.
The blood samples were mixed by gentle inversion and were
centrifuged within 2 to 3 hours of collection. Details of

anticoaguiants used are described in Appendix B,
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6. GENERAL MATERIALS AND METHODS

In this study the following biochemical parameters were

measured:-

1. Serum Mg2+_ ca2t, Nat and K* concentrations

2.  Platelet Mg2*, ca2*, Na* and Kt conce.irations

3. Erythrocyte Mg2t, ca2t, Nat and Kt co:centrations

4, Platelet membrane activity of Na*-K*-ATPase, Calt.

ATPase and Mg2*.ATFase

5. Erythrocyte membrane activity of Nat-Kt-ATPase, Ca2+-
ATPase and Mg2*-ATPase

6. Calcium binding to the outer cell membranes of

platelets

7. Calcium binding to the outer cell membrane of

erythrocytes

Magnesium and Ca2% were determined by atomic absorption

spectrophotometry (AAS) {Appendix G).

Sodium and K* were determined by flame photometry (Appendix
G) .
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Cell membrane ATPase activity was determined by measuring
the amount of inorganic¢ phosphate released when exposed to

ATPase (Appendix L).

Cell membrane Ca2* binding was determined by measuring the
amount of Ca?* removed from the outer cell membranes when

exposed to various chelating agents {Appendix M).

Chemicals and reagenis used in this study

The sources of chemicals and reagents used in this study
are iisted in Appendix €. All chemicals were of the

highest purity grade unless otherwise stated.
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STATISTICAL ANALYSIS
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7 STATISTICAL ANALYSIS

The following general statistical analyses were performed:-
1. Descriptive analysis.

2. Comparative studies.

3. Correlation studies.

4. Precision studies.

7.1 Descriptive analysis

The data are presented as means + 1 standard deviation.

The number of subjects is represented by 'n'.

7.2 Comparative analysis

To determine whether age or mean arterial pressure (MAP)
should pe considered as a covariate, it was tested whether
the groups differed with respect to these two factors.
Since MAP was significant, covariance analysis was applied

for all the variables which correlated with MAP.

The second step in the procedure was to determine which
variables were correlated with MAP and if so whether the
slope of the regression Tines were the same within the

group.

A two-way analysis of variance model with interaction was

used to compare changes in the variables among the groups.
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For correlations wifh the same slope regression tines, MAP
was used as a covariate corrected overail. For
.correTations with different slopes of regression l1ines, MAP
was used as a covariate corrected separately within each
group. Other confounding variables accounted for included

0, serum GGT, serum creatinine and serum albumin,

For intragroup comparisons the least square means were
calculated and compared by means of the t-test to obtain
probabilities. According to Bonferroni for any of these
probabilifies to be significant the p value must be smaller
than 0,003 and anything between 0,05 and 0,003 can be

considered a strong indication of a possible difference.

7.3 Correlation studies

Correlations between the variables within each group, and
in combined groups were determined using the Pearsons

correlation coefficient.

7.4 Precision studies for metlhods

The coefficient of variation was determined for repeated

measurements on the same samples.

To determi @ the accuracy of the methods, measurements of
the same sample were performed repeatedly on the same day

and on different days and the coefficient of variation was
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determined.

To determine the intraoperator accuracy, the same
technician performed repeated measurements of the same
sample, on separate occasions. The coefficient of

variation was determined.
For interoperator ac¢curacy, the coefficient of variation
was determined for measurements of the same sample

performed by different technicians.

Special statistical analyses are detailed in chapter 13.
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CHAPTER 8

INTRA- AND EXTRACELLULAR NAGNESIUM, CALCIUM, SODIUM AND
POTASSIUM STATUS IN BLACK AND WHITE ESSENTIAL HYPERTENSION
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8 INTRA- AND EXTRACELLULAR MAGNESIUM, CALCIUM, SODIUM
AND POTASSIUM STATUS IN BLACK AND WHITE ESSENTIAL
HYPERTENSION

8.1 INTRODUCTION

8.1.1 Monovalent and divalent cations in essential

hypertension

Epidemiological, clinfcal and experimental studies have
suggested a refationship between cations and the
development of hypertension. The four major body cations
include sodium, potassium, magnesium and calcium. In
relation to hypertension, sodium and potassium have been
extensively investigated. Recent studies have toncentrated
on the role of calcium in hypertension. There is a void in
the literature regarding the relationship between magnesium

and blood pressure (Simpson, 1%85a).

8.1.1.1 Sodium

8.1.1.1 (i} Epidemiology: sodium and biood pressure

bahl first reported an interpopulation relationship between
bleod pressure and sodium in 1960. Since theh many larger,
well controlied studies have confirmed the original data

(Fromert 1979; Simpson 1985b; Stamler et al, 1391; Elliott,

1991). In unacculturated societies, inciuding rural
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Africa, blood pressure does not increase with age and the
prevalence of hypertension is low (Freis, 1976; Seedat,
1982). Recent data from large studies support these
findings. Four remote populations had the lowest average
blood pressure and dietary salt intake among 52 populations
studied in INTERSALT, an international cooperative
investigation of electrolytes and biood pressure (Carvaiho
et al, 1989; Kapian, 1990). Subjects from primitive
societies with Tow blood pressure have a very low sodium
intake; however they also ingest large amounts of potassium
and magnesfum, are leaner and smaller and are more

physicaily active ihan their westernised counterparts.

Results from intrapopulation studies have been less
consistent than those from interpopulation studies. Most
reports have failed tc demcnstrate a positive relationship
between blood pressure and sodium Intake. A Dutch study
reported a significant negative correlation between sodium
intake and blood pressure while significant positive
assocjations have been described in studies from Belgium,
Kashmir, California and Japan (Shibata and Hatano, 1979;
Kesteloot and Joosens, 1988; M'y and Newcombe, 1988; Khaw
and Barret-Connor, 1988). When the National Health and
Examination Survey (NHANES} study was analysed using
different analytical methods, no positive and negative
correlations of sodium with blood pressure were described
{Harlan et al, 1984; McCarron et &), 1984; Gruchow et al,
1985).
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Reasons for the conflicting results in intrapopulation
studies may be due to the fact that most studies have used
urinary sodium excretion as a surrogate for dietery sodium
intake with very few studies analysing sodium dietary
intake directly {(Watt and Foy, 1982; McCarron et al, 1984;
E17i0t, 1991). Also, the range of habitual sodium intake
is relatively high in westernised societies compared to
-nacculturated societies. Furthermore, sodium intake in
industrialised societies may be high enough to increase
blood pressure only in genetically susceptibie salt-
sensitive subjects, who represent a minority of the
population and therefore there will be no correlation
between biood pressure and sodium intake in the entire
population (Fujita et al, 1980; Luft and Weinberger, 1982).
The failure to report a cdnsistent sodium~blood pressure
association within populations is often cited as evidence
that sodium intake is not related toc blood pressur> in any
clinically important way within the general population
(Simpson, 1979).

Important methodological problems are inkerent to both
inter- and intra-population studies »* sodium and blood
pressure, Interpopulation studies are generally positive
but rely on unstandardised data. The intrapopulation
studies generally lack statistical power, but a recent
pooiing analysis that uses 24 hour urinary sodium excretion
to quantify intake has demonstrated highly significant

positive correlations between sodium and blood pressure
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(EV1iott, 1981).

8,1.1.1 (ii) The effects of sodium on blood pressure

Experimental and clinical studies have also sucgested a
1ink between sodium and hypertension. Certain forms of
experimental hypertension may be induced by feeding animals
a high salt diet (Koletsky, 195%; Dahl, 1972). The
clinical impiications of these studies are however
uncertain, as the relative amount ofr salt required to
induce hypertension in animals is greatly in excess of the
usual content of human diets., Moreover, in some rat
modals, blood pressure increases rather than decreases with

reduced salt intake {Seymour, 1980; Webb et al, 1987).

Most salt lcading studies in humans have been short term.

A recent stidy demonstrated that dietary salt
supplementation significantly increased blood pressure in
normotensive adults (Mascioli et al, 1991). Administration
of daily 1500 mmol Nall to hypertensive patients increases
biood pressure in some individuals but not others {Luft et
at, 1979a; Roos et al, 198B). A subgroup of salt-sensitive
hypertensive individuals has been defined. These patients
are older, black, have severe hypertension and haptogiobin
1-1 phenotype (Weinberger et al, 1987; Luft et 21, 1991).
Salt sensitive individuals aiso have increased forearm
vascular resistance, decreased venous compliance,

suppressed renin release and lower circulating aldosterone
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concentration {Sullivan, 1991). Salt.sensitive
hypertensive patients do not all have similar defec*s. At
least six different mechanisms have been proposed to
account for a substantial change in blood pressure when a
patient's salt intake is modified. These include primary
aldosterotiism, bifateral renal artery stenosis, bilaterai
renal parenchymal disease, acromegaly, low renin
hypertension and non-modulating essentizl hypertensicn

(Wiltiams and Hollenberg, 1991}.

The blood pressure effects of salt restriction on
individuals and populations have also been studied. A
review of combined data concluded that the decrease in
blood pressure with salt restricticn is related to the
initial blood pressure, i.e, the higher the pressure, the
greater the reduction to ke expected with salt restriction
{Morgan and Nowson, 1986). There is also an age-related
effect, wnere the advantages of sodium restriction are
greate: in older individuals than in younger subjects

{Grobbee and Hofman, 1986a).

Results from individual studies have not been as positive
as the combined analysis, witt most reports showing only a
small effect on blood pressure (Watt et al, 1983; Siiman,
1989). Dietary sodium restriction may have a role as an
adjunctive measure to drug therapy. The desired effect
however 1s only achieved . :n sodium intake is less than 8N

mmol/dey (Weinberger et al, 1988). Almost 50% of
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hypertensive patients will Tower their systnlic blood
pressure by 5 mmHg or more when they decrease their daily

dietary sodium from the usual 200 mmol to 80 mmol.

Despite the general enthusiasm for the putative role of a
high salt intake in the genesis of essential hypertension,
definitive conclusions have not yet been reached.

Experimental studies examining cellular sodium metabo’ism
in essential hypertension may provide some of the answers

1inking sodium and blood pressure.

8.1.1.1 (ifi} celiular sodium and hypertension

The relationship between cellular sodium and blood pressure
was first reported in 1952 (Tobian and Binion, 1952).

Since then increased arterial, myocardial and venous sodium
levels in experimental and human hype—-tension have been
reported (Pamnani and Overbeck, 1976). Whether this sodium
is primarily intracellular or extracellular is unclear.
Most studies examining the association between sodium and
blood pressure have been performed on cells other than
those from the vascular wall jtself - particu?arTy

erythrocytes and leukocytes.

8.1.1.1 (i1i a) Etrythrocyte sodium content

The first direct evidence for iucreased intracellular

sodium in hypertension was reported in 1960, where Losse
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described an increase in intraerythrocyte sodium content in
hypertensive patients. Subsequent studies on erythrocyte
sodfum and biood pressure have failed %o consistentiy

demonstrate elevated {ntraceliular sodium in hypertension,

parker and Berkowitz (1983) reviewed 21 published reports
and found that erythrocyte sodium of hyperiensive subjects
was raised in 10 studies and unchanged in 11. Hilton
(1986) analysed data pooled from 20 published reports and
found that in about half the studies, erythrocyte sodium of
hypertensive patients was increased and in the ovther half
it was unchanged. These conflicting data have been
attributed to methodological variations, mismatch of groups
within the same study and non-comparable populations
sampied. Intraerythrocyte sodium is higher in black
normotensive and hypertensive subjects compared to whites
(Tuck et al, 1984; Mbuyamba Kabangu et al, 1984). Also,
the direct correlations of erythrocyte sodium with age and
body weight and the effect of antihypertensive drugs on
arythrocyte sodium transport may account for the above
conflicting results (Bramley et al, 1986;: Ringel et al,
1987).

In studies conducted under experimental conditions that
resembled in vivo situations, erythrocyte sodium was
reduced and not increased {Simon and Conklin, 1985; Simon
and Engel, 1987). These findings have been confirmed
{(Engelhardt and Scholze, 1988).
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8.1.,1.1 (i§i b) Leukocyte sodium content

In contrast to the conflicting data regarding intra-
erythrocyte sodium there is agreement that the sodium
content of leukocytes in general, and specifically
Tymphocytes, is increased in human and experimental
hypertension {Edmonson et al, 1975; Furspan and Bohr, 1985;
Hilton, 1986; Seon and Forrester, 1989; Ng et al, 1990).

In large studies, increasing levels of diastoliic blood
pressure are associated witk increasing levels of
intraleukocyte sodium (Chien and Zhao, 1984: Hilton, 1985).
A few studies have failed to report increased
intraleukocyte sodium in hypertension. Mast of these
however are derived from the same Taboratory {Heagerty et

al, 1982; Bradlaugh et al, 1984; Bing et al, i986a).

8.1.1.1 (114 ¢} Vascuiar muscle sodium content

Although it 1s assumed that erythrocytes and leukocytes are
representative of vascular smooth muscle, this remains to
be proven. Analysis of intracellular sodium content in
intact arteries is more difficult than in erythrocytes or
teukocytes. Several methods are available to measure
intracellular sodium in blood vessels, but none of these jis
precise enough to detect small differences (Friedman,
1974). Studies on vascular muscle sodium content in
hynertension have been conflicting (Abel et al, 1981: Simon
et al, 1986; Simon, 1989).
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In summary the data from erythrocyte studies suggests that
intracellular sodium levels are increased in hypertensive
patients. MHowever, recent evidence indicates that when
meas ‘rements are taken within seconds of blood withdrawal,
erythrocyte sodium content is reduced, not increased in
human hypertension. In contrast, there is widespread
agreement +that essential hypertension is associated with
elevated Tevels of Jeukocyte sodium, Results on vascular
smooth muscle sodium content are inconclusive. Although
platelets are a better cell model for hypertension studies
than erythrocytes or leukocytes, there is no data in the
1iterature regarding platelet sodium content in

hypertensive patients.

The exact mechanisms of how sodium retention produces
hypertension are unknown. Peripheraily, increased sodium
may cause decreased peripheral systemic vascular resistance
by 'vascular wall oedema', increased vascular reactivity,
circulating natriuretic hormone and increased
catecholamines {(Haddy et al, 1978; Mendelowitz, 1982). The
causes of ‘ncreased body and cellular sodium content in
essential hypertension are also unclear, but abnormal

transmembrane ion transport systems have been implicated.

8.1.1.2 Potassium

8.1.1.2 (i) Epidemiology:~ potassium and blood pressure
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potassium may have a protective effect against
hypertension. Epidemiological studies have reported that
in primitive communities where the prevalence of
hypertension is low, the consumption of potassium rich
diets is high (0liver et al, 1975; Simpsen, 1985a).
Japanese, American and Swedish studies demonstrated a
decreased incidence of hypertension in communities that
consumed a high potassium diet compared to neighbouring
populations that had the same sodjum intake but a low
potassium intake {Sasake, 1962; Watson, 1980; Ljungman et
al, 1981). In community studies, the urinary sodium to
potassfum ratie is more closely related to blood pressure
th.n is the sodium output alone {Yamori et al, 1981; Khaw
et al, 1988). Serum and body potassium s inversely
related to blood pressure in some population studies
(Bulpitt et al, 1981; Beretta-Piccoli et al, 19823 Rinner
et al, 1989). These findings have not been confirmed by
other investigators (Berenson et al, 1979; Kesteloot and

Joossens, 1988; Pan et al, 1990}.

8.1.1.2 (i1) The effect of potassium on blood pressure

In experimental hypertensive models, especially Dahl-salt
sensitive rats; increas2d potassium intake has a protective
effect against hypertension (Dahi et al, 1972; Batterbee et
al, 1979). The potassium loads in these rats were very
iarge and the blood pressure responses small and variable.

Some animal experiments have demonstrated that reduced
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potassium intake Jlowers blood pressure while potassium
repletion increases blood pressure (Freed et al, 1951).
Furthermore, Tobian (1989) reported that a high potassium
intake appears to protect hypertensive rats from vascuiar

disease independent of any blood pressure-iowering effects.

In humin studies, potessiurm ~lementation was found to
attenuate the hypertensiv. effect of marsive sodium Joading
(Luft et al, 1979a). Although most of the controlled
trials of potassium supplementation in hypertensive
patients involve smali numbers of subjects of short
durations, a number of studies have reported significant
decreases in blood pressure with dietary potassium loading
in normotensive and hypertensive subjects {Richards et al,
1984; Svetskey et ai, 1987; Siani et al, 1987; Barden et
al, 1901). Others however have failed to confirm these

results {Mi17er et al, 1987; Grimm et al, 1990).

Potassium excretion and intake in blacks is lower compared
to whites {Grim et al, 1980; Veterans Administration
Cooperative Study, 1987)}. Blood pressure of young black
females is significantly related to the sodium:potassium
urinary ratio {(Langford and Watson, 1975)., Furthermore
most studies on the antihypertensive effects of potassium
suppiementation have been performed in black hypertensive
subjects (Matlou et al, 1986; Obel, 1989). Although the
role of potassium in hypertension is unresolved, black

hypertensive patients, who have a diet low in potassiunm,
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may benefit from potassium supplementation (Kaplan and Rom,

1890).

8,1.1.2 {441) Celilular potassium and hypertension

ICertain forms of hypertension {primary aldosteronism anc<
primary hyperreninaemia} and certain antihypertensive
agents are asscciated with altered cellular potassium
homeostasis {Rabinowitz, 1989). The roie of dietary
potassium intake in the pathdgenesis, maintenance and
treatment of essential hypertunsion is controversial
(Maxweil and Waks, 1987; Haddy, 1987). Homeostatic
regulation of poutassium excretion is via a negative
feedback system. Potassium intake increases plasma
potassium concentration, elevated plasma potassium
stimulates aldosterone release and both aldosterone and
increased plasma potassium independently stimulate renal
potassium excretion (Young, 1985). Non-homeostatic control
of potassium excretion involves the rate of distal tubular
flow and sodium delivery, tubular fluid anioh concentraticn

and acid-base disturbances {Giebish et al, 1986).

The intracellular:extracellular potassium ratio is
determined by the balance of the Nat-K*-ATPase pump-driven
potassium fnflux and potassjum fluxes through other
pathways (Rabinowitz, 1989)., Potassium fluxes are
influenced by intra- and extraceliular factors.

Extracellular factors include adrenaline, insulin and
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aldosterone (Bia and De Fronzo, 1981; De Fronzo and Bia,
1983}. These hormones with other humoral and neural
mechanisms, regulate the intracellular:iextracellular
potassium ratio and may set the plasma potassium
concentration independently of changes in total body
potassium content {De Fronzo and Bia , 1983). The
intracellular factors affecting celluiar potassium
homeostasis include intracellular volume, pH, cell

metabolism and other jons (Rabinowitz, 1989).

