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ABSTRACT

Increased gastrointestinal absorption and urinary excretion of zinc
has been confirmed in experimental and clinical studies on primary arte-
rial hypertension as a result from changes of intracellular and extracellular
zinc content. In arterial hypertension, the levels of zinc in serum, lympho-
cyte, and bone decrease while increasing in heart, erythrocytes, kidney,
liver, suprarenal glands and spleen. These changes result in the loss of zinc
homeostasis that leads to various degrees of deficiency, not entirely com-
pensated by nutritional factors or increased absorption in the gastroin-
testinal tract. Loss of zinc homeostasis can be both cause and effect of high
blood pressure. In the present review, the role of zinc metabolism changes
and its mechanisms in arterial hypertension are discussed.

Index entries: Zinc; blood pressure; arterial hypertension.

INTRODUCTION

Changes in the distribution of zinc between the extracellular and
intracellular spaces have been confirmed in arterial hypertension. To date,
however, the significance of such changes is still mostly unknown. Zinc is
involved in organic changes that develop in patients with hypertension
and its deficit is known to reduce the response to hypotensive factors. Zinc
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is also known to exert a protective effect against the evolution of arterial
hypertension resulting from exposure to heavy metals.

Clinical and laboratory data suggest that zinc participates in blood
pressure regulation and in the pathogenesis of hypertension. Evidence
includes the negative correlation between arterial blood pressure and zinc
content in serum and higher zinc concentration in the red blood cells in
patients suffering from primary arterial hypertension and in subjects with
type A personality, who are at risk of circulatory system diseases (1,2).
Higher zinc levels in erythrocytes and heart muscle have been found in a
strain of spontaneously hypertensive rats (SHRs) (1-5). All of these obser-
vations point out that the influence of zinc on the regulation of arterial
blood pressure is not a simple process, but one that involves several sys-
tems at different physiological levels.

Zinc exerts an inhibiting effect on the ATP-dependent calcium pump
that catalyzes the outpour of calcium ions from the cell (6). An excess of
zinc inside the cell could lead to a rise of the free Ca?* level in the smooth
muscular layer of vessels, causing an increase of the arterial wall tension.
Reduced activity of Ca*?ATP-ase was found in erythrocytes of SHRs. Zinc
also facilitates the release of calcium from the sarcoplasmic and endoplas-
mic reticules (3). Furthermore, the inhibition of 1,4,5-triphosphoinositol-5-
phosphatase activity (InsP3) by zinc was also demonstrated (7). Such an
inhibiting effect could cause accumulation of InsP; and increased release
of intracellular calcium, leading to increases of the arterial muscular layer
tension and the proliferation of smooth muscle cells often found in the
arteries of SHRs (3,4,8). On the other hand, extracellular zinc produces a
blocking effect on the calcium channel (9).

The zinc content in human erythrocytes and in the erythrocytes,
spleen, and liver of mice is genetically determined. This evidence supports
the fact that diffrences in zinc content in tissues between SHRs and Wis-
tar—Kyoto rats (WKY) also depend on genetic factors. In SHRs, higher con-
centrations of zinc in the heart, erythrocytes, kidneys, liver, suprarenal
glands, and spleen were observed. Except for the last three, these differ-
ences were statistically significant, suggesting a general tendency to
increased zinc intracellular content in SHRs in comparison with WKY rats.
In extracellular space, the zinc concentrations were practically the same,
although the zinc content in bones was lower in SHRs in comparison to
WKY rats (3,4,10,11). It can be assumed that there is a faulty mechanism or
mechanisms that regulate the intracellular zinc concentration in SHRs.

Increases of intracellular zinc were observed in young SHRs, in which
signs of heart muscle hypertrophy appeared as early as the prehyperten-
sive period (12,13). The induction of hypertension in Wistar rats by DOCA
+ sodium chloride resulted in heart muscle hypertrophy, but the elevation
of zinc was insignificant (4). In the sodium-sensitive Dahl rats strain