Recent research has suggested that the central nervous
system may also be involved in cellular potassium
ragulation 2~d renal potassium excretion (Aizman et al,
1985; Rabinowitz, 1988). It has been speculated that
analogous but separate systems exist for sodium and for
potassium each involving the brain and each acting through
specific humoral factors (Yoshimatsu et al, 1986; Katafuchi
et al, 1987; Rabinowitz, 1989). For sodium a hypothalawic
derived ouabain-like agent may be involved in renal sodium
handling and cellular sodium homeostasis (Anderseon et ai,
1969). Both of these mechanisms play a role in blood
pressure regulation. Under pathological conditions, for
example hypertension, where the ouabain-~like substance is
increased, -~ 'nal sodium excretion decreases and
intracellular sodium increases. A similar system may exist
for potassium, and if so, may explain the role of potassium

in blood pressure regulation and hypertension.
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8.1.1.3 Calcium

8.1.1.3 (1) Epidemiologic perspectives

The first report of a calcium blood pressure association
was in 1973 when Langford and Watson described a low
calcium intake and a low urinary ratio of sodium to calcium
in black schoolgirls with high systolic blood pressure
levels. Since reports appeared on the relationship between
drinking water hardness and cardiovascular mortality and
morbidity, epidemiologists have studied the relationship of
divalent cations, particularly calcium and magnesium to
blood pressure {Schroeder, 1960; Stitt et al, 1973; Neri
and Johnson, 1978).

Epidemiclogic studies examining various populations have
reported both negative and positive relationships between
calcium tntake and biood pressure. Cuttler and Brittain
{1990) have recently reviewed 25 studies conducted in 17
popuiations. These studies did not include subsets and
were matched methodologically as closely as possible. They
concluded that although there are inconsistencies, the
majority of epidemiologic studies demonstrate a significant
negative correlation between calcium intake and blood
pressure. The largest population studies (both carried out
in America) inciuded the NHANES and Nurses Health Study.
Anaiysis of the NHANES I revealed an inverse relation

between dietary intake of calcium and blood pressure
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(Mccarron et al, 1984). Reanalysis of this data {as for
potassium) demonstrated that the relationship did not hoid
for &1l subgroups and that the relationship was only
significant in black populations (Harian et al, 1984;
Gruchow et al, 1985). The only purely prospective study of
dietary factors, including calcium and magnesium in
relation to bloed pressure is the Nurses' Heaith Study
(Witteman et a1, 1989). This survey, which examined more
than 58 000 nurses, stpported the results of many of the
earlier cross sectional studies. Over a four year period
the retative risk of self reported hypertension for a
catecium intake greater than the recommended daily allowance
{800 mg/day) was significant when compared with an intake
of less than 400 mg/day {Witteman et al, 1989},

Population studies that have failed to demonstrate an
fnverse correlation between blood pressure and calcium
intake may be due to small sample sizes, uncontrolled
confounding variables, such as obesity and alcohol intake,
and to variations i1n methodology (Cuttler and Brittain,
1990). Other possible effect modifications include
population subgroups, vitamin D and dietary sodium intake
(Sowers et al, 1985; Gruchow et al, 1988). Taking atl
these factors into consideration and with the growing

. number of targe epidemiological studies, blood pressure and

dietary calcium intake appear to be inversely related.
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8.1.1.3 (ii) Effec*s of calcium on blood pressure

Calcium supplements have been found partly to inhibit the
development of hypertension in hypertensive rats and to
tower blood pressure in humans (Ay.o.ni, 1979; Belizan et
al, 1983a; McCarron et al 1989; Hattori et a%, 1991).

This blood pressure lowering effect of calc,um has been
observed in pregnant females, normal young males, elderly
subjects and low renin hyperternsive patients {(Beljzan et
al, 1983b; Lyle et al, 1987; Grobee and Hofman, 1586b; Luft
et al, 1986; Resnick and Laragh, 1983). Analysis of 19
studies on calciun supplementation revealed that increased
oral calcium intake, whether supplemental or dietary,
lowers blood pressure (Cuttler and Brittain, 1980).
-Cappuccio et al (1989) reviewed 15 studies and concluded
that the overall effact of oral caicium on blood pressure
is very small »nd i1t is therefore inapprop:iate to
recommend oral calcium supplementation for the treatment of
hypertension. Intravenous calcfum infusion increases blood
préssure in normotensive and hypertensive subjects (Suzuki
and Aoki, 1988). Some studies have not been able to
demonstrate a hypotensive effect of calcium (Nowsaon and
Morgan, 1986; Cappucci= et al, 1787: Siani et al, 1988).
The variable blood pressure responses to catcium
supplementation appears to be due to differences in the
backgrounds of the su.jects and/or the design and size of

the trials (Mikani et al, 1990).
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The mechanisms by which oral calcium supplementation may
reduce blood pressure are unpknown {McCarron and Morris,
1886). Altered transmembrane calcium transport, calcium-
sodium interactions and calcium reguiating hormones may
play a role (Doris, 1985; Kang et al, 1990; Brickman et al,
1950} .

8.1.1.3 {iii} cCcalcium levels i7 blood

Serum, plasna and jonised calcium levels have been
evaluated in normal and iypertensive subjects. A number of
large studies, investigating more than 10 000 individuals,
demonstrated a significant increase in blood pressure with
increasing levels of total serum calcium {Bulpitt et 61,
1976; Robinson et al, 1982; Kesteloot et al, 1984a; 1984b;
Kesteloot and Joosens, 1¢88). A few reports have failed to
demonstrate a relationship between serum calcium and blood
pressure (Strazzulo et al, 1983; Kaplan and Meese, 1988).
McCarron {1982) reported that hypertensive patients have
lower mean serum-ionised caicium levels than normotensive
controls. This was confirmed by Resnick et al (1983} but
only in Tow renin hypertensive patients. Hunt et al .1931)
recently reported a relationship between ionised calcium
and renin status in normotensive subjects. Folson et al
(1986) demonstrated a smail decrease in ionised calcium
lTevels of hypertensive males but not females. Recent
reports have documented a significant inverse relationship

between plasma jonised catcium and blood pressure,
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independent of platelet calcium leveis (Hvarfner et al,
1987; Hvarfner et al, 1988). Several re]ationships.between
serum ionired calcium and blood pressure {Buckley et al,
1987; Cooper and Shamsi, 1987)}. Hunt et al (1984}
demonstrated that normotensive individuals with a family
history of hypertension had a significantly higher .Tasma
jonised calcium than individuals without a family history

of hypertension.

Kaplan and Meese (1986) summarised 17 Targe studies
examining the relationship between blood calcium levels and
blood pressure. They reported that the majority of the
studies showed a direct correlatinn. Many of these studies
were conducted in diverse populations, using both cross
sectional and case control designs. Th: incunsistencies of
deficient calcium intake and raised blood calcium levels in
hypertension are difficult to explain, but may b2 related

to the complexity of calcium metabolism and regulation.

8.1.1.3 (iv) Cellular calcium and hypertension

Cellular calcium metabolism may be altered in essentia?l
hypertension at both the whela body and cellular levels
(Buhler et al, 1986; Younp et al, 1988). This may be
related to cell membrane Ca2¥-ATPase, an intrinsic
membrane-binding protein, a cell membrane calcium channel,
parathyroid hypcrtensive factor or parhaps some other

process {Kowarski et al, 1986; Roullet et al, 1987;
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Postnov, 19%0; Benishan et al, 1990).

Increased basal and stimulated platelet free calcium levels
in hypertensive patients have been repeatedly demonstrated
{Erne et al, 1984; Liadner et al, 1987; Le Quan et atl,
1985; Zemel et al, 1990). Also, basal calcium levels are
elevated in cultured ceils from spontaneously hypertensive
rats (Sugiyama et al, 1990; Papageorgiou and Morgan, 1%90),
Some studies however have Tailed to demonstrate alterations
in intraceltular calcium tevels in both human and
experimental hypertension (Nabika et al, 1985; Lew et al,
1985). pPritchard et al {1989) demonstrated a significant
corretation cf blood pressure with plateiet but not
Tymphocyte intracellular free calcium concentrations.

These confliicting results sujgest that i1f a defect in
calcium handling by cell mebranes does exist in
hypertension, it does not have the effect of increasing

intracellular caltcium in all cell types,

Since platelets resemble vascular smooth muscle cells, the
biochemical findings in platelets may be extrapolated to
vascular smooth muscle., If vascular smooih muscle calcium
levels are elevated, the underiying cause for enhanced
contractility and raised peripheral resistance in essential

hypertension may be explaine . (see Seciion 1.3).
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8.1.1.4 Magnesium

8.1.1.4 (i) Epidemioclogy: magnesium and blood pressure

Interest in the role of magnesium in human cardiovascular
disease was stimulated by studies that demonstrated an
inverse relationship between water hardness and
cardiovascular death rates (Crawford .t al, 1968; Masironi,
1970). Magnesium is a major contributor to water hardness.
Dawson et al, 1978 demonstrated an inverse association
between drinking-water-magnesium levels and hypertension in
24 West Texas communities. A study of 489 British males
showed significantly lower diasteclic blood pressures in men
1iving in hard-water towns compared to those iiving in
soft-water areas (Stitt et al, 1973). The relation of
dietary magnesium with hypertension has been investigated
in only a few studies. The strongest evidence for an
association between dietary magnesium and blood ressures
comes from the Honolulu Heart Study, where a lTow magnesium
intake was found to be the dietary factor most strongly
associated with blood pressure {(Joffres et al, 1987).

These results were confirmed by the recent Nurses Health
Study, where the relaticn of various nutritional factors
with hypertension was examined in over 58 000 females
(Witteman et al, 1990}. 1In this study, dietary magnesium
{and calciuy, had independent and significant inverse

associations with hypertension.,
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pata from the Belgian interuniversity research on Nutrition
and Health Study (8058 subjects) reported a significant
negative correlation between dietary magnesium intake and
systolic blood pressure in females (Kesteloot and Joossens,

1988}.

Few studies have examined the within-person retation
between magnesfum intake and blood pressure. 1In an
American hospital-based study, white normotensive
individuals had higher intakes of dietary magnesium than
white hypertensive and black normotensive and hypertensive
subjects (Zemel et al, 1988)., McCarron et al (1983) also
reported that magnesijum intake was Jower in hyperiensive
patients than in normotensive conirols. Thulin et al
(1980) did not find an association between magnesium intake

and blood pressure in Swedish females.

8.1.1.4 {11} The eff=~ts of magnesium on blood pressure

The hypotensive effect of magnesium was documented in the
1930s when parenteral magnesium sulfate was used to treat
preeclampsia and nephritis (Blackfan and McKhann, 1931;
Lazard, 1933). Studies examining the effect of orally
administered magnesium on blood pressure have produced
conflicting results., Some studies have demonstrated a
significant blood pressure lowering effect with oral
magnesium, while others have failed to show a change 1n

blood pressure {Dyckner and Wester, 1983; Cappuccie &t al,

132



1985; Motoyama et al, 1989; Daly et a?, 1990: Patki et al,
1990)., Karppanan et al (1984) who conducted the largest
and the longest clinical trial on magnesium supplementation
reported a significant reduction in systolic blood
pressure. Resnick et al (1983) demonstrated that only
those patients with high renin activity benefited from
magnesfum supplementation. A recent study has indicated
that diuratic-induced magnesium Toss can aggravate
hypertension and increase the drug requirement among these
patients {Singh et al, 1983). Magnesium supplementation,
in patients receiving long-term thiazide diuretics
significantly reduces blood pressure (Saito et al, 1988;
Dyckner et al, 1288). 0ral and parenteral magnesium have
alsoc been used in patients with resistant essent{al

hypertension {Singh et al, 1989)}.

Although not concliusive, results of the above studies
favour the proposal that magnesium suppiementation may
lower blood pressure, bui carefully performed randomised
c¢linical trials are needed before definitive conclusions
can be made. Magnesium supplementation may be a
potentially useful nonpharmacelogic form of treating

hypertension.

B8.1.1.8 {141} Serum and urine lavels of magnes{um

Urinary magnesium levels, in the steady state, reflects

dietary intake of magnesium (Whelton and Klag, 1989). Data
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from the study of 24 West Texas communities indicated an
inverse correlation between mean urinary magnesium levels
for the community and hypertension mortality (Dawsen et al,
1978). In a community~based cross-sectional study of
elderly white Americans, urinary magnesium was negatively
ass0:. “ated to systolic blood pressure in males, but not
females {Whelton and Klag, 1989). 1In a Belgian study of
over 4500 subjects, 24-hour magnesium was related to
diastolic but not systolic blood pressure {(Kesteloot,
1984b). Lat et al (1989) reported that of the number of
urinary electroiytes studied, only the calcium-magnesium

ratio was a predictor Jf systolic blood pressure.

Other studies examining Chinese, Korean, Belgian and
Zairean populations did not demonstrate a relationship
between urinary magnesium Tevels and bloed pressure
(Staessen et al, 1983; Mhuyamba Kabangu et al, 1986;
Kesteloot et al, 1987).

Studies investigating the relationship between serum
magnesicm levels and blood pressure have also produced
conflicting results. An early clinical study reported
higher serum magnesfum levels in patients with severe
hypertension compared to normotensive controls (Walker and
Walker, 1936). 1In 1958, Albert reported the opposite -
taat hypertensive patients had decreased serum magnesium
concentrations. More recent Gudies examining elderly

Danish white, black South African males and American adults
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have demonstrated lower serum magnesium levels in
hypertensive subjects compared to normotensive controls
{peterson et al, 1977; Sempos wt al, 1983; Touyz et al,
1987). In contrast to these results, data from community-
hased cross-sectional American and Dutch studies and
results from the NHANES study did not reveal an association
between serum magnesium levels and blood pressure (Harlan

et al, 1984; Whelton and Klag, 1989; Rinner et al, 1989).

Hvarfner et al (1987) reported a positive association
between serum magnesium and blood pressure in 2 Swedish
population. Buemi et at {1988) demonstrated that plasma
magnesium levels decreased in normotensive subjects after
the cold pressor test, whereas there were no changes in
magnesium in hypertensive patients, A number of cases of
severe hypermagnesaemia with refractory hypotension have
been documented {Mordes et al, 1975; Ferdinandus et al,
1981}, These studies further support the thesis that
magnesium disturbances may be associated with hypertension.
Although the data are conflicting, there is a need in
clinical medicine to measure serum magnesium concentrations
in all patients with hypertension as those who are

hypomagnesaemic may benefit from magnesium supplementation.

8.1.1.4 (iv) Cellular magnesium and hypertension

Since magnesium is essentially an intraceilular cation,

cytoplasmic magnesium levels may be of more importance than
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urinary or serum levels (Reinhart, 1988). Resnick et al
(1984} demonstrated a strong inverse relation between
intraerythrocyte ievels of free magnesium, measisred using a
nuclear magnetic resonance technigue, and diastalic blood
pressure. Intracellular levels sf magnesium were louwer in
untreated hypertensive subjects thau in either treated
hypertensives or normucensive controls (Resnick ¢t al,
1984). 1In a cross-sectional study of 296 black South
African males, hypertensive patients had significantly
Tower erythrocyte total magnesium levels thah normotonsive

subjects {(Touyz et al, 1989},

A study in junior ' 1 school students demonstrated that
subjects with a pu 1ve family history of hypertension had
higher systoiic blood pressures with significantly lower
erythrocyte magnesium concentrations compared to subjects
with a regative Family history {Shibutani et al, 1988). 1In
pre-eclamptic patients intra-erythrocyte magnesfum levels
were significantly depressed compared to heaithy,
normotensive pregnant females {Kisters et al, 1990). Many
studies have shown that in diuretic treated hypertensive
patients, intraceTlutar magresium is significantly

decreased (Dorup et al, 1988a; 1988b).

Some studies have failed to demonstrate intracellular
magnesium depletion in hypertension. Selle: et al {1965)
reporied decreased serum mégnesium and increased

erythrocyte magnesium levels in hypertensive patients.
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Kjeldsen et al (1990) recently demonstrated that in
untreated essential hypertensive white males, erythrocyte
magnhesium was significantly raised compared to normotensive
controis. Gunther et al (1990} found no differences in
erythrocyte magnesium concentrations between normotensive

and hypertensive adults.

Most ¢linical studies examining intracellular magnesium in
hypertensicn have been performed using erythrocytes.
Several studjes suggest that the mononuclear blood cell
magnesium may be a better predictor of intracellular
magnesium and total body magnesium status than the
concentration of magnesium in plasma or erythrocjtes (Etin,
1988; Yang et al, 1989a). Ryan et al (1981) reported |
intraleukocyte deficiency in essential hypertensive and
diuretic treated hypertensive patients. O0f the circulating
blood cells, platelets resemble vascular smooth muscle the
closest and therefore should be used in cellular studies on
hypertension. A recent publication has confirmed that
platelet magnesium is a better predictor of body magnesium
status than erythrocyte magnesium concentrations {Touyz and
Milne, 1991). There is no data in the 1iterature on

platelet magrnesium status and hypertension.

Mechanisms of how intracellular magnesium >y be related to
bloed pressure are discussed in section 1.2.5. Alterations
of intracellular or extracellular magnesium concentrations

may affect cell function through their effects on calcium
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handling. Magnesium may bind competitively ta the same
sites as caicium, producing the appropriate physiologic
response; it may bind competitively with calcium but not
exert an effect; or it may affect calcium distribution by
altering the flux of calcium across the ceil membrane or by
displacing it from the intracellular binding sites
resulting in increased cyctoplasmic calcium concentrations
{Cholst et al, 1984}, 1In vascular smooth muscle increased
intracellular calcium stimulates contraction with a
consequent rise in peripheral resistance and tone
(Robinson, 1984). The calcium-magnesium interactions may
be important in hypertension. Luft et al (1988) and Evans
et al {1990) recently demonstrated that the hypotensive

effect of calcium may be mediated by magnesium depletion.

Resnick et al (1986) demonstrated that independent of
dietary calcium intake, the intraceiiular free magnesium
levels directly participates in the final common pathway of

events regulating blood pressure and vasoconstrictor tone.

In addition to the calcium-magnesium effects, magnesium
deficiency may be associated with biood pressure via other
mechanisms. These include:- the zttenuation of beta-
adrenergic and prostaglandin responses, inhibition of
ATPase transport systems, enhanced piatelet aggregation and
atherogenesis, enhanced intracellular potassium deficiency,
effects on the renin-antiogensin system and effects on

endothelium derived relaxing factor (Singh et al, 1989;

138



Gold et &1, 1990; Atarashi et al, 19%0).

Although there is no definitive evidence to support the use
of oral magnesium supplements in the prophylaxis and
treatment of hypertension, a magnesium rich diet or
suppiements, may be beneficial in subgroups of hypertensive
patients, specifically those who are magnesium deficient
{(elderly, blacks, diuretic treated). Theoretically,

magnesium should have a hypotensive effect.

8.1.2 Summary: cations and hypertension

The available data that too Tittle or too much dietary
sodjum, potassium, caicium or magnesium is responsible for
the pathogenesis of #ssential hypertension, or that
alterations in the intake of these cations wiil
consistently lower blood pressure is incompleta. In
certain patients or in specific subgroups, defects in
ceilular cation metabolism may be important. Although the
mean btood pressure change with altered cation intake in
most studies is small or absent, individual changes are

often significant.

8.2 AINS

The aims of this study were:-
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- 8.2.1 To determine the extracellular (serum) and
intracellular (platelet and erythrocyte)
concentrations of total magnesium, calcium, sodium
and potassium in white and black patients with

essential hypertension

3.2.2 To examine the relationships between the major

cations in essential hypertension

8.2.3 To assess whether there are racial differences
in *“& intracellular cations in essential

hypertension
8.3 SUBJECTS AND METHODS
8.3.1 Subjects

one hundred and fifty four subjects entered into the study,
Fifty two black healthy normotensive volunteers (23
females; 29 males), 52 black patients with newly diagnosad
essential hypertension (30 females; 22 males); 26 white
normotensive volunteers {13 females; 13 males) and 24 white
hypertensive patients (14 females; 10 males) were studied.
Inclusion criteria and the procedure for the medical

examination are described in Section 5.1.3.

Yenous bYood was obtained according to procedures rdescribed

in Section §.3.2.
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8.3.2 Materials and Methods

8.3.2.1 Preparation of blood - hand?ing and centrifugation

Within 2 to 3 hours of venesection, the blood was
transported at 209C to the laboratory where it was
centrifuged. A Clewents G5100 centrifuge was used fo ' all

spinning of samples except where otherwise specified.

8.3.2.1 (i} Preparation of piatelets

8.3.2.1 (a} Flatelet rich plasma (PRP)

In order to prevent platelet activation, all platelet
preparations were performed using poiyethylene or
pelvpropylene plastic ware and siliconised glassware
{Dacie, 1984). The citrated blood was divided into two
equal aliquots - one for Na* and K* determination and the

other for Mg2% and ca?t analysis.

PRP can be prepared by two methods:.

i} the erythrocytes are aliowed to settle under the
influence of gravity and the PRP can be transferred to
a fresh, polysthylene or siliconised glass tube.

i1} the whole biood in citrate, dextrose or heparin can be
centrifuged. Ideal spinning speed is not consistent
‘n the literature (Mustard et al 1972; Hallem and
Rink 1985; Zemel et al, 1990) although most
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resecarchers use itow speed centrifugation to ohtain

PRP.

In this study, the second method was employed for isoiating
PRP. To determine optimal centrifugation conditions,
preliminary studies were performed on six citrated blood

samples {Appendix D).

8.3.2.1 (b) Methods for szparating platelets {rom

plasma

A variety of methods ha' - heen described for platelet
isglation from plasma. ‘1ae three mdst common procedures
used are by chromatography (gel filtration) by density
gradient centrifugation and by repeated centrifugation and
washing in physiological solutions. (See Appendix E for

details}.

Platelet isolation in tnis study

The PRP was centrifuged at 600 x g for 10 minutes at room
temperature producing a platelet pellet and platelet poor
plasma. The platelet pellet for Na* and K* determination
was suspended in a buffer consisting of 100 mM MgCl,, 1 mM
MgHPO,4 .3Hpo0 5 mM glucose and 20 wmM Hepes (pH 7,4) and fo-
Mgé* and Ca2* determination it was suspended in a buffer
comprising 145 mM NaCl, 1 mM NLH3P04, 5 mM glucose aud 2
mM Hepes (pH 7,4)}. The platelet peilet suspended in
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buffer was then centrifuged at 600 x g for 15 minutes and
the pellet washed twice more in the washing buffer; The
final supernatant Na* and K* wash was retained for Mg2*t and
€32+ apalysis and the final supernatant Mg2* and CaZ* wash
waes retained for Na* and K* analysis. The ions analysed
were not detected in the final supernatant washes. After
the last wasii, the platelet pellet, suspended in 1 ml of
buffer was mixed on a Coulter mixer for 5 minutes.

Finally, platelet counts were determined in the washed

platelet suspension.

Centrifugation and cellular contamination

The centrifugation procedure described should ensure that
the maximum numbar of platelets is retained without any (or
absolute minimal) erythrocyte or Teukocyte contamination
using an automated technique. A full blood count was
determined on the intact washed platelets suspended in
buffer. These counts were performed at the South African
Institute for Medical Research using an automated method
(Technicon HI system. Technicon diagnostics, Belgium).

The platelet count varied between 300 and 500 x 109/1. The
erythrocyte and leukocyte counts varied between 0 and 0,02
x 101271 and 0 and 0,9 x 109/1 vespectively.

143



The platelet count was adjusted to 1 X 108 cells/ml with
buffer. Counts were adjusted using the formul:

ptatelet count obtained x velume (y) = x
required plateiet count (1 x 108)

X - y = volume that must be added to y to obtain required

platelet count.

Throughout this study, the platetet count was standardised
at 1 x 108 cells/ml.

B.3.2.1 {ii} Preparation of erythrocytes

The method used to separate erythrocytes from plasma was
similar to that described for platelets of repeated

washings and centrifugation.

The heparinised blood was centrifuged at 450 x g for 10
minutes. The plasma was aspirated and transferred to
plastic test tubes for analysis. The buffy coat
{containing Teukocytes and platelets) was aspirated and
discarded, The remaining erythrocyte sediment (about 4,5 -
5,0 m1) was divided into two equal aliquots, one for
measuring Nat and X*, and the other for measuring Mg2t and
ca2t, Washing of the erythrocytes was performed three
times by suspension in an iso-osmolar Nact (0,9%) solution
for Mg2* and Ca2* determination and in iso-osmolar MgCl,
(112 mmo1/1} for Na* and K* analysis. The cells were

washed by centrifugation, at 450 x g for 10 minutes at room
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temperature, and aspiration of the supernatant. The final
supernatants were retained for estimation of the fons.
There was no detectable Na* and Kt in the Mgc12 wash from
the cells prepared for Nat and K* analysi. end there was no
detectable Mg2* and Ca2* in the NaCl wtsh from the cells
prepared for Mg2+ and Ca2t analysis.

1

Correction for trapped plasma

The washed intact erythrocytes were gently inverted for 5
minutes on a Coulter mixer (Coulter electronics). A
microhaematocrit capillary sample was taken for packed ceil
volume {PCV)} determination using a microcentrifuge (Heraeus
Christ GmbH). The PCV of the erythrocyte samples varied
between 85% and 92%.

Validations of techniques for Isolating platelets and

erythrocytes are presented in Appendix F.

8.3.2.2 Cation analysis

8.3.2.2.1 Sevrum cations

8.3.2.2.1 (i} Preparation of serum

The cation content of serum was measured. The plasma
obtained from the heparinised blood samples was allowed to

stand at room temperature for one hour. The fibrin clots
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were removed Teaving the clear serum., This serum was used

for the determination of the ien concentration.

8.3.2.2.1 (1i) Methods

8.3.2.2.1 {ii a) Sodium and potassium

Sodium and X* were measured undiluted by digital fiame
photometry (543 Flame photometer, Instrumentation
Laboratories). The serum samples were aspirated directly
intc the flame photometer and Na*t and K¥ were measured
simultaneously. See Appendix G (a and ¢) for details

regarding the principles aud methods of photometry.

§.3.2.7 . {41 b) Magnesium and calcium

Magnesium and Ca2* were determined by Atomic absorption
spectroscopy {Varian Techtron AA 175) (Dawson and Heaton,

- 1861). See Appendix G (b and d) regarding the principles
and methods of AAS. For Mg2* and Ca2* analysis, 0,1 ml of
serum was diluted to 5 ml1 in 0,2% Yanthanum oxide for Mg2t
and in 0,1% lanthanum oxide for Ca2?*. The standard
electrolyte solutions were diluted in the same manner andg
used to calibrate the AAS. The standard concentrations
for Mg2* were 1,0 - 4,0 mmol/1 and for Ca2t 1,0 - 3,0
mmol/1. The ions were determined individually, and the

concentration obtained directly from the digital printout.

146



8.3.2.2.2 Platelet cations

8,3.2.2.2 (i) Preparation of platelet lysates

Sodium and K* were measured by flame photometry in the
plateiet preparation for Nat and K* and Mg2t and Ca? vere
measured by AAS in the platelet preparation for Mg2t and
Ca2*, None of the cations were detectabie under these

conditions.

The washed, intact platelets at concentrations of 1 x 108
cells/ml were then lysed by adding 10 Jul of a 20% Saponin
solution to each platelet suspension. The Tysed suspension

was mixed well for 5 minutes on a Coulter mixer,

Sodium, K*, Mg2* and Ca2t were measured in the lysate.
Since the ions were not detected in the prelysed
suspension, the concentration of cations measured in the
Tysate was that derived from the lysed platelets.

8.3.2.2.2 (11) Methods

g8.3.2.2.2 (11 a} Magnesium and calcium

Magnesium and Ca2* were analysed by AAS, the technique of
which 1s described in Appendix §.b. The sampies were
prepared as for serum {Dawson and Heaton, 1961). Low

standard concentrations (1,0 to 3,0 Jumol/mi) were diiuted
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in the same way as the platelet samples. The instrument
was zerced on distilled, deionised water and calibrated

with the standards. Results were read directly off the

digital printout.

B.3.2.2.2. (1i b) Sodium and Potassium

Sodium and K* were measured by flame photometry. See
Appendix G.a. for methods describing the use of flame
photometry. The samples were prepared as for serum except
that the instrument was calibrated with different standards
- Nat - 5,0 sumol/mi; K¥ ~ 100 Jumot/m1.

The sensitivity of the machine was increased by expanding
the Scale 10 fold for Na‘t analysis and by using the 0-200

Jumol/ml (0-200 mmol/1) scale for Xt measurement.
The final content of platelet catians was expressed as
Jumol/mi/1 x 108 cells/mi

——p sumol/1 x 108 cells

8.3.2.2.2 {111} Platelet cations - unit of measurement

An important property of a result 1s the units of
measurement. The units determine the ease of comparison
among measurements; within a study and between
investigators. Biochemica’ results are usually expressed

as a ratio of two measurements. The numerator for fluid
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and tissue analysis is often mass or molecular units which
are easily interconverted. The denominator unit for fluid
ts volume, For cellular analysis, the denominator unit is
a potential problem where several uni*s may be chosen
depending on the technigue e.g. cell count, DNA analysis
and protein concentration (Elin, 1988; Ladefoged and Hagen,
1988; Ralston et al, 1989). Since these units can not
readily be converted from onz to another, comparizons of
results between studies are difficult. The differences
between “concentration® and "content” are defined by the
denominator. The definition of concentration is “the
quantity of a substance per unit volume or weight" and the
definition of content is "that which 1s contained within
the thing" {Stedmans medical dictiokary, 1982). When
expressing "content”, the number of ceils is used as the
denominator whereas in that for expressing “concentration",

the denominator relates to the volume or wmass of the cell.

In this study the unit of expression for platelet cations
was umol/cell number - consequently, according to the above
definition, the platelet cation content was determined,

One of the problems with this wmeasurement is that the unit
{the cell) is dependent on the volume or size of the unit.
Since the platelet volumes were within normal 1imits for
all the platelet specimens, inter sample variability was

minimised.
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8.3.2.2.3 [rythrocyte cations

8.3.2.2.3 {i) Preparation of erythrocyte lysates

The ions were measured in the final supernatant wash.
Magnesium and Ca2t were not detected in the erythrocyte
preparation for Mg2t and Ca2* and Na‘' and K* were not

detected in the preparation for Nat and K*.

The method for determining erythrocyte cation
cuncentrations was based on that described by Fortes Mayer
and Starkey (1977). The washed erythrocyte suspensicns
were lysed by the addition of 2n /u1 of a 20% Saponin
solution. The erythrocyte lysate was mixed well on a

Coulter mixer.

8.3.2.2.3 {ii) Methods

8.3.2.2.3 (i1 a) Sedium and potassium

For Na* and K* analysis 0,3 ml of the well-mixed Tysate was
added to 10 m1 of 1ithium nitrate diluent {15 mmol/1) with
an automatic pipette (Oxford Laboratories Ltd, U.K.).
Because the lysate was very viscous {PCY 85-92%, pre-
iysing) a "washout" pipetting technique was employed. The
standard cation solutions were diluted in the same manner
as the erythrocyte sauples. The standard concentrations

used to caltibrate the instrument were:-
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Nat : 5,0 mmol/1

K*¥ : 100 mmol/1
To increase the sensitivity of the flame photometer the
scale for “a' was adjusted ten times and the range for K*
was changed to the 0 - 200 mmol/1 scale. Since manual
ditutions were made, the automatic diluter of the flame
photometer was not used. The diluted lysed samples were
aspirated directly into the instrument. The cation
concentrations were read off the digital printout.

(Appendix Ga).

In order to correct for the trapped extracellular fluid,
the packed cell volume {PCY) was taken into account when
calculating the final concentrations. The finail
erythrocyte Na* and K* concentrations were determined from

the formulae:-

- Erythrocyte Nat {mmol1/1) = recorded Na* value x 100

- Erythrocyte K* {mmol1/1) = recorded K* value x %%%

8.3.2.2.3 (11 b) Magnesium and calciun

Erythrocyte Mg2* and Cal* were measured by AAS. (See
Appendix G.b). For Mg2t analysis, 0,1 ml of well mixed
erythrocyte lysate was diluted to 5,0 ml with 0,2%
lanthanum oxide. The Mg2t standards varied between 1,5 and

4,0 mmol/1 and were diTuted in 0,2% lanthanum oxide as for
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the lanthanum oxide samples. For ca2+ determination, 0,1
ml of erythrocyte lysate wae mixed with 4,9 ml 0,1%
Tanthanum oxide. The standards (1,0 - 10,0 (umol/1) were
diluted in the same way. For Mg2* determination the AAS
was set at a wavelength of 285.2 nm ard for Ca2+* at a
wavelength of 422.7 nm. The instrument was zeroed with
distilled, deionised water and calibrated with the
standards. The samples were aspirated and the
concentration read off the digital printout. The ions were

medsured separately.

To correct for the trapped extracellular fluid, the PCY was
taken into accoun% in the final calculations. Final
erythrocyte Mg2* and Ca?t concentrations were calculated
from the formulae:
- erythrocyte Mg2* {mmol1/1} = recorded Mg2+ value x 100
PCY
- erythrocyte Ca2* {umo1/1) = recorded Ca?t value x 100
PTV
Vailidations of the tech.uiques for preparing cells for
cation determination are presented in Appendix F. iii.
For 211 determinations duplicate samples were prepared.
Three measurements were performed on each sample. Thus for
each subject, six readings were obtained for each parameter
studied. The mean value was taken for analysis. After
processing five samples, the instruments (Flame photometer

and AAS) were recalibrated with the blanks and standards.
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8.3.2.4 Serum gamma glutamyl transferase, creatinine and

albumin

Serum gamma glutamyl transferase (GGT} albumin ind
creatinine concentrations were determined by automated
methods at the South African Institute for Medical Research
(S.A.I.M.R). 2 samples were processed blind and the
technician performing the tests was unaware from which
group the blood samples were obtained. Details of the

methods are described i Appendix H.

The accuracy of technigques is detaiied in Appendix I.

8.4 RESULTS

One hundred and f{fty four subjects entered into the

study - 104 blacks and 50 whites. 1In the black group 52
subjects had essential hypertension #~- 52 had normal blood
pressure. In the white group, 26 subjects were
normotensive and 24 were hypertensive. There were 29 males
and 23 females in the biack normotensive group and 22 males
and 30 females in the black hypertensive group. 1In the
white group, there were 13 majes and 13 females in the
normotensive group and 10 males and 14 females in the

hypertensive group.

153



8.4.1 Clinical characteristics of the grotps -

8.4.1.1 Blood pressure

8.4.1.1 (1) Black group (Table 8.1)

The mean SBP and DBP in the normotensive group was 123 +
mmHg and 76 + 8 mmHg respectively. 1In the hypertensive
group, the mean SBF was 167 + 22 mmHg and the mean DBP was
105 + 11 mmHg. The mean MAP in the normotensive and
hypertensive groups were 92 + 8 mmHg and 126 + 12 mmHg
respectivaly. Systolic blood pressure, DBP and MAP were
significantly higher in the hypertensive group compared to

the normotensive group (P < 0,0001).

8.4.1.1 (1i) White group (Table 8.2)

In the normotensive group the mean SBP was 122 + 9 mmHg and
the wean DBP was 71 + 6 mmHg. The mean SBP and DBP in the
hypertensive group was 176 + 19 mmHg and 107 + 17
respectively. The mean MAP in the normotensive group was
88 + 5 mmHg and 130 + 15 mmHg in the hypertensive group.
Systolic blood pressure, DBP and MAP were significantly
increased in the hypertensive subjects compared to their

normotensive counterparts (P < 0,0001).
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Table 8,1:

£linical characteristics of the black group

Black Group

Hormotensive Hypertensive
Total n 52 52
Female n 23 30
Male n 29 22

Mean + SD Mean + SD

Variab?é
Age (years) 43 + 9 47 + 11
Height (m)} 1,69 + 0,08 1,63 + 0,09
Weight {Kg) 71 + 12 70 + 11
Q1 (Kg/m?) 25 + 5 26 + 4
SBP {mmHg) 123 + 11 167 » 22%
DBP {mmHg) 76 + 8 106 + 11%
MAP {mmhHg) 92 + & 126 + 12*
HR {(beats/min) 67 + 8 71 + 10

SBP = systolic blnod pressure; [BP = diastolic blcod pressure;
MAP = mean arterial pressure; HR = heart rate; QI = quetelet index
* p < 0,0001 hypertensive versus normotensive |
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Table 8:2: Clinical characteristics of the white group

White Group

Normotensive Hypertensive
Total n 26 24
Femaie n 13 14
Male n - 13 10

Mean + SD Mean + SD
Variable
Age [years) 44 + 10 47 + 12
Height (m) 1,72 + 0,07 1,70 + 0,07
Weight (Kg) ..+ 15 75 + 16
QI (Kg/m?) 24 + 4 27 + 5
SBP (mmHg) 122 + 9 176 + 19*
DBP (mmHg) 71 + 6 107 + 17*
MAP (mmHg) 88 + 5 _ 130 + 15%
HR (beats/min) 69 + 10 78 + 12

SBP = systolic blood pressure; DBP = diastolic blood pressure;
MAP = mean arterial pressure; HR = heart rate; QI = quetelet index.
* P < 0,0001 hypertensive versus normotensive

oY
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8.4.1.1 {i1i) @&roups combined (black 2nd white)
{Table 8.3)

The mean SBF, DBP and MAP in the normotensive group was 123
+ 10; 75 * 8; 91 + 7 mmig respectively. In the
hypertensive group, mean SBP was 170 + 21 mmHg; mean DBP

106 + 13 mmHg and mean MAP 127 + 13 mmHg.

Comparing the groups, SBP, DBP and MAP were significantly
higher in the hypertensive subjects compared to the

normotensive subjects (P < 0,0001).
8-4-1.2 ‘Eg.e_ (TabTES 8-1-8.3)

The mean age of the black normotensive group was 43 + 9
years and 47 + 11 years in the black hypertensive group.
In the white subjec¢ts, the mean age in the normotensive
group was 44 + 10 years and 47 + 12 years in the
hypertensive group. 1In the combined black and white
groups, the mean age in the normotensive group was 44 + 10

years and 47 + 12 years in the hypertensive group.
The normotensive and hypertensive groups {black, white and

combined) were age matched, with no significant difference

in age between the two groups.
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Table 8.3: C1inical characteristics of the combined black
and white groups.

Combined black and white groups

Nermotensives Hypertensives

BNT + MUNT BHT + WHT

{n = 78) {n = 76)
Variable
ERge (years) 44 + 10 47 + 12
Height (m) 1,70 + 0,07 - 1,65 + 0,08
Weight (Kg) 72 + 13 72 + 12
a1 (kg/m?) 25 + § 26 + 5
SBP (mmig) 123 + 10 170 + 21%
DBP (minHg) 75 + 8 106 + 13*
MAP (mmHg) | 91 + 7 127 + 13%
HR (beats/min) 67 + 9 73 + 11
GET {u/1) 29 + 28 25 + 31
Albumin (g/1, 43 + 4 44 + §
Creatinine (,umol/1) 90 + 13 89 + 16

—

SBP = systolic bloocd pressure; DBP = diastolic blood pressure;
MAP = mean arterial pressure; HR = heart rate; QI = quetelet
index.

* P < 0,0001 bypertensive versus normotensive
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8.4.1.3 Height, weight, Quetelet Index (n1)
(Tables 8.1-8.3)

There were no significant differences in height, weight and
RI between the normotensive and hypertensive groups.
{(black, white and combined groups). The white normotensive
males were heavier than the white normotensive females

(Table 8.6).

8.4.1.4 Heart rate {HR) (Tables 8.1-8.3}

Although HR was higher 1n the hypertensive groups compared
to the novrmotensive groups, there was no significant

difference in HK between the groups.

8.4.1.5 Serum albumin (Table B.4)

The mean serum albumin level in the black normotensive
group was 42 + 4 q/1 and 42 + 4 g/1 in the black
hypertensive group. In the white subjects, the mean s.rum
albumin level was 45 + 4 g/1 in the normotensive and

46 *+ 5 g/1 1n the hypertensive group. There were no
significant differences in serum albumin concentration

between the normotensive and hypertensive groups.

8.4.1.6 Serum creatinine (Table 8.4)

In the black group, the normotensive subjects had a mean
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serum creatinine level of 99 + 13 umol/1 and the
hypertensive subjects a level of 88 + 16 umol/1. The mean
serum creatinine concentrations in the white normotensive
and hypertensive groups were 8Z + 14 umoi/1 and 90 + 16
mmol/1 respectively. Serum creatinine levels did not
differ significantly between the normotensive and

hypertensive groups.
8.4.1.7 Serum GGT {Table 8.4)

e wean serum GGT levels iﬁ the black normotensive and
ngive groups were 37,4 + 31 U/1 and 30,8 + 35 /1
vely. In the white normotensivg group, the serum

‘GGT ~eq C c%ration was 12,6 + 8 U/T and 11,8 + 8 U/1 in the
white aypertensive group. Serum GGT levels did not differ
significantly between the normotersive and hypertensive
groups. When comparing the black and white groups,

{normotensive and hypertensidé groups), serum GGT was

significantly elevated in the black subjects (P < 0,08)

(Table 8.5).

Tables 8.6-8.11 present the clinical characteristics in the

male and female, normotensive and hypertensive, black and

white groups.
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Table 8.4: Serum albumin, creatinine and gammaglutamyl transferase (GGT)
Tevels in the different groups
Albumin Creatinine GCT
{g/1) ( yumol/1) {u/1)

Group Mean + 5D  Range Mean + SD  Range Mean + SD  Range
BNT (total) 42 +4 37 ~ 46 99 + 13 89 -~ 113 37,4+ 31 6 - 120
female 41 +4 37 - 45 100 + 5 102 - 112
maie 43 +3 39 - 46 101 + 12 89 - 113
BHT (total) 42+4 37 - 46 88 +16 72~ 104 30,8 +35 5 - 200
female 42 + 4 37 - 46 80 + 16 59 - 100
male 42+3 39 -43 9% +8 88 - 104
WNT (total) 45+ 4 41 - 49 82 + 14 68 - 96 12,6 +8 3 - 36
female 41+4 37-45 77+4 72 - 81
male 8+4 41 -52 86 + i4 66 - 97
WHT (total) 46 +5 4] -51 20+16 84 -106 11,8+8 1 .32
female 42+6 36 - 48 80 + 17 63 - 97
male 49 +3 46 - 52 103 +9 94 - 112

BNT = black normotensive; BHT = black hypertensive;
WNT = white normotensive; WHT = white hypertensive



Table 8.5: Patrwise-t-test comparisons for serum gammagiutamyl
transferase beiween the black and white groups.
Significant p values are presented.

Group

BHT

BNT

WHT

WRT

BHT

NS

0.003

0,003

BRT WHT WNT
0,0004 -
0,0004 NS -

NS = not significant

Group:

BHT
BNT
WHT
WNT

black hypertensive group
black normotensive group
white hypertensive group
white normotensive group
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Table 8.6: Ciinical characteristics in the black normotensive
and hypertensive, male and femaie groups

Normotensive Group Hypertensive Group

Females Males Females Maies
Variable
Age {years) 43 + 8 42 + 9 47 + 11 48 + 14
Height (m) 1,62 + 0,03 1,76 * 0,05 1,57 £+ 0,06 1,72 + 0,0
Weight (Xg) 74 + 16,4 76 + 11 70 + 13 72 + 9
QI (Kg/m?) 28 + 2 25 + 4 28 + 4 24 + 3
SBP (mmHg) 117 + 10 178 + 11 167 + 24* 167 + 10%
DBP (mmHg) 75 + 8 7 + 7 105 + 11% - 104 + 12%
MAP (mmHg) 89 + 8 94 + 7 126 + 13* 125 # 11*
HR {beats/min) 67 + 7 - 66 + B 69 + 8 74 + 12

* p < 0,0001 hypertensive versus normotensive



Table 8.7: Clinical characteristics in the white normotensive an
hypertensive, male and female groups

Normotensive Group Hypertensive Group

Females Males Females Males
Yariabie
Age {years) 42 + 11 47 + 10 51 + 12 42 + 12
Height {m) 1,66 + 0,05 1,79 + 0,02 1,63 + 0,06 1,72 + 0,0
Weight {Kg) 64 + 16 81 + 9% 70 + 18 81 + 10
Q1 {Kg/m?) 23 + 6 25 + 2,7 26 + 7 27 + 3
SBP (mmHg) 119 + § 126 + 7 174 + 20% 181 + 17*
DBP (mmHg) 72 + 6 70 + 6 106 + 14* 107 + 21%
MAP (mmHg) 88 + 6 89 + 5 129 + 13% 132 + 18*
HR (beats/min) 74 + 7 64 + 10 77 + 13 80 + 9*

* p < 0,0001 hypertensive versus normotensive
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fable 8.8: Students-t-test comparison of MAP between the male and

female, black and white, normotensive and hypertensive
groups. Significant P values are presented.

Groups 1} 2 3 8 5 6 7 8
1 -
2 NS -
3 0,0001 0,0001 -
4 0,0001 40,0001 NS -
5 NS NS 0,0001 0,0001 "
6 NS NS n,0001 00,0001 NS -
7 0,0001 0,0001 NS 0,09 0,0001 00,0001 -
8 0,0001 0,0001 NS NS 0,0001 90,0001 NS -
Group
1 = Hlack {B) hypertensive (HT) female
2 = BHT maie
3 = B normotensive {NT) female
4 = BNT male
6 = white (W) HT female
6 = WHT male
7 = WNT female
8 = HNT male
NS = not significant



Tabie 8.9: Students-t-test comparison of DBP between the male an
female, black and white, normotensive and hypertensivi
groups. Significant P values are presented.

Groups 1 2 3 4 5 6 7 {

1 -

2 . NS -

3 0,0001 0,000l -

4 0,0001 0,000% NS -

5 NS NS ~ 0,5001 0,0001 -

6 NS NS 0,0001 0,0001 NS -

7 0,0001 10,0001 NS NS 0,0001 0,0001 -
8 NS

00,0001 0G,0001 NS NS 06,0001 0,0001

Group

0~ h & B W N R

=
Ly

biack (B} hypertsnsive {HT) female
BHT male

B normotinsive (NT) female

BNT male

white {W)} HT female

WHT male

WNT female

WNT male

not significant
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Table 8.10:  Students-t-test comparison of SBP between the male
and female, black and white, normotensive and
hypertensive groups. Significant P values are
pressnted,

Groups 1 2 3 4 5 6 7

NS -
0,0001 0,0001 -
0.,0001 o0,0001 0,02 -
L33 NS 0,0001 0,0001 -
0,03 0,03 0,0001 0,0001 NS -
0,0001 0,0001 NS NS  0,0001 0,0001 -
0,0001 0,0001 NS NS  0,0001 0,000] NS

e =~ o th & W M

Group

1 = black {B} hypertensive (HT} female
2 = BHT male

3 = B normutensive {(NT) female

4 = BNT male

5 = yhite (W} HT female

6 = WHT male

7 = WNT female

8 = WNT maije -

NS = not significant



Table 8.11: Students-t-test comparison for Age hetween the male and
female, black and white, normotensive and hypertensive
groups. Significant P values are presented.

Groups 1 2 3 g 5 6 7 8
1 -
2 NS -
3 NS NS -
4 NS NS NS -
5 NS NS 0,02 0,008 -
6 NS NS NS NS G,03 -
7 0,06 .05 NS NS 0,008 NS -
B NS NS NS NS NS NS NS -
Group
1 = black (B) hypertensive {HT) female
2 = BHT male
3 = B normotensive {NT} female
4 = BNT male
5 = white (W)} HT female
6 = WHT male
7 = WNT female
8 = WNT male

NS = not significant
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8. .2 Correlation studies between the clinical variablies

and blood pressure (Tahles 8.12:; 8.13}

In the black group, the only significant correlation vw.th

blood pressure was height in the normotensive subjects (P =
0,009). There were no signjficant correlations hetwoon the
variables of age, QI, HR, serum albumin, serum creatinine,

serum GGT and MAP in any of the groups.
When the black uand white, normotensive and hypertensive
groups were combined, age was significantly related to MAP

(r =0,23; P = 0,004).

8.4.3 Biochemical Data

8.4.3.1 Serum ions (Tables 8.14-8,17;
Figures 8.1-8.4)

8.4.3.1 {1) Black group

Serum K* and serum Mg2* concentrations were significantly
Tower 1n the hypertensive group compared to the
normotensive group (P < 0,01). There were no signfficant
differences in serum Nat and serum Ca2* between the groups.
Serum ion concentrations were not significantly di¥ferent

between males and fema1e£ {Tables 8.14; B.15).
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Table 8.12: Pearsons correlation coei.icients {r) and probabilities
(P} for correlations between MAP and the clinical
variables in the black group.

Btack Group

Normotensive Hypertensive

r P r P
Age {years) 0,23 0,00 0,08 0,53
Height {m) 0,35 0,009* 0,04 0,75
Weight (Kg) 0.02 0,85 G,04 0,76
Qv (Kg/m?) 0,05 0,71 0,11 0,42
SBP (mmHg) 0,76 0,0001* 0,86 0.0001*
DBP {mmHg) 0,83 0,0001* 0,83 0,0001*
HR {beats/min} 0,16 0,23 0,08 0,54

*  significant correlation
SBP = systolic blood pressure; DBP = diastolic blood pressure;
HR = heari rate; QI = quetelet index.



Table 8.13: Pearsons corretation coefficients for correlations
between MAP and the clinical variables in the white

group.
White Group

Normotensive Rypertensive

r P r P
Age (years) 0,05 0,78 0,04 0,84
Height {m) 0,31 0,10 0,10 0,63
Weight {Kg) 0,37 0,06 0,23 0,26
QI (Kg/m?) 0,30 0,10 0,28 0,16
SBP {mmHg) 0,67 0,0002* 0,74 (.0001%
DBP (mmHg) 0,81 0,0001* 0,91 0,0001*
HR (beats/min)  -0,22 0,28 0,33 0,11

$8P = systulic blood pressure; DBP = diastolic blocd pressure;
HR = heart rate; QI = guetelet index.
* = gignificant correlation

[}
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Table 8.14: Serum, erythrocyte and piatelet cations Tevels in
the black normotensive and hypertensive groups.
Black Group
Normotensive Hypertensive
P value
Variabie Normotensive vs
Hypertensive
Serum Na* 138 + 2,6 138 + 3,1 0,11
Erythrocyte Na* 9,9 + 1,7 10,7 + 2,7 0,08
Platelet Na* 1,44 + 0,33 1,64 + 0,28 0,003*
Serum K* 4,01 + 0,34 3,79 + 0,34 0,0009*
Erythrocyte K* 83 + 7 86 + 10 0,07
Platelet K* 4,49 + 1,34 4,61 + 1,34 0,70
Serum Ca2* 1,99 + 0,13 2,08 + 0,32 0,07
Erythrocyte Ca%* 4,64 + 1,15 6,77 + 1,12 0,0001*
Fiatelet Ca®* 1,48 + 0,35 1,62 + 0,41 0,05%
Serum Mg2* 0,86 + 0,12 0,71 * 0,10 0,0001%
Erythrocyte MgZ* 2,53 + 0,37 2,18 + 0,41 0,0001*
Platelet Mg?* 2,09 + 0,40 1,64 + 0,81 0,0001*

Serum vatues are expressed as mmol/1, erythrocyte values as mmol/1
except erythrocyte Ca?* which is expressed as /um01/1, and platelet
values as jumol/1 x 108 cells.

* = gignificant difference
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Potassium B Normotensive group
§ Hypertensive group
% p = 0,0008
NTvaMT

Biack group White group
§ = serum
E = erythrocyte
Figure B,2, P = plateie; )

- Serum, pistolst and erythrocyte potassium concentrations In
the the black and white normotenaive and hyperisniziva groups

Sertim and erythrocyte ulu,: expressed &3 mmoi/l,plateiet values
sxpressed ms 1 x 10



Table 8.15:

Serum, erythrocyte and platelet cation concentrations

in the female and male normotensive and hypertensive black

groups.
Black Group
Normotensive Hypertensive
Variable Female Male Female Male
serum Na* 138 + 2,0 139+29 138+3,2 138 +2,]
Erythrocyte Mat 9,7 +1,30 10,2 +1,92 11,2 + 3,2 10,1 + 2,0
Platelet Na* 1,42 + 0,33 1,45 + 0,33 1,56 + 0,20 1,69 + 0,29%
Serum K* 4,1 + 0,37 3,89 +0,25 3,71 +0,35 3,83 + 0,32
Erythrocyte K 80 + 7,4 83+7,3 87+10,7 86+8,5
 Platelet k¥ 4,8 +1,30 4,3+1,33 4,6 +1,40 4,6+ 1,41
Serum Ca2* 1,98 + 0,18 2,10 + 0,09 2,10 + 0,33 2,09 + 0,31
Erythrocyte Ca?* 4,3 + 1,11 4,9+1,10 6,8+1,30 6,7 + 0,01
Platelet Ca®* 1,51+ 0,42 1,46 40,29 1,60 + 0,51 1,62 + 0,32
Serum Mg2* 0,90 + 0,13 0,83 + 0,09 0,70 + 0,11 0,73 + 0,09
Erythrocyte MgZ* 2,48 + 0,26 2,57 + 0,44 2,24 + 0,40 2,11 + 0,42
Platelet Mg2* 2,1 +0,50 2,0+0,30 1,62 +0,40 1,55+ 0,37

Serum values are expressed as mmol/1, erythrocyte values as mmol/1 except
erythrocyte Ca?* which is expressed as /um01/1, and platelet values as
/um01/1 x 108 cells,

* p < 0,01 males versus females
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Serum, pistelst and erythrocyte calcium cdncentrations in
the bisck and white normotensive and hypartensive groups.
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calcium expressed &s umaot/l and plstelet valuas as pmol/1x 100 culls



Serum, erythrocyte and plateiet cations levels in
the white normotensive and hypertensive groups.

Table 8.16:

White Group
Normotensive Hypertensive
P value

variabie Normotensive vs

Hypertensive
Serum Na* 138 + 2,9 136 + 3,2 0,06
Erythrocyte Na© 9,8 + 2,31 10,7 + 2,93 0,005*
Platelet Na* 1,45 + 0,42 1,76 + 0,30 0,001*
Serum K* 3,91 + 0,36 3,73 + 0,41 0,16
Erythrocyte K* 88 + 9,1 86 + 14,3 0,37
Platelet K* 4,19 + 1,04 3,99 + 1,11 0,66
Serum CaZ* 2,18 + 0,27 2,02 + 0,35 0,02
Erythrocyte Ca?* 5,17 + 2,18 6,18 + 1,67 0,009%
Platelet Ca®* 1,45 + 0,29 1,65 + 0,44 0,05%
Serum Mg 0,85 + 0,05 0,79 + 0,17 0,08
Erythrocyte Mg2* 2,51 + 0,45 2,31 + 0,52 0,06
Platelet Mg?* 2,11 + 0,32 1,53 + 0,51 0,02%

Serum values are expressed as mmol/1, erythrocyte values as. mmol/}
except erythrocyte CaZ¥ which is expressed as ,umol/1, and platelet
values as ,umol/1 x 108 cells,

* = gignificant difference
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Table 8.17: Serum, erythrocyte and platelet cation concentrations in
the female and male normotensive and hypertensive white

Groups.
White Group
Normotensive Hypertensive

variable Female Maie Female Male
Serum Na* 137 + 3 130 + 2 136 + 3 138 + 3.
Erythrocyte Na* 9,8 + 2,01 9,8 + 1,72 9,6 + 2,20 12,2 + 0,27
Platelet Na¥ 1,43 + 0,58 1,45 + 0,17 1,71 + 0,32 1,82 + 0,27
Serum K 3,7+ 0,43 4,04 0,21% 3,6 +0,20 3,9 +0,48
Erythrocyte K* 90 + 6 85 .+ 11 90 + 13 81 + 14
Platelet K* 4,5+0,99 3,9+1,06 3,8+1,30 4,2+0,73
Serum Ca®* 2,22 + 0,32 2,15+ 0,21 2,10 + 0,42 1,99 + 0,22

Erythrocyte Ca?* 6,5+ 1,98 5,9+ 1,31 5,6+ 2,50 4,6 + 1,49
Platetet Ca®* 1,52+ 0,32 1,39 + 0,24 1,55 + 0,47 1,79 + 0,39

Serun Mg2* 0,83 + 6,05 0,87 + 0,04 0,83 + 0,15 0,74 + 0,20*
Erythrocyte Mg?* 2,3 + 0,26 2,7 + 0,53¢ 2,4 + 0,48 2,2 + 0,57
Platelet Mg2* 2,1 0,32 2,2+0,33 1,50 + 0,60 1,61+ 0,36

Serum values are expressed as mmol/1, erythrocyte values as mmol/1 except
erythrocyte Ca?* which is expressed /umol/1, and platelet values as
sumol/1 x 108 cells.

* p < 0,01 males versus females
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8§.4.3.1 (i1) Mhite group

Serum Ca2t levels were significantly lower in the
hypertensive subjects compared to their normotensive
counterparts (P = 0,02). There were no significant
differences in serum Na*, ¥t and Mg2* between the groups.
In the normotensive group serum K* was significantly lower
in the females then the males {P < 0,08). There were no
other significant differences in serum ions between the

sexes, (Tables 8.16; 8.17).

8.4.3.1 (111} Combined black and white groups

In the combined black and white group, serum K* and serum
Mg2* concentrations were significantly lower in the

hypertensive group (P < 0,01) (Figure 8.5; Table 8.18).

8.4.3.2 Intracellular cations (Tables 8.14-8.17;
Figures 8.2-8.5)

8.4.3.2.1 Erythrocyte cations

8.4.3.2.1 {i) Black group

Erythrocyte Mg2* concentration was significantly Tower and
erythrocyte Ca2* significantly higher in the hypertensive
patients compared to the normotensive subjects (p =

0,0001}. There were no significant differences in
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Table 8.18: Serum, erythrocyte and platelet cation
lTevels in the combined black and white
groups.

Normotensive Group Hypertensive Group

Black and White Black and White
(n = 78) {n = 76)

Serum Na* 138 + 3 137 + 3
Erythrocyte Na* 9,9 + 1,93 10,7 + 2,7
Plateiet Na* 1,44 + 0,36 1,67 + 0,29%
Serum K* 3,98 + 0,35 3,78 + 0,36*
Erythrocyte KV 84 + 8 86 + 11
Platelet k* 4,39 + 1,24 4,41 + 1,39
Serum Ca?* 2,05 + 0,21 2,06 + 0,33
Erythrocyte Ca?* 5,15 * 1,52 6,26 + 1,69%
Platelet ca?* 1,47 + 0,33 1,63 + 0,42*
Serum Mg2* 0,86 + 0,11 0,74 + 0,1%%
Erythrocyte Mg?* 2,52 + 0,39 2,22 + 0,45
Platelet Mg2* 2,10 + 0,37 1,53 + 0,44%

Serum values are expressed as mmol/J, erythrocyte values as
mmo1/1 except erythrocyte £a2* which is expressed as umot/1,
and platelet values as Jumol/1 x 108 celis.

*p < 0,05
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erythrocyte Nat and K* betweesn the groups. Erythrocyte
Mg2* and K* was significantly Tower in the normotensive
females compared to the normotensive males., There were no
other sexual differences faor erythrocyte ions in the black

group (Tables 8.14; 8.15).

8.4.3.2.1 (i1} MWhite group

In the hypertensive group, erythrocyte Na+ and cad+
concentrations were significantly increased compared to the
normotensive group (P < 0,01). Erythrocyte Mgt and K*
fevels were simifar in the normotensive and hypertensive
sybjects. 1In the normotensive group, erythrocyte Mg2t
concentration was significantly lower in the females
compared to the males (P = 0,04), 1In the hypertensive
group, erythrocyte Na‘* was significantly raised in the
mates (P = 0,02) (Tables 8.16; 8.17).

8.4.3.2.1 (ii1) Combined black and white group

In the combined group, the only significant difference
between the normotensive and hypertensive subjects was
erythrocyte Ca2%., The hypertensive patients had a
significantly elevated erythrocyte Ca* concentration
compared to the control subjects (P = 0,02) {Table 8.18:
Figure 8.6).
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9.4.3.2.2 Platelet cations (Tables 8.14-8.17;
F1gure5 8-2-3.5).

8.4.3.2.2 (i) Black group

platelet Nat and Ca2* levels were significantly higher in
the hypertensive patients compared to the normotensive
subjects (P < 0,05). In the hypertensive group, platelet
Mg2t was significantiy decreased (P = 0,0001) .compared to
the normotensive group. 1In the hypertensive subjects, the
females had Tower levels of platelet Na*t compared to the

males (P = 0,08) {Tables 8.5.14, 8.5.15}.

8.4.3.2.2 (ii) MWhite group

Platelet Na* and Ca2* concentrations were significantily
elevated in the hypertensive group compared to the
normotensive group (P < 0,05}. Platelet Mg2t was
significantly lower in the hypertensive compared to the
normotensive subjevts (P = 0,02). There were no
significant differences in platelet cations between males
and females in both the normotensive and hypertensive
groups {Tables 8.5.16, 8.5.17).

8.4.3.2.2 (1i1) Combined black and white group

Platelet Mg2* was significantly decreased in the

hypertensive group compared to the normotensive group (p =
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0,001). 1In the hypertensive black and white combined
group, platelet Na* and ca2* concentrations were
significantiy higher compared to the levels in the
normotensive group (P < 0,01). There was no significant
differ¢nce in the platelet K* concentration between the
normotensive and hypertensive groups (Table 8.18; Figure

8.7).

8.4.4 Comparisons of variables between black and white

hypertensive groups

Erythrocyte calcium was significantly higher in the black
hypertensive group compared tv the white hypertensive
group. This was true for males and females. Serum
maghesium was significantly lower in the black hypertensive
subjects compared to the white hypertensive group. There
were significant differences between the hypertensive black
males, black females and white females. There were no
significant differences for sodiuw and potassium between

the bTack and white hypertensive groups {(Tables 8.19-8.26).

8.4.5 Correlation Studies

8.4.5.1 Correlations of biochemical variables with MAP

8.4.5.1 (1) Black group ({Table 8.27)

In the normotensive group, there was a significant inverse
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Table 8.19: Pairwise-t-test comparisons for sodium between the
black and white groups. Significant p values are

presented.
Sroup BT BNT WHT WNT
BHT -
NS
BNT NS -
0,003
NS NS
WHT NS NS -
NS 0,0002
NS NS NS
WNT RS NS 0,005 -
0,01 NS 0,001

Top value represents serum Nat, middie value erythrocyte Nat and
bottom value platelet Na*.

Group: BHT = black hypertensive group
BNT = black normotensive group
WHT = white hypertensive group
WNT = white normotensive group

NS = not significant



Table 8.20: Pairwise-t-test comparisons for sodium between the male and
female, black and white, normotensive and hypertensive groups.
Significant P values are presented.

Group 1 2 3 4 5 6 7 8
1 -
NS
2 NS -
NS
NS NS
3 NS NS -
NS 0,01
NS NS NS
4 NS NS NS -
KS 0,01 NS
0,004 0,009 0,001 0,001
5 NS NS NS NS -
NS NS 0,01 0,02
NS NS NS NS 0,03
6 0,006 0,004 <,01 6,00 0,003 -
NS NS 0,003 0,004 NS
NS NS NS 0,03 NS NS
7 0,08 ¥5 . NS 0,06 0,04 0,001 -
NS 0,03 NS NS 0,03 0,009
NS NS NS NS 0,0007 NS NS -
8 0,08 NS NS 0,06 0,04 0,001 NS
NS 0,06 NS NS 0,06 0,01 NS

Top value represents serum Na*, middle value for erythrocyte Na* and
bottom value for platelet Na'.

Group Group
1 = BHT female 5 = WHT female
2 =  BHT male 6 = WHT male
3 =  BNT female 7 = WRT femaie
4 =  BHT male 8 = WNT male
NS = not significant

176



Table 8.21: Pairwise-t-test comparisons for 9otassium between
the black and white groups. Significant p values
are presented.

Group BHT BNT WHT NNT

BHT -
06,0009
BNT NS -
NS
NS 0,002
WHT NS NS -
NS NS
NS NS NS
HWNT NS NS NS -
NS NS NS

Top value represents serum K*, middle value erythrocyte kK* and
bottom value platelet K'.

Group: BHT = black hypertensive group
BNT = black normotensive group
WHT = white hypertensive group
WNT = white normotensive group

NS = not significant



Table 8.22: Pairwise-t-test comparisons for potassium between the male
ard female, black and white, normotensive and hypertensive
groups. Significant P values are presented,

Group 1 2 3 & 5 6 7 8
1 -
NS
2 NS -
NS

0,0001 0,001
3 0,001 0,04

NS NS
NS NS 0,005
4 0,06 NS NS -
NS NS NS
NS NS ¢,0001 0,01
5 NS NS 0,002 0,02 -
NS NS 0,07 NS 0,02
6 0,05 NS NS NS 0,01 -
NS NS NS NS NS
NS NS 0,001 NS NS NS
7 NS NS 0,002 0,01 NS 0,01 -
NS NS NS NS NS NS
0,01 0,06 NS NS 0,001 NS 0,03 -
8 NS NS NS NS NS NS N3
NS NS NS NS NS NS NS

Top value represents serum K¥, middle value for erythrocyte K* and bottom
value for plateiet Ma't.

Group Group
1 =  BHT female 5 = WHT female
2 =  PBHT male 6 = WHT male
3 = BNT female 7 = WNT female
4 = BNT male 8 = WNT male
NS = not significant
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Table 8.23:

Pairwise-t-test comparisons for calcium between

the black and white groups.

are presented.

Significant p values

Group

BHT

BNT

WHT

WNT

BHT BNT
NS

0,0001 -

0,05

NS 0,003
60,0001 NS

NS NS

NS NS

NS 0,0001
NS NS

KH HNT

0,02
0,009 -
0,n5

Top value represents serum Ca2+,
and bottom value platelet Cal*.

Group: BHT
4T

WHT

WNT

NS

it

black
black
white
white

hypertensive
normotensive
hypertensive
normntensive

not significant

middlie value erythrocyte cal*

group
group
qroup
group



‘fable 8.24: Palrwise-t-test compafisons for calcium beiween the male
and female, black and white, normotensive and hypertersive
groups. Significant P values are presented.

Group 1 2 3 4 5 6 7 8
1 -
NS
2 NS -
NS
NS NS -
3 0,0001 0,000 -~
NS NS
NS NS NS
4 0,000l 0,0001 NS -
NS NS NS
NS NS NS NS
5 0,012 0,02 0,009 NS -
NS NS NS NS
NS NS NS NS NS
6 0,0001 0,0002 NS NS NS -
NS NS 0,07 0,02 NS
NS NS 0,03 0,02 NS 0,01
7 NS NS 0,000t 0,0001 NS 0,002 -
NS NS NS NS NS NS
NS NS 0,06 NS NS 0,05 NS -
8 0,07 NS 0,001 0,03 NS 0,03 NS
0,07 0,08 NS NS NS 0,01 NS

Top value is for serum Ca+, middle value for erythrocyte Ca* and bottom
value for platelet Ca’.

Group Group
1 = BHT female 5 = WHT femaie
2 = BHT male 6 = WHT male
3 = BNT female 7 = WNT female
.3 = BNT wmale 8 = WNT male
NS = not significant
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Table 8.25:

Pairwise~-t-test comparisons for magnesium between

the black and white groups.

Significant p values are presented.

Group

BHT

BNT

HHT

WNT

BHT BNT
0,0001

60,0001 -
0,0001

0,04 0,02
NS 0,02
NS 0,04
0,0002 NS
0,001 NS
0,02 NS

WHT

NS
NS
0,02

WNT

Top value rapresents serum Mg2*, middle value erythrocyte Mg?*t
and bottom value platelet Mg2*.

Group:

BHT
BNT
WHT
WNT

black hypertensive group

black normotensive group -

white hypertensive group
white normotensive group

not significant



Table 8.26:

Pairwise-t~test comparisons for magnesjum between the male
and fewale, black and white, normotensive and hypertensive
groups,

Significant P values are presented.

Group

1

NS
NS
NS

0,0001

0,04

0,0001
0,0004
0,003

¢,0001

0,003

NS
NS

NS
NS
NS

0,003
0,0001
0,0003

0,001
0,0001

2 3 4 5 6 7 8
0,001

0,003 ~

0,0001

0,01 0,06

0,0002 NS -

0,0001 NS

0,03 - NS NS

0,04 NS NS -

NS 0,000: 0,0001

NS 0,002 0,06 NS

NS 0,06 0,01 HS -

NS 0,0C04 0,002 NS

0,03 NS NS NS NS

NS NS NS NS NS -

0,0004 NS NS 0,0004 0,005

0,004 NS NS NS 0,02 NS -
0,0001 NS NS 0,06 0,004 0,03
0,3001 NS NS 0,0001 0,0009 NS

Top value is for serum Mgz*, middlie value for erythrocyte Mgz* and bottom
value for platelet Mget,

Group
1
i
3
4

HE En

BHT
BHT
BNT
BNT

Group
female 5 = WHT female
sale 6 = WHT male
female 7 = WNT female
male 8 = WNT male

NS = not significant
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Table 8.27:

Pearsons correlation coefficients for
correlations between cations and MAP in the
black group.

Black Normotensive Black Hypertensive
r p r P
Serum Wa* 0,18 0,77 -0,05 0,70
Erythrocyte Na*  -0,06 0,66 0,24 0,08
Platelet Na* 0,13 0,37 0,09 0,49
Serum Kt 0,20 0,14 0,03 0,79
Erythrocyte k¥ 0,14 0,29 0,05 0,70
Platelct k¥ -0,23 0,08 0,16 0,24
Serum ca?* 0,06 0,66 -0,36 0,0009%
Erythrocyte Ca2* 0,36 0,000% 0,39 0,003*
Platelet a2t 0,02 0,87 0,37 0,007*
Serum Mgt 0,10 0,44 0,28 0,05+
Erythrocyte Mgt 0,02 0,90 0,02 0,82
Platelet Mgt 0,32 0,02* -0,28 0,05*




Table 8.28: Pearsons correlation coefficients for
correlations between cations and MAP in the
white group.

Panite Normotensive White Hypertensive
r p r P

Serum Na*  -0,14 0,48 -0,04 0,828
Erythrocyte Nat 0,29 0,14 0,21 0,31
Platelet Nat 0,27 0,17 0,42 0,04%
Serum K* -0,06 0,74 0,12 0,55
Erythrocyte  K* -0,07 0,71 -0,10 0,60
Platelet K* 6,01 0,96 0,35 0,09
Serum ca?t -0,14 0.50 0,18 0,38
Erythrocyte ca?t 0,02 0,91 ~0,09 0,64
Platalet ca?* 0,01 0,95 -0,02 0,90
Serum Mg2* 0,06 0,80 ~-0,30 0,08
Erythrocyte Mg2*t -0,32 0,11 -0,13 0,56
Platelet Mg2t .0,12 0,5 0,27 0,19
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correlation between platelet Mg2+ and MAP (r = -0,32; P =
n,02) and a significant direct correlation between
erythrocyte Ca2* and MAP {r = 0,36; P = 0,009). 1In the
hypertensive subjects, MAP was inversely related to serum
Mg2* (r = -D,25; P = 0,05) platelet Mg2* ( r = -0,28; P =
0,05) and serum Ca2* (r = -0,36; P = 0,01). Erythrocyte
Ca2+ and platelet Ca2t were positively correlated to MAP in
the hypertensive group; r = 0,36; P = 0,003 and »r = 0,37; P

= 0,007 respectively.

8.4.5.1 (i1} Mhite grouyp (Table 8.28)

In the normotensive group, there were no significant
correlations hetween the biochemical variables and HAP.

In the hypertensive group, there was a significant positive
correlation between plateiet Na* and MAP (r = 0,42; P =
0,04).

8.4.5,2 Correlations between the cations

8.4.5.2 (i) Black group {Tables 8.29)

In the normotensive group, there were significant positive

correlations between:

- serum Na* and erythrocyte Na* (r = 0,36; P = 0,009)
- serum K¥ and platelet ¥+ (r = 0,32: # = 0,02)

- platelet Mg2* and platelet Ca2* (v = 0,33; P = 0,01)
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Significant inverse correlations in the normotensive group

inciudeds~

platelet K* and platelet Na* (r = -0,32; P = 0,05}
platelet K* and serum CaZ¥ (r = -0,41; P = 0,002)
serum Ca2* and erythrocyte Nat {r = -0,33; P = 0,01)

platelet Mg2* and piatelet Na*t (r = -0,32; P = 0,05)

In the hypertensive group, significant direct correlations

were found between:-

- serum Na* and platelet XK* (r = 0,32; P = 0,03)

- serum Nat and erythrocyte K* (r = 0,31; P = 0,02}

- serum Na* and sevum Mg2t (v = 0,46; P = 0,0005)}

- platelet Ca2* and platelet X* (r = 0,43; P = 0,001)

In the hypertensive group, platelet Na* was negatively

correlated to platelet Mg2*% (r = -0,41; P = 0,002) and
serum K* was inversely related to erythrocyte Mg2* (r = -

0,54; P = 0,0001).

Pearsons corrélation coefficients for the cations In the

separate sexes are presented in Tables 8,30 and 8.31.

8.4.5.2 (11) White group (Tables 8.32}

In the normotensive subjects, there were significant

positive correlations between
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- serum Na* and erythrocyte Na* {r = 0,47; P = 0,01)

- serum Nat and serum K* (r = 0,46; P = 0,01)

- platelet X* and erythrocyte X* (r = 0,41; P = 0,03)

- platelet Mg2+ and serum K¥ (r = 0,42; P = 0,03)

- erythrocyte Ca2* and erythrocyte K* (r = 0,53; P = 0,005}

Significant inverse correlations in the nornotensive

subjects included:-

- erythrocyte Ca2t and serum Na* (r = -0,46; P = 0,02)
- erythrocyte Ca2* and serum K* (r = -0,46; P = 0,02)

In the hypertensive patients, there were significant direct

correlations between:-

- serum Na* and serum Mg2* {(r = 0,41; P = 0,05)

- serum Mg2t and erythrocyte K* {r = 0,45; P = 0,03)

- serum Mg2* and erythrocyte Mg2* (r = 0,38; P = 0,05)
- platelet Ca?* and serum K¥ (r = 0,51; P = 0,01)

- serum Na* and platelet Na* {(r = 0,20; P = 0,05)

Significant inverse correlations in the hypertensive group

included:-
- serum Mg®* and erythrocyte Na* (r = -0,44; P = 0,03)
- erythrocyte Ca2* and erythrocyte Na* (r = -0,47;
P = 0,02)
- serum GGT and serum K* {r = .0,48; P = 0,01)
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Table B.23:  Pearsons correlation coefficients for correlations between the cations in the
black normotensive and hypertensive groups.
sMNa*t  EMat  Pwa® st &t ot sMg2* Mgt eMg2* sca?* Era?t pea?t ggr
sHa*
ENat  0,354% .
0,14
pkat 0,17 0,12 -
0,26 0,24
x* -0,12 0,07 0,08 -
0,06 0,09 8,29
&%t 0,23 0,18 0,08 -~0,16 -
0,31 0,30 0,31 -0,12
p* 0,22 0,25 -0,32¢ 0,32¢% 0,05
0,32 0,19 0,01 0,01 0,11
sMg2t .0,13 -0,17 -0,09 0,02 0,01 0,17 -
0,46 0,08 0,12 0,13 0,20 0,02
EMge* .0,03 0,03 0,06 0,001 -0,11-0,02 0,06 -
0,20 0,13 -0,30 ~0,54** 0,17 0,01 0,02
pMgZt -0,19 -0,11 -0,31** 0,11 0,11 0,06 -0,01 D,11 -
p,19 0,06 -D,41** p,15 0,00 0,01 0,22 0,07
stalt —0,22 0,33 0,08 0,14 -0,09 -0,41%* 0,04 =0,08 -0,10 -
8,14 -0,11 0,06 ©,08 0,04 0,00 0,04 “~ 09 0,00
ECa®* 0,03 0,08 0,21 0,19 0,08 0,3 0.7 4 0,03 0,10 -
0,01 0,01 0,00 0,2 0,06 0,00 0, 02 0,22 0,17
pca?t 0,05 0,19 0,08 0,01 0,85 0,17 0,12 0,07 0,33%*% 0,19 0,14 -
0,06 0,16 -0,04 0,06 0,32 0,43 0,11 0,17 0,07 0,20 0,05
&5t 0,24 0,24 0,02 0,21 6,16 0,17 0,01 0,17 0,11 0,17 0,06 0,14
0,13 0,48 0,21 0,08 0,21 0,06 0,01 0,22 9,06 0,05 0,04 0,01

*p<0,05 ™ pc0,0l; 5= serim; E = erythrocyte, p # platalet
Top valum refers to normotensive group;
Sottom value refers to hypertensive group.
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Table 8.30: Pearsons correlation coefficients for correlations between the cations in the
male and Femaie black normotencive groups.

sNat  Emat PNt S et KT sMg?t Emg?t emg?* sca?t ece?t pea?t

SHa*

ENaT 0,17 -
0,42*

wha* 0,32 o0t -
0,07 0,19

%t -0,31 Cc,04 0,00 -
0,11 9,26 0,04

&' 0,06 001 6,04 6,23 - )
6,31 0,26 0,24 0,05

Pkt 0,02 o,44* 0,09 0,37 0,07 -
0,39% 0,34% 0,38 0,16 0,02

sM?* 0,08 0,06 06,28 0,27 0,01 0,06 -
0,20 0,32 0,13 0,01 0,13 0,50

EMge* 0,06 0,20 0,22 025 0,01 0,00 0,17 -
p,04 0,00 0,00 6,04 5,21 0,01 0,05

PMg%* .D,09 0,22 -0,06 0,19 0,22 0,03 0,03 0,08 -
0,21 0,01 0,49%% 0,16 0,03 0,08 0,05 0,13

sca?*t .0,29 .0,53%% 0,10 0,12 0,06 -0,50%* 0,08 0,08 0,01 -
-0,23 -0,2¢ 0,06 0,07 0,22 -0,31 0,14 0,15 -0,31

EcaZ* -0,04 -0,04 0,27 -0,31 -0,19 0,01 0,18 0,02 0,28 0,26 -
-0,08 0,08 0,17 0,14 0,22 0,44 0,46** 0,15 @,15 0,18

pea2* 0,05 0,01 9,06 0,09 0,28 0,28 0,08 0,08 @,55%*0,26 0,3}
9,17 @,3% 0,13 0,29 0,01 0,04 0,24 Q09 0,08 002 0,02

*p<0,05; * p<0,0L; §u serum E = erythrocyte; p = platelet
Tap value reprasents the females and the bottom valus represents the males
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Table 0.31: Pearsons cerrelation cosfficients for correlations between the cations in the
male and female hlack hypertensive group.

snat  EMa®  PNet skt ERY ekt smg?t pmg?t pmg?t sca?t Eca? pra?t
sNa*t -

enat 0,18
0,06

ma*t 032 0,23 -
6,19 0,17

St 0,04 0,01 -0,43% .
0,09 0,29 ~0,22

ekt 0,43 0,38* 0,11 0,13 -
0,01 0,25 0,15 0,09

wt o,1 0,31 0,22 0,06 0,
-0,68%* 0,01 0,24 -0,35* O,

D,

R

SHg?t 0,41%* 0,08 0,16 0,13 0,18 -
0.53 0.24 0.01 D,ls ”0’35*
EMg2* 0,19 0,08 -0,51% 0,43 0,19 0,07 0,21 -
0,19 0,3 0,21 0,77%* 0,19 0,06 0,19
PMe2t 0,27 0,05 0,3 0,02 0,06 0,02 0,18 0,248 -
0,06 0,31 0,50 0,21 0,27 0,04 0,26 0,18
sca?* 0,28 0,04 0,15 0,09 0,05 0,05 0,04 0,05 0,001 -
0,07 0,28 -G.36* 0,30 0.02 0,16 0,16 0,31 0.0l
ecat* 0,08 006 0,01 0,07 0,02 0,08 €34 0,07 0,09 0,19 -
0,06 0,16 008 0,21 0,14 003 0,12 0,08 0.2 0.5
pca2* 0,03 0,20 -0,36** 0,01 G,39% 0,65* 0,09 0,09 0,10 0,24 0,04
0,25 0,01¢ 0,28 0,22 0,13 0,08 0,12 0,38* 0,10 0,14 0,09

*p<0,05; * p ¢0,01; 5= serum; E = erythrocyte; p = platelet
Top value represents the females and the bhottom value represents the males
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Table 8.32: Pearsons corralation coeffictfents for correlativns between the cations in the
white normotansive and hypertensive groups.

sNat B2t PNat st Bt T se-%t mg?t oMo®t sca? ECa?t pLa?t anT

SNat
ENa* 0, 47%* -
0,22
pHat 08,07 009 -
0,80% 0,16
skt 0,46%* 0,26 0,02 -
0,06 0,01 0,06
EK* -0,31 10,03 0,07 -0,29 -
0,06 0,02 0,006 -0,34
Y -0,17 0,11 0,08 C,24 O0,41* -
0,08 0,14 0,24 0,04 -0,34
sMg?* 0,3 0.07 0,3 0,19 0,2 0,0 -
g4 -0, 44* 0,28 0,13 0,45 0,08
EMaZ* 0,58 0,22 0,00 0,08 0,06 0,15 0,22 -
9,05 0,23 90,06 0,24 0,02 0,26 0,38
sMg2* 0,34 0,01 -0,31 0,42 0,33 0,11 0,11 0,03 -~
0,22 0,30 0,12 0,07 0,01 0,25 0,06 0,02
sta®* 0,16 0,05 0,21 -0,26 -0,27 0,04 0,33 0,12 0,22 -
0,00 0,01 -0,3¢ -0,22 0,97 0,16 0,14 0,05 0,09
ECal* -0,86"% 0,06 0,04 -0,46%* 0,53%* 0,21 0,20 0,08 0,30 0,06 -
0,21 -0,47% 0,21 0,21 0,09 0,23 0,12 0,31 0,14 ~0,24
pca? 0,26 0,07 0,35 0,10 0,00 0,22 0,00 0,21 0,22 0,35 0,18 -
0,22 0,02 0,06 0,51 0,10 0,34 0,14 0,18 0,38 0,21 0,18
65T 0,08 008 0,08 D0,8 -0,41* 0,07 0,15 0,16 0,02 G,31 0,28 0,00 -
0,17 0,02 0,06 -0,48% 0,5 -0,26 0,19 0,12 0,15 0,05 0,16 0,23

*p<0,05; * p<0,01l; $S= serum; E = erythrocyte; p = platelet
Top value refers to normotensivé group;
Bottom value refers to hypertensive group.
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Table 8.33: Pearsons correlation coefficients for correlations between the cations in the
white normotensive males and females,

ENat  pMat skt EK* PK* sMg?t EMg?t Mgt scatt gca?t pea?t

sua*
st .
eNat  0,58%
0,33
pNa* 0,08 0,07 -
0,02 0,20
s* 0,47 0,46 0,04 -
0,07 0,26 -0,51*
ex* 0,01 0,28 0,06 -0, 44 -
0,34 0,31 0,42 0,08
k¥ 0,19 0,09 0,11 0,04 0,01 -
0,05 -0,45 0,B1%* -.0,39 0,51*
sMg2* 0,33 0,06 044 0,01 0,20 0,19 -
0,12 0,3 0,23 0,28 0,19 0,28
Emg2* 0,26 0,16 -0,31 0,36 U.,39 0,17 o001 -
0,33 0,41 0,38 0,13 0,32 0,36 0,17
PMgZ* 0,46 0,06 -0,31 0,43 -0,51* 0,11 0,85 06 -~
0,18 0,09 -0,55¢* 0,30 0,35 0,26 0,i7 4,21
sca®t 0,07 0,25 0,3 0,31 0,23 0,01 0,50 0,21 0,18 -
0,54* 0,48 -0,46 0,01 0,82 0,44 (0,20 -0,3§ 0,34
gca®* 0,3 0,02 0,14 -0,42 0,60% 0,11 -0,16 0,26 0,24 0,40 -
0,56* 0,14 0,47 0,83 0,57 0,31 0,8 0,14 0,48 -0,774*
Pca®* 0,33 0,05 0,89 0,44 -0,29 0,22 0,24 0,08 0,3 0,29 -
¢.51* 0,36 ¢,02 0,33 0,16 0,13 0,22 0,19 0,6 0,08

*n < 0,05; ** p < Q,01; S = serum; £ > erythrocyte; p = plateiet
Top value represents the females and the bo.*om value represents the males;
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Table 8.34 Petrsons corrslation coefiicients for correlations between the cations in
the white hyporte: sive mates and fewmales.

ska® ot enat skt Ex* . PKY smg?t EmgZt pmg?* sta?* £ca?t peal”

st .
sna* 0,24
0,61*
PNa*  0,61* 0,18 -
0,06 1,01
s«* 0,27 o040 0,02 -
-0,49 -6,58* 9,03
ext .0,33 0,12 0,06 0,39 -
0,74 0,53 0,08 -0,81%
* 0,9 0,09 0,29 08,3 0,21 -
0,51 0,07 0,01 0,16 -0,50*
swe2* p,41 0,44 0,47 0,57 0,06 0,01 -
0,81% 0, 81%* ‘0,19 0,42 0,67 0,10
EMg2* 0,10 0,04 ©,33 0,00 0,18 C,26 0,25 -
0,22 0,74% .0,51* 0,22 0,0¢ 0,46 0,4
oMg2* p,08 0,21 0,7 0,23 0,03 0,38 0,04 0,11 -~
0,63 0,50 0,06 0,02 0,19 0,36 0,59 0,37
sca®* 0,03 0,41 0,39 0,04 0,9 001 0,28 0,01 0,13 -
0,39 0,07 0,2 0,82 0,52¢ 0,78%* 0,03 0,34 0,07
gca?t 0,00 0,42 0,27 0,06 0,22 0,18 0,21 0,38 0,05 0,38 -
0,25 -0,53* 0,07 0,84 0,99 0,27 0,28 -0,41 0,19 0,04
PCa?* 0,27 0,03 0,19 0,16 0,24 0,57 0,10 -0,22 0,37 0,15 0,08 -
0,13 0,21 0,32 0.8 045 D02 0,09 0,08 0,29 0,17 0,81

*p < 0,05 % p <0,01; § = serum; £ = srythrocyte; p = platelet
Top value represents the females and the bottom value represents the vales
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Correlation coefficients for the separate sexes are shown

in Tahles 8.33-8.34.

8.4.6 Summary of results:-

1. The normotensive and hypertitensive groups were matched
for age, height and weight,

2. In the black graup, the hypertensive patients hud
significantly:

(i) increased platelet Nat

{13} decreased serum K*
(1§%) increased erythrocyte Calt
i) increased plateiet Ca?t
{v} decreased serum Mglt

(vi) decreased erythrocyte Mget
(vii) decreased platelet Mg2+t
3. In the white group, the hypertensive patients had

significantly:

(1) increased platelet Na*

(ii) increased erythrocyte Nat
{(1i1) decreased serum Ca2t

(iv) increased erythrocyte Ca2t

(v} increased platetet Ca2t

(iv) decreased platelet Mg2+

4, In the combined biack and white groups, the
hypertensive patients had significantiy:
(1) increased platelet Nav

(if) decreased serum Kt
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{131} increased plateiet a2+
{iv) jncreased erythrocyte Ca?t
{v} decreased serum Mge+
(vi} decroased piatelet Mg2+
5. serum Mg2t was significantly Tower and erythrocyte
Ca2* significantly higher in the black hypertensive
group conpared to the white hynertensive group.
6. Correlations with MAP
a}  In the black group

Normotensive subjects; MAP was -
- directly correlated to erythrocyte Ca2t

- inversely correlated to platelet Mg2t

Hypertonsive subjects; MAP was «

- directly correlated to - erythrocyte Ca2+
~ platelet Cat

- inversely correlated to - serum Mg2+
- platelet Mg2+*
- erum Calt

o)  In_the white group:-

Normotensive subjects - no significant correlations with

MAP .

Hypertensive subjects - MAP wis - pasitively correlated

to platelet Nat
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7. Corralations between cations:

a) Black group

In the normotensive subjects there were
significant positive correlations between:-
- extracellular Na* and intracelluiar Nat

- extracellular K* and intracellular K*

- intraceliutar Mg?* and intraceliular Calt

Significant inverse correlations included -

- extraceilular Ca2t and intr~celiular Nat and Kt

Hypertensive subjects - significant positive correlations

included -

- extracellutar Nat and intracelluiar Kkt
- extracellular Na* and extracellular Mg2+

- intracellular Cal2* and intracellular K*

Significant inverse correlations included -

- intracellular Nat and ir -acellular Mglt

b) MWhite group

Normotensive subjects:w
Significant positive correlations included -
- extracellular MNat and intraceilular nat and gt

- intracellular Mg2* and extracellular Xt
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- intracellular Ca2* and intracelluiar K*

Significant inverse correlations included -
- intracellular Mg2* and intracellular K*

- $intracellular Ca2* and extracellular Na* and K*
in the Hypertensive subjects:-

Significant positive correlations included -
- extracellular Na* and intraceilular K* and Mg2*

~ intracellular Cal* and extracellutar K*

Significant inverse correlations included ~
- extracellular Mg2* and intracellular Na*

- intracellular Na* and intracellular CaZ*t
8.5 DISCUSSION

The results presented provide evidence that intracellular
cations are altered in essential hypertension. Platelets
were chosen for the study because they are easily
accessible and have many features in common with vascular
smooth muscle, including a calcium-dependent contractile
system and an -2-adrenoceptor cyclase system (Hinssen et
al, 1978; Erne et al, 1983) (Section 4.1.2). Little is
known of platelet total content of magnesfum, sodium,
potassium and calcium. Erythrocytes in essential

hypertension were also studied as a baseline cell of
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comparison. The free cation ievel, which is the major
determinant of vascular smooth muscle contractility,
constitutes a small proportion of the intraceliular
concentratfon and therefore does not accurately reflect
total cell cation content. For this reason, the total
concentration of intracellular cations was measured in this
study. The intracellutar total calcium concentration may
be a marker of the cytosolic free calcium concentration

(see Appendix J).

Platelet sodium, unlike erythrocyte sodium, was
significantly elevated in the hypertensive patients in the
btack and white grou» and in the c?mbined group. Reported
data on erythrocyte sod{um in hypertension have been
conflicting, although increased leucocyte sodium has been
repeatedly r.ported in hypertensive patients {Edmonson et
al, 1975; Boon et al, 1985). Platelet sodium has not been
previously studied in essential hypertension and the
consistently raised levels in the hypertensive group may be
representative of vascular smooth muscle status in
hypertension, 1In the white hypertensive females, pratelet
sodium was positively correiated with blood pressure
whereas in the black hypertensive femaies erythrocyte
sodium correlated with blood pressure. These results
confirm others whish report increased white biood celtl
sodium levels with direct associations betiween
intracellular sodium and blood pressure {(Ambrosioni et al,

1981). Mechanisms of how intracellular sodium retention
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produces hypertension are unclear. Factors that have been
implicated include increased total peripheral resistance
and the interaction of intracellular sodium with the other
cations and particularly calcium (Kurtz and Morris, 1990).
Since there is a Nat-~Ca2* exchange system, concentration
changes in one ifon will affect the other (Blaustein, 1977).
The sodium-catcium interaction may be important in black
hypertensive patients. Ernst et al (1990) recently
demonstrated that calcium attenuates cardiovascular
reactivity to sodjum and stress in blacks. Dietary calcium
may thus have a prophylactic biood pressure lowering effect
in this group of patients. Zemel et al (1986) also
demonstrated that in hypertensive black zdults, dietary
sodium causes an increased intracellular calcium which is

prevented by caicium supplementation.

Much evidence has recently focused on calcium in
hypertension (Cuttler and Brittain, 1990; Sugiyama et al,
1990)}. Results from this study showed that in the combined
groups there were no significant differences for serum
calcium between groups and no significant correlations
between serum calciuﬁ and blood pressure, In the white
hypertensive patients, serum calcium was significantly
Tower compared to the nermitensive controls. 1In the
combined analysis, and in the separate groups,
intracellular calcium (platelet and erythrocyte) was
significantly elevated in the hypertensive patients. 1In

the black hypertensive group, intracellular calcium
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(platelet and erythrocyte} was positively associated with
mean arterial pressure. Platelet Jevels were correlated
with blood pressure in both males and females, but direct
correfations between erythrocyte Jevels and mean arterial
pressure were only found in females. These results confirm
others which have documented increased plateiet free
calcium in essential nypertension with strong positive
correlations between the free calcium concentration and
height of blood pressure (Le Quan Song et al, 1985; Cooper
et al, 1987). The intracellular calcium concentration
determines the devetopment of tension in vascular smooth
muscle and hence arteriolar resistance {Karaki, 1990).
Raised intracellular calcium results in increased
contractility, tone and resistance and ultimately elevated
blood pressure. {ytosolic calcium accumulation may result
from enhanced calcium influx, increased intraceliular
mobilisation and decreased efflux (Bolton et al, 1986).
Defects in these mechanisms have been described in

hypertension {Buhler et al, 1986; Robinson et al, 1984).

Platelet magnesium was consistently decreased in the
hypertensive group, both in the combined analysis and in
the black and white groups separately. Serum and
erythrocyte magnesium were significantiy Tower 1n the
hypertensive black patients compared to their normotensive
counterparts. There were no significant differences for
serum and erythrocyte magnesium in the white hypertensive

and normotensive subjects. in the combined analysis, serum
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and platelet magnesium were inversely correlated with mean
arterial pressure. In the bilack nypertensive group, serum,
platelet and erythrocyte magnesium levels were negatively
asjociated with blood pr.ssure. There were no correlations
between magnesium (serum, platelet or erythrocyte) in the
white group. The data relating to the biack group support
other studies which have reported hypomagnesaemia and
erythrocyte Mg2*t depletion in hypertensive patients
{Peterson et al, 1977; Touyz et al, 1989).

Resnick et al (1984) have repeatedly demonstrated that
erythrocyte free magnesium is significantly lower in
hypertensive patients compared to normotensive controls,
with significant inverse correlations betveen magnesium
levels and systolic and diastolic pressures. Other studies
have failed to document any difference #n serum magnesium
between hypertensive and normotensive subjects, and have
not found any correiation bhetween magnesium and mean
arterial pressure (Harlan et al, 1984; Wehling, 1988;
Rinner et al, 1989). These data are in agreement with the
resuits obtained for the white group studied here. A
recent study reported increased erythrocyte magnesium
levels in hypertensive patients {Kjeldsen et al, 1990).
The conflicting reports may be explained on the basis of
sample size and population group studied. The magnesium
abnormalities and relation to hypertension may be
restricted to a specific subgroup of hypertensive patients

based on race, sex and renin status.
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Reasons for the differences in magnesium status between
hypertensive and normotensive subjects and hetween blacks
and whites may be associated with dietary intake. Blacks
have a lower potassium diet than whites, and a lew
potassium diet is also a low magnesium diet (Grim et al,
1980; Steyn et ai, 1986)}. This is supported by the fact
that irn the black hypertensive patients studied, both serum
potassium and serum magnesium were significantly decreased.
Although there is conflicting evidence supporting a high
potassium {(and magnesium) diet as non-drug therapy in
nypertension, the protective effect may be beneficial only
in certain populations, such as the urban blacks studied
here. Unlike other reports, there were no significant
correlations between potassium {serum, platelet or

erythrocytes) with blood pressure in this study.

Besides dietary intake there are cther environmental
factors that may infiuence cation status in hypertensive
patients including excessive alicohol intake. An exact
aicohol history was unobtainable, and serum gamma glutamyl
transferase was taken as an indirect marker of alcohol
intake (Ramsay, 1877). Since the levels were similar in
the normotensive and hypertensive groups, and there were no
significant correlations between GGT and the cations,
alcohol was probabi:; not a major cause of the cation
alterations in the hypertensive patients. When comparing
the black and white groups, serum GGT levels were

significantly higher in the black group compared to the
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white group. This may play a role in the differences in

magnesium status between the blacks and whites.

cell membrane defects may be gssociated with catfon
abnorma11t{es in essential hypertension {Postnov, 1985).
The racial differences that were observed in this study may
be attributed to differences in ion regulation. Several
differences in sodium gnd potassium transport between
btacks and whites have been documented {Aviv and Gardner,
1990). Whether there are racial differences i. =ellular
transport processes involvirg the other fons remaiﬁs

unclear.

The results of this study suggest that in essential
hypertension there is platelet sodium and calcium overload
with magnesium depletion. Unlike whites, black |
hypertensive patients have consistently lower serum
magnesium and potassium Tevils with erythrocyte magnesium
deficiency compared to normotensive subjects. The cation
alterations are wmore widespread in the black hypertensives.
It is proposed that ceilular magnesium defects may be more

important in black hypertension than in white hypertension.
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CHAPTER 9

CELL MEMBRANE Ha*-K*-ATPase, Ca2*-ATPase AND MgZ+*-ATPase
ACTIVITIES IN ESSENTIAL HYPERTENSION
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9, CELL MEMBRANE ADFNOSINE TRIPHOSPHATASE (ATPase)
ACTIVITY IN ESSENTIAL HYPERTENSION

8.1 INTRODUCTION

9.1.1 The ATPase enzymes

Many cell membrane transport systems contrel the
intraceliular jonic environmenti. Abnormal ion transport in
vascular smooth musclie cell m-mbranes may lead directiy to
increased resistance by activating contraction and/or
stimulating hypertrophy and hyperplasia (Blaustein, 1977;
Folkow, 1978}. Also, alttered cation transport in celis
other than those from the vasculature can influence
peripheral resistance indirectly. For example through the
cells and hormones that regulate fluid volume and by
effects mediated through the autonomic system (Tosteson et
al, 1981). Hence, defects in one or more 0Ff the cation
transport systems may pitay a role in the pa..ogenesis of
hypertension. The jon pumps are quantitatively the most
important cation transport systems. The twc major ATPase

pumps are:- i) Nat-K*-ATPase and 11) Cal2*-ATPase.

9.1.1.1 Nat-K*-ATPase

Nat-K*-ATPase, the electrogenic pump for sodium and
potassium is lTocalised in the ceil membrane and is

activated by sodium and potassium in the presance of
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magnesium and adenosine triphosphate (ATP} (Stone and Xie,
1988). Nat-K*-ATPase has also recently been localised to
intracellular membrane compartments {Caplan et al, 1986).
The activity of the Na*t-pump in isolated membranes is
inhibited by ouabain and by the removal of potassium znd
magnesium; simitar conditions inhibit the electrogenic
transport of sodium and potassium in intact cells (Thomas,
1972). 1in the vascular wall, the Na*-pump contributes to
the resting membrane potential by causing a net excess of
positive charge outsfde the cell, thus controlling the
degree of activity of the vascular smooth muscie cells
(Thomas, 1972; Friedman, 1979). (For further detail see
Section 1.3.9.1).

9.1.1.1 {1) Cell membrane Na*-K*-ATPase activity in

hypertension

Failure of the Na*-pump resuits in progressive sodium
accumulation in the cell, cell volume expansion and
decreased cel]l membrane potential. Observations of
increased intracellular sodium in cells ¥from hypertensive
patients, stimulated researchers to investigate cell
membrane Nat-K*-ATPase activity in essential hypertension.
The Nat-K* pump however has been inadequately examined,
usually by indirect methods in hetervgeneous populations
often receiving treatment, and with conflicting results.
Some studies have failec to demonstrate differences in

erythrocyte ATPase activity in treated hypertensive and
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normotensive subjects {Swartz et al, 1981; Lijner et al,
1988). Other reports have documented increased erythrucyte
ATPase activity in human and experimental hypertension
(Hannaa:rt et al, 1988;: Hajem et al, 1990; Zicha and Duhm,
1990; Syme et al, 19%0). Most studies however have
demonstrated thiat cell membrane Nat-pump activity 1s
decreased in exsential hypertensive patients anuv SR
{Postnov et al, 1977; Adercunmu et .i, 1973, Poston et al,
1682; Lin et a., 1985: Chen et at, 1986; Ringel et al,
1987}. One of the largest studies examining the
relationship between Nat-pump activity and blood pressuré,
demonstrated that systolic, diasteiic and mean bfead
pressure levels were negatively correlated to erythrocyte

Na*-X*-ATPase activity {Rygielski et al, 1887).

Studies that have determined the ocuabain-sensitive sodirm
efflux compenent in hypertensive subjects have also
produced conflicting results. Many studies reported a
decreased ouabain-sensitive sodium efflux, whereas others
repbrted higher or unchanged values in hypertensive
subjects compared to normutensive subjects (Cole, 1083

Saito et al, 1984; Bramley et al, 1985},

The discrepancies between results iay be due to confounding
variables that were not accounted feor in the various
studies. Race, sex, pragnancy and antihypertensive drugs
wey affect sodfum transport. Pregniancy and contraceptive

agents increase rubidium 86 uptake by the cells and also
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increase the number of ouabain-binding sites in
erythrocytes {Lowenstein, 1962; Smith et al, 1982). Dorup
et 3y, {1988b} demonstrated that Nat-K* pump number is
decrsased In skeletal muscle during treatment with
diuretics. Sexual and racial differences for ouabain-
sensitive sodium effiux have also been described (Smith et
al, 1988). Most studies show that blacks have reduced V..,
for erythrocyte ka‘t-K*-ATPase, activity, decreased sodium
pump density and increased intraceliular sodium
concentrations (Mbuyamba Kabangu, 1984; Lasker et al, 1985;
Hopp et al, 1986). Rahman et al {1986) conducted a Lightly
controlied study where a homogenous group of black males,
on no treatment was investigated. They revorted
sianificantly lower erythrocy Mat-K¥-ATPase activity in
the patients with essential hypertension compared to the
normotensive controls. The difference w s entirely a
resulz of the cuabain-sensitive moiety. OQtner studies have
faiied to demonstrate Na*-pump activity differences between
races (Tuck et «1, 1987).

The increased ATPase activity in certain hypertensive
patients may be a manifestation of a compensatory or
adaptive wechanism. Deiz et al (1987) described a group of
hypertensive subjects whose erythrocytes exhibit Tow
affinity of the Na*-pump to internal sodium. These and
other cells with increased Nat Teak have augmented, maximal
Na*-pump activity when loaded with sodium (Garay and

Nazaret, 1985; Diez et al, 1987). The higher maximal
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activity of Na*t-K*-ATPase in these cells probably reflects
an adaptive process. In this process, the cells increase
their Mat-pump density to compensate for the lower affinity

to internal sodium or for the increased sodium entry.

The current data suggests that hyperte- sives represent
specific and distinct subgroups with a spectrum of
alterations in the Na‘-pump, some of which may be

manifestations of adaptive processes.

Whether there is a cause-effect refationship between
inhibition of ATPase activity and essential hypertension
remains unclear. Millar and Bramley {1986) tested whethcr
apnormal sodium transport in hypertension is a direct
consequence of the increased arterial pressure. They found
that acute changes in pressure had no effect on erythrocyte
sodium efflux and concluded that aknormal sodium transport
in hypertension was net a consequence of raised blood
pressure. Reduced ATPase activity in peripheral blood
cells may reflect similar {nhibition in the Nat-K* pump in
vascular smooth muscle cells. Strong evidence suggests
that ATpase inhibition in the vascular walls results in
vasoconstriction (Hendrickx and Casteels, 1974). These
data support the causative role that depressed Na*-pump
activity may have in the pathogenesis of essential

hypertension,
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9.1.1.1. (i1} Factors that inhibit Nat-K*-ATPase

The importance of reduced Nat-K*-ATPase activity to the
development of high blocd pressure is the relationship
between sodium pump and the intracellular calcium content.
Inhibition of the pump czuses a rise in cytoplasmic calcium
and in the vasculature results in increased smooth muscie
tone. A variety of Na*-K*-ATPase inhibitors have been
described {de Wardener, 1982: Hasegawa et al, 1987; Borghi
et al, 199%0). Most of these appear to be raturally
occurvring compounds and have beren termed endogenous

c¢irculating sodium transport inhibitors (Poston, 1987).

The first suggestion that a humoral sodium pump inhibitor
existed was in 1961, when de Warden. postulated that a
sequence of events occurs whereby the initiating event in
essential hypertension would be a renal defect in alt
excretion, teading to volume expansion and to release of a
circulating natrium tic substance with vasoconstrictor
properties and inhibition of ATPase activity. The
resulting natriuresis would lead to a new steady state,
without volume expansion, but with higher blood pressure
(de Wardener and MacGregor, 1982). The natriuretic effects
of plasma and urine extracts from animals and man
undergoing volume expansion have been extensively reported
(review by de Wardener and Clarkson, 1985), Kelly et al
(1988) isolated three fractions in normal plasma which

inhibit the Na*-pump and which cross-react with digoxin
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antibodies. In 1984 Balzan et al demonstrated endogenous
digitalis-Tike activity {EDLA} in deproteinised normal
serum and in urine. A sodium transport inhibitor,
suggested to i:n a glycosteroid, has beer extracted from
normal urine of hypertensive patients (Cloix et al, 198G),
Fagoo and Godfraind (1985) isolated a Nat-K* pump
inhibitor, probably a lignan, which they described as
'cardicdigin'. These 1ignans have several structural

similarities to cardiac glycosides.

The cardiac glycosides {digitalis) have constrictor effects
on vascular smooth muscle. These effects are attributed to
the interrelationships between Nat-pump activity, membrane
potential and to intracellular sodium and calcium
concentrations (Blaustein, 1977; Mulvany, 1985). Digitalis
¢ an ouabain-like factor that selectively inhibits the
ka*-K* pump. Endogenous compounds that have digitaliis like
actions have been termed 'digitalis-iike factors'.
Mammalian plasma contains abuyndant digitalis-like activity
in assays for Na*t-Kt-ATPase activity, ouabain binding and
digoxin immunoreactivity (Buckalew, 1988}. These actions
are elevated in some hypertensive subjects (Buckalew,

1988).

9,1.1.1 (1i.a} Digitalis-1ike factor {DLF)

Plagma digitalis~1ike factor (DLF) constitutes a cowplex

array of factors. The major components of these include
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Tipids, steroids and unidentified chemicals (Buckalew and
Haddy, 1990). Many different 11pids may inhibit Nat-K*-
ATPase, but the most important of these are free fatty
acids (FFA) and lysophospholipids {Tamura et al, 1985;
Buckalew and Haddy, 1990). Lipids do not inhibit the Na*-
pump in an ouabain 1ike fashion. They probably alter
membrane 1ipids in a way that inhibits the enzyme's
activity (Kelly, 1987). The steroids which have been
jde.tified as contributing to plasma digitalis-like
activity incl.de dehydroepiandrosterone sulfate,

hydr.-~rtisong, 19-norhydroxyandrostenedione and 19-

hyd: - »anedione (LaBella et al, 1978: Schreiber and
Stepu—, several reports have suggested an
endog: S u.. "+h is neither 1ipid nor steroid {Haupert,

1987; Rauch ar uckslew, 1988). This factor has a low
molecuiar weight, 1s stable in boiling hydrochloric acid
and occurs in the hypothalamus. Whether the hypothalamic
Nat-pump inhibitor is also found in plasma remains unclear.
Some reports have demonstrated increased piasma levels of
this factor in subjects on high-salt diets and in
hypertensive individuals (de Wardener et al, 1987; Rauch
and Buckalew, 1988).

Some of the DLFs have natriuretic effecis and may play a
rote in volume reguliation (Buckalew and Haddy, 1990). The
1ysophospholipids (LPC)} have been identified as putative
natriuretic hormones (Blankley and Kaplan, 1984). Unlike

the FFA, the LPC have a blood pressure lowering effect, and
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their roie in the pathophysiology of hypertension is
unclear (Blankley and Kaplan, 1984).

9.1.1.1 (ii.b) Atrial natriuretic factor (ANF)

Atrial natriureiic peptide has potent natriuretic
properties and is related to salt balance. It was thus
suggested that this may be the 'natriuretic hormone' and
alse the sodium transport inhibitor of essential
hypertension, Some of the natriuresis observed in the
early volume expansion studies may have been related to ANF
but this peptidv has no effect on Na*t-K*-ATPase and could
therefore not explain the sodium pump ftnhibitory effects of
extracts from urine or plasma in the volume expanded state
(de Wardener and Clarkson, 1985). Also, ANF i1s a

vasodilator and not a vasoconstrictor (Sonnanberg, 19856).

9,1.1.1 (114} Summary

There seems 1ittle doubt that sodium transpert is abnormal
in essential hypertension and that this abnormality is
retated to a circulating sodium pump inhibitor. Whether
this inhibitor plays a role in the aetiology of
hypertension remains to be proven. Also, the relevance of
the endogenous Nat-pump inhibitors in normal subjects is

unclear.
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9.1.1.2 Ca2*-ATpase

Ca2*-ATPase pumps calcium out of the cell (Schatzmann,
1982). This enzyme is present in all eucaryotic plasma
membranes (CarafoTi et al, 1890). The pump is a high
affinity enzyme, which interacts with calcium with a K,
significantly less than 1 ,um {Schatzmann, 1982). It
continuously exports calcium from the cell at a rate of 0,5
nmoles per milligram of membrane protein per second

{Carafoli et al, 1990},

The Ca2*-ATPase pump belongs to the P class of ATPases,
that is, it forms an aspartyl-phosphate during the reaction
cycle {Pedersen and Carafoli, 1987}. It is a polypeptide
of 140 kDa and contains 1220 amino acids (Carafoli and
Zurini, 1982). A hydrophiilic portion protrudes from the
cytoplasmic surface of the membrane, and a hydrophobic core
is inserted into the membrane bilaye. {Carafoli et al,

1990) (Figure 1.10: Section 1.2.4.3}.

The Ca:*-ATPase enzyme catalyses the overall reaction:

MQZ'I'
ATP + Ca2% 3 ADP + P; + Ca2t
in out

The plasma membrane pump is a target of calmodulin
stimulation (Gopinath and Vincenzi, 1377). Unlike other
enzyme targets where calmodulin acts by promofing
phosphorylation, the activation here 1is due to the direct

interaction of calcium with the pump (James et al, 1988).
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Also activation of a cAMP-dependent protein kinase lteads to
stimulation of Cal*.ATPase, thus potentiating the efflux of
calcium From cells (Weyses et al, 1985; Jam-; et al, 1988).

Two intracellular compartments - the sarcoplasmic reticulum
and the mitochondria, have the ability of sequestrating
calcium by means of the Ca2* - pumps. Ca2*-ATPase is the
major protein component of the sarcoplasmic reticulum
{(MacLennan, 1970). The sarcoplasmic reticulum accumulates
2 moles of calcium per mole of ATP hydroiysed (Hasselbach,
1964). #itochondria isolated from almost all sources, can
actively transport CaZ* across the inner membrane into
their matrix (Nicholls and Akerman, 1982). The driving
force for this active transport is the electrical poténtial
generated across the inner membrane during oxidation of
metabolic substrates by the respiratory chain or during
hydrolysis of ATP by the coupling ATPase (Carafoli et al,
1990). In the sarcoplasmic reticulum and mitochondria, the
, overall reaction catalysed by the pump is:-

ATP + CaZ* ——> ADP + P; + Ca2t
out in

9.1.1.2 (1) Cell membrane Ca2*-ATPase activity in

hypertension

The plasma membrane Ca2*t-ATPase is of major interest in
hypertension because of its critical role in maintaining

calcium homeostasis (Carafoli and Zurini, 1982). The
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regulation of Ca2+-ATPase is complex and in addition to
calcium, magnesium and calmodulin other factors can
modulate calcium efflux activity (Rebinson, 1984; Postnov

and Orlov, 1985; Buhler and Resink, 1288).

Postnov (1990} described the major pathological lesion in
essential hypertension as being a widespread membranopathy.
This ‘membranopathy' constitutes increased calcium efflux,
altered calcium binding by the inner surface of the plasma
membrane and the alteration of Ca2t-ATPase activity. The
findings with respect to the CaZ¥-pump in hypertension are
varied with no agreement concerning the nature of the Cal+-
ATPase abnormality, whether Caf*-ATPase activity is
decreased or increased; even the involvement of calmodulin-
dependent or independent fractions is a matter of

controversy {de 1a Sierra et al, 1930).

It has been postulated that decreased plasma membrane pump
activity is responsible for cellular calcium overioad in
hypertension (Postnov et al, 1984). Decreased activity of
the calmodulin-stimulated, Mg2* dependent Ca?*-pump has
been demonstrated in erythrocytes and platelets of
hypertensive patients, and in erythrocytes, synaptosomes
and cardiomyocytes of SHR (Postnov et al, 1984; Orlov et
al, 1988). These studies were followed up by the finding
of increased cytoplasmic free calcium concentrations in
platelets of essential hypertensive patients {Erne et ail,

1984; Le Quan Song et al, 1985). In SHR, inrtracellular

212



calcium was increased in erythrocytes, platelets,
synaptosomes, lymphocytes, vascular smooth muscle cells and
sketetal muscle cells {Ochima et al, 1986; Orlov et ai,

1988; Sugiyama et al, 1990; Touyz et al, 1981).

Resink et al (1986) showed that calmodulin stimulation of
Ca2t-.ATPase in platelets from hypertensive patients was
increased. This elevation in Ca?t-A7pase activity in
hypertensive subjects might indicate a primed calcium
transport system which furctions to protoct against
cellular calcium overload and to compensate for the
inefficient degree of stimulation of the caicium extrusion

system by czimodulin (Resink et al, 1986}).

Most studies have examined the biochemical and
pharmacological properties of the Ca?*-pump in broken cell
membranes or inside-out vesicles which cannot be directly
extrapolated to the ca2+-pump under physiological
conditions in intact cells. Dagher et al {1988) examined
calcium transport in intact erythrocytes. They measured
45¢a2+ extrusion from Ca2* Toaded cells and found that the
erythrocyte Caz*-pump was not altered in essential
hypertension. De ia Sierra et al (1990) alsoc conducted
studies using intact erythrocytes. They demonstrated that
essential hypertensive patients are heterogeneous with
respect to calcium pump function. About 75% of the
hypertensive patients studied had normal calcium pump

fiuxes, while 25% had a low appavent affinity for internal
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calcium (De ta Sierra et al, 1990}.

Factors that may be associated with defective CaZ¥-ATPase
activity in essential hyperiension include hydrophobicity,
acid phospholipids, polyphosphoinositides and proteolysis
(Buhler and Resink, 1988). Takaya et al (1989} and De 1a
Sierra et al {1990) demeonstrated that defective platelet
CaZt-pump function is associated with low-renin

hypertension,

Although some studies have suggested that decreased Calt.
ATPase activity is a widespread phenomenon in essential
hypertension, others disagree with this. De la Sierra
(1890) may be correct in his conclusion that in a subgroup
of hypertensive patients, there is defective Calt.pump
activity. This subgroup of hypertensive subj<- .5 has yet
to be identified. It is still unknown whether Cal*-AfPase

activity differs between sexes, ages and races.

9.1.1.3 Mg2*.ATPase

¢ell membrane Mg2+-ATPase is a magnesium dependent, calcium
independent pump. It {is different to the magnesium
dependent Ca2*-ATPase transporter (Lin, 1985). The exact
function of this enzyme is unknown, but it may be involved
in transmembrane magnesium transport (Gunther and Vormann,
1986a; Flatman, 1988). It may also be a non-specific

marker of all magnesium dependent ATPase pumps.
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Fig. X Enzyme activity of a magnesium dependent enzyme
(ATPase) as a function of pMg2+
| = activation or Il =inhibition of the enzyme depending
on pMg2+* (Gunther, 1981)



9.1.2 ATPase activity and magnesium

Magnesium activates over 300 enzymes including all ATP-

dependent enzyme reactions {Aikawa, 1981; Banting et al,

1983). Their catalytic activity shows a bell-shaped pMg2+

dependency (pMg2* = -Jog [Mg2“1 (Gunther, 1981)., This

means that:-

1. the catalytic activity increases with the logarithm of
the concentration (fon activity) of magnesium;

2.. there is a pMg2* optimum in the range of pMg2* 3;

3. at the pMg2* optimum there is no change of the
catalytic activity.

The bell-shaped pMg2* dependency consists of two sigmoid
curves ;-
i) activation as a function of pMg2* and

11) dnhibition as a function of pMgZ* (Figure 9.1}

The inhibition {e.g. the ATPase of myosin) is caused by
unspecific binding of magnesium to the enzyme at higher
magnesium concentrations. The activation of ATPase enzymes
by magnesjum results in the foliowing reaction pattern:
Mg2¥ + § 3 Mg2*.g

Mg?t - S 4+ E——> Mg2*-SE—>F + Mg2* + products

where S = substrate

E = enzyme

Magnesium plays a key role in the coordination of metabolic
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pathways where the limiting steps are represented by
phosphorylation reactions (Vidair and Rubin, 1982; Gunther
et al, 1984a). This cation is found in high leveis in all
cellular and subcellular membranes, in mitochondria,
microsomes and the nucleus, It remains in an equilibrium
between bound ard free forms that is optimal for its

effects (Gunther, 19¢86).

9.1.2.1 Magnesium and Nat.K*-ATPase

Magnesium has been established as an absolute requirement
for the Na*-K*-ATPase and Ca2t-ATPase pumps [Banting et al,
1983; Yang et al, 1988a). Flatman and Lew (1979) and Huang
et at (1985) have shown that in intact red blood cells,
magnesium at concen:rations in the physiological range (10~
4.10-3 M) influences ion transport. It interacts
reversibly with the Nat-pump at the inner survace of the
membrane (Flatman and Lew, 1978), Ellory et al (1983) have
demonstrated that erythrocyte transport of sodium and
potassium is affected by altering magnesium concentrations.
Magnesium also infiuences the bumetanide-sensitive {Nat-K*-
cotransport) and residual (ouabain and bumetanide
insensitive) routes of sodium/potassium transport in

erythrocytes (Ellory et al, 1983).

9,1.,2.2. Magnesium and Ca2*-ATPase

Although the magnesium dependence of the Ca2+-Aisase pump
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is undisputed, the direct role of magnesfum in the ATP-
driven calcium pump is unclear { isselbach et al, 1981;
Altura and Altura, 1985a; Morsy and Shamoo, 1985}. Neither
the stoichiometry nor the transport of magnesium during the
caicimm transport cycle is known. It has been .»rgested
that magnesium is countertransported during active Ca2t.
transport {Kanazawa et al, 1971; Broderick and Somlyo,
1987). More recent studies however have failed tc
demonstrate this (Chiu and Havmes, 1:580; Salama ard Scarpa,
1983). Morsy and Shamoo {1988} repe~ted that magnesium.
inside the sarcoplasmic reticulum vesicles stimulates the
calcium transport into the sarceoplasmic reticular vesicles
by up to 5u%. They also failed to demonstrate magnesium

influx during active calc¢ium transport.

9.1.2.3 The cellular and subcellular stabilising effects

of magresium

Magnesium has a stabilising effect not only on the cell
membrane but also on various subcellular organelles. The
stabilising effects depend mainly on its structural role
{Durlach, 1988a). The complexing of magnesium with
phospholipids reduces membrane fluidity and lowers membrane
permeability with parallel polarising electrostatic effects
(Gunther, 1981). Alteration of the 1ipid fluidity of the
bitayers may induce a conformational change in the ATPase
complex (Sadri et al, 1983; Li et al, 1987).
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Magnesium also induces structural and functional changes on
the receptor and mitochondrial inner membranes (Ligeti and
Horvath, 1980; Mollevanger Leo and De Grip, 1984}, It is
estimated that 70-50% of membrane proteins are intrinsic
proteins which are partiailly buried in the hydrophobic
portion and partially in contact wita the aqueous phase
(Yang et al, 1988). Thus, the structure may be modulated
by magnesium (Gunther, 1981). Magnesium also binds to

nucleic acids (Vernon, 1988).

9.1.2.4 Effects of decreased magnesium concentrations on

ATPase activity and cell membrane runction

In magnesium deficient cells, the p rmeability of plasma
membranes increases. Cells become Tleaded with calcium and
sodium and loose potassium and phosphorous (McIntyre and
Davidsson, 1958; Siegel et al, 1981). At the same time,
the cell depolarises (Siegel et al, 1981). The effects are
greater in muscle and heart compared to Tiver and kidney
(Whang and Welt, 1963; Martindale and Heaton, 1964).

Extracellular or intraceliular magnesium deficiency results
in decreased activity of the ATPase puwps (Altura and
Altura, 1985b). Nat-K*-ATPase and Cal+-ATPase are
‘activating' enzymes 1i.e. they move cations across the cell
membrane {Gunther, 1981). The ATPase of myosin is normally
an inhibitory enzyme (Durlach, 1988a). Consequently
inhibition of these pumps by magnesium deficiency will
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result in impaired transmembrane cation transport,
pecreased Na*-K*-ATPuse activity leads to intracellular
sodium accumuiation with decreased concentration of
intracellular potassium {(Altura and Altura, 1985a; Durlach,
1988b). Impaired Cal*.ATPase activity is associated with
decreased calcium efflux and consequent increased
intracellular calcium {Altura and Altura, 1985a; 1985b).
Decreased myosin-ATPase would result in enhanced actin-

myosin coupling and increased contractility.

Thus, magnesium deficiency induces changes in s217ular ion
levels which in turn influences various ionic interactions.
For example, increasing intracellular sodium alters the
distribution of the cytoplasmic calcium by influencing the
Na* - Ca?* exchange mechanism (Blaustein, 1977). Also the
level of intracelluiar calcium which has already been
increased by the hyperpermeability of the plasma membrane
is increased even more by decreased Ca2* transport out of
the cell (Attura and Altura, 1985a). Furthermore, the
sarcopiasmic reticular and mitochondrial CaZ2*-pumps would
be inhibited, resuliing in decreased calcium influx into
the organelles and increased cytoplasmic calcium
concentrations (Gunther, 1981). Part of the calcium taken
up in magnesium deficiency may be stored in the
intracellular calcium stores (Gunther, 1981). In magnesium
deficient dogs, using electron-microscopic examination,
electron-dense particles (calcium phosphate) were fouad in

the sarcoplasmic reticulum of musclie celis {Gunther, 1981).
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in summary experimental evidence indicates that magnesium

d2ficiency leads to:-

i) decreased Nat-K*-ATPase activity resuiting in
increasad intracellular sodium concentratiens,

i1} decreased piasma membrane Ca2*-ATPase activity
resulting in intracellular calcium accumulation,

111} decreased sarcopliasmic reticulum and mitochondrial
Ca2¥-ATPase activity, resulting in decreased calcium
uptake by the organelles and increased cytosociic
calcium,

1v) decreased myosin-ATPase activity resulting in myosin-
actin coupling,

v) increased cell membrane permeability to ions resulting
in increased intracellular sodium and calcium and
decreased potassium and magnesium concentrations,

vi) cell membrane depolarisation and

vii} increased binding of calcium to the c¢ell membrane.

In vascular smooth muscle, specific membrane magnesium
sites can act physiologically to control and regulate entry
and exit of calcium {(Altura and Altura, 1982). Magnesium
has thus been described as a physiological or natural

calcium ion antagonist (Iseri and French, 1984).

Since a11 the above effects of magnesium deficiency are
jmportant in vascular smooth muscle contract.lity and tone,
magnesium may be considered a regulator of vascular smooth

muscie and may play a role in the development and control
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of essential hypertension.

9.2

AINS

The aimg of this study were:-

2.1

2.2

2.3

To determine the activity of cell membrane Nat-K+-
ATPase, Ca?*t-ATPase and Mg2t-ATpase in essential

hypertension.

To assess the relationships between the major cations,
and specifically magnesium, and cell membrane Nat-K*-
ATPase, Ca2*-ATPase and Mg2*-ATPase activities in

hypertensive patients and

To determine whether transmembrane fon transport

differs between black and white hypertensive subjects.
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9.3 SUBJECTS AND METHODS

9.3.1 Subjects

seventy six hypertensive patients and 78 normotensive
subjects were studied. Inclusion criteria, medical
examination and blood pressure measurement technigues are

described in chapter 5.

venous biood was obtained from the antecubital vein,

without cuff compression.

9.3.2 Methods

9.3.2.1 Isolation of platelets

Forty millilitres of venous blood was obtained by
venipuncture as described in chapter 5.3.2. Platelet rich
ptasma (PRP)} was prepared by centrifugation of the blood at
160 x g for 15 minutes and a platelet pellet obtained by
centrifugation at 600 x g for 15 minutes. The platelet
pellet was washed in a washing buffer containing 145 mh
NaCl, 5 mM KC1, 1 mM MgCl,, 1 mM NaHpP04, 5 mM glucose, 20
mM Hepes - NaOH (pH744), as described in Section 6. The
platelet peilet was gently suspended in the washing buffer
and contaminating erythrocytes and leukocytes removed by
centrifugation at 200 x g for § minutes, The platelet

containing supernatant was further centrifuged at 600 x ¢
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for 15 minutes at room temperature. The washed platelet

petiet was suspended in 1 ml of buffer.

A full blood count using an automated technique the
{Technicon K-I system) was performed. Contamination of the
washed platelet preparation by erythrocytes and Teukocytes

was less than 0,001% and 0,10% respectively.

Preparation of platelet membranes

Preparation of platelet membranes was performed using the
technique described by Resink et al (1986). The washed
platelets were suspended in ice-coid lysis buffer, The
buffer contained 5§ mM ethylenediaminetetraacetic acid
(EDTA), 5 mM Tris-hydrochloride (pH 7,0 at 209C) andhfrozen
overnight. After thawing at room temperature, the plateiet
1y .te was centrifuged at 39000 x g for 10 minutes at 40C.
A Beckman ultracentrifuge (TL - 100; Beckman instruments
Inc Califernia) was used. The lysed pellet was washed
three times by resuspension in lysis buffer and centrifuged
at 39000 x g for 10 minutes at 49C. A washed platelet

membrane pellet was obtained.

The membrane peltlet (0,1 - 0,6 mg protein) was finally
resuspended in 1,0 m? of storage huffer. The storage
buffer contained 130 mM KC1, 0,5 mM MgCTz. l,Ofum CaCTz,
2,0 mm dithiothreitol and 20 wM N-2-hydroxyethylpiperazine
~Nl.2-ethane-sulfonic acid (Hepes) - NaOM (pH 7,4) and
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maintained at 09C until used the following day.
Platelet membranes were prepared within two days of blood
collection. Assay procedures, involving the membranes,

were performed a day after the membranes had been isolated,

9.3.2.2 Isolation of erythrocytes

Ten mit1ilitres of venous blood was obtained as described
in chapter 5.3.2. The anticcagulant used was Tithium
heparin. Erythrocytes were separated from heparinised
blood samples by centrifugation at 450 x g for 10 minutes.
The plasma was aspirated and the buffy coat discarded. The
erythrocytes were washed three times with the Nall buffer

as described in chapter 8.3.2.1.

Preparation of erythrocyte membranes

Isolation and preparation of erythrocyte membranes were
performed according to the method described by Ringel et al
{1987). The washed erythrocytes were lysed in 10 volumes
of 1 mM EDTA/Tris {pH 7,6} and centrifuged at 50,000 x g
for 15 minutes using a Beckman ultracentrifuge. Membrane
washing in washing buffar was repeated until the membranes
were haemoglobin-free. For membranes to become

haemoglobin~free, they were washed four tc five times.

The washed membranes were finally suspended in 1,0 ml of
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0,9% NaCl buffer, The membranes were stored overnight at

poc.

9.3.2.3 P .ermination of protein concentrations in the

plateiet and erythrocyte membranes.

Aligquots of the membrane suspensions were solubilised in

0,2% Triton %-100 {60 minutes at room temperature).

Protein was determined according to a modified methed of

the Lowry technique (see Appendix K).

The protein concentration of the membrane pellet {suspended
in 1 m1 storage buffer) varied between 0,1 and 0,3 mg. The
protetn concentration of 50 ,u1 of suspension ranged

between 5,0 and 15,0 Jud.

9.3.2.4 Determination of cell membrane

sdenosinetriphosphatase (ATPase) activity

The method employed to measure ATPase activity in cell
membranes was based on the principle:

ATPase

ATP + Hp0 > ADP + Py

Mgz+

The amsunt of P; released per ATP molecule was measured
according to the methods of Taussky and Shorr (1953).
{Appendix L}).



The activities of Nat-K+-ATPase, Ca?t-ATPase and Mglt-
ATPase in platelet and erythrocyte membranes were
determined. The metheds for ATPase measurements were based
on those described by Niggli et al, (1981); Res‘uk ct al,
{1986); Ringel et al, (1987) and Rakman et al, (1986}.

(See Appendix M).

9.4 RESULTS

One hundred and fifty four subjects were studied - 104
blacks (82 normotensives and 52 hypertensives) and 50
whites (24 hypertensives and 26 normotensives). The
normotensive and hypertensive groups were matched for age,
height and weight., The c¢linical characteristics of the

groups are presented in chapter 8.5.1. (Table 8.1}.

9.4.1 AVPase activity

9.4.1.1 Black group {Table 9.1, Figures 9,1; 9.2)

9.4.1.1 (i) Nat-K*-ATPase activity

In the hyperiensive group ery “ocyte and platelet membrane
Na*-K*-ATPase activity was significantly lower compared to
the normotensive group {p = 0,0001). Although platelet
Na*-K*-ATPase activity was greater than that of erythrocyte

membrane activity this was not significant.
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Table 9.1: Erythrocyte and platelet membrane ATPase activity in
the black group.

Black group

Normotensive  Hypertensive

blacks blacks
Variable p value
Normotensive
vs Hyp=artensive
Erythrocyte membrane
Na*-k*-ATPase 11,3 + 1,92 7,4 + 1,52 0,0001*
caZ*.ATpase 11,4 + 1,52 9,9 + 1,72 0,0008*
mg2*-ATPase 60,8 + 5,10 56,8 + 5,8 0,001*
Platelet membrane
Na¥-k*-ATPase 14,9 + 3,0 10,6 * 2,20 0,0001*
caZ*.ATpase 15,0 + 2,61 11,4 + 2,81 0,0001%
Mg2T.ATPase 65,9 + 3,1 58,8 + 9,0 0,0001%

-

ATPase activity is expressed as:-
nmol/mg membrane protein/minute at 37%c

* = significant difference
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Table 9.2 £ell membrana ATPase activity in male and female black normotensive
and hypertensive groups.

Black group
Normotensive Hyperteasive
blacks blacks
Female Male Female Male
(n = 26) (n = 26) (n = 30) (n = 22)
Erythrocyte membrane

Na*-k*-ATPase 12,0 + 1,77 10,7 + 1,86 7,43 + 1,60 7,41 * 1,59
Ca2*-ATPase 12,0 + 1,63 10,9 * 1,23 9,87 + 1,67 9,95 + 1,83
Mg?*-ATPase 59,4 + 4,22 62,0 + 5,57 55,7 + 6,30 58,3 + 4,66

Platelet membrone
Na*-K*-ATPase 13,62 + 2,31 15,9 4 3,15 10,43 + 2,59 10,8 + 1,72
ca?*.aTrase 15,0 + 2,89 15,0 + 2,40  11.67 + 3,29 11,0 * 2,10
Mg®*~ATpase 67,3+ 6,56 64,9+9,12 58,5+8,90 59,4 +9,33

ATPase activity is expressed as:-

nmol1/mg membrane protein/minute at 379C
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Tabte 9.3: Erythrocyte and platelet membrane ATPase activity
in the white group.

White group

Normotensive [llypertensive

whites whites
Variable p value
Narmotensive
vs Hypertensive
Erythrocyte membrane
Nat-k*.ATPase 9,4 + 1,74 8,3 + 1,5 0,06
ca?*.ATPase 10,8 + 2,61 10,9 + 1,8 0,62
Mg2*.ATPase 60,6 + 4,90 59,2 + 3,9 0,32
Platelet membrane
Na*-k*-ATPase 12,1 + 2,2 11,5 * 2,6 0,36
ca2*.ATPase 13,3 + 2,8 12,1 + 3,4 0,14
My2*-ATPase 64,1 % 4,8 61,6 + 5,1 0,30

ATPase activity is expressed as:-

nmol/mg membrane protein/minute at 37°¢
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Cell membrane ATPase activity 1n male and female white normotensive
and hypertensive groups.

Table 9.4:

White group
Normotensive Hypertensive
whites whites
Female Male Female Male
(n=13) (n = 13) (n = 14} (n = 10)
Erythrocyte membrane

Na*-K*-ATPase 9,5+ 1,56 9,3 +1,9 8,6 +1,6  7,9+1,8
ca*~ATPase 12,6 + 2,50 9,2+ 2,61 10,6 + 1,65 11,4 + 2,01

MgZ*-ATPase
Platelet membrane
Na*-K*-ATPase

Ca®*-ATPase

Mgz"'-ATPase

59,7 + 5,76

13,0 + 2,08
65,4 + 6,0
13,9 + 3,35

61,5 + 4,09

11,4 + 2,21
32,8 + 2,31
62,7 + 2,83

60,0 + 4,46

11,6 + 2,50
12.1 + 3,34
60,5 + 3,05

57,9 + 2,80

11,5 + 2,95
12,2 + 3,37
63,1 + 6,98

ATPase activity is expressed as:-

nmo1/mg membrane protein/minute at 37°C
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9.4,1.1 {13} Cca2*-ATPase activity

Erythrocyte and platelet membrane Ca2*-ATPase activity was
significantly depressed in the hypertensive group {p =
0,001 for erythrocyte Ca2+-ATPase; p = 0,0001 for platelet
CaZ*.ATPase). Ca2*-ATPase activity was higher in the
platelet membranes compared to the erythrocyte membranes.

The difference was not significant.

9.4.1,1 {1ii) Mg2*t.ATPase activity

Mg2*-ATPase activity (erythrocyte and platelet membrane),
was significantly lower in the hypertensive group compared
to the normotensive group (p = 0,0008 for erythrocyte Mg2+t-
ATPase; p = 0,0001 for platelet membrane Mg2*-ATPase).
Platelet Mg2*-ATPase activity was greater than erythrocyte
Mg2*-ATPase, but the difference was not significant.

9.4.1.1 {iv) ATPase activity in males and females

There were no significant differences for Nat-K*-ATPase,
Calt.ATPase and Mg2t-ATPase activities between the black
males and black females (Table 95.2).

9.4.1.2 White group (Table 9.3, Figures 9.1; 9.2)

They were no significant differences in ATPase activity

{erythrocyte and platelet) between the white normotensive
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and hypertensive groups. There were no differences in

ATPase activity between the sexes {(Table 9.4}.

9.4,1.3 Combined black and white groups (Table 9.5;

Figures 9.%5; 9.4)

When the groups were combined, erythrocyte and mlatelet
membranes Nat-K*-ATPase, Ca2*-ATPase and My: -/ e
activities were significantly lower in the hypertensive

group compared to the normotensive group (p = 0,0001).

9.4.2 Comparison of ATPases between the sexes and groups

significant differences of erythrocyte and platelet
membrane Nat-K*-ATPase, Mg2+-ATPase and Ca2+-ATPase
activities between the normotensive and hypertensive, black
and white, male and female groups are presented in tables
9.6~9.9. Platelet membrane Nat-X*-ATPase and Mg2+-ATPase
was significantly lower in the black hypertensive group
compared to the white hypertensive group. In the black
hypertensive subjects, erythrocyte Nat-K+t-ATPase activity
was significantiy lower compared to the white hypertensive

group.

232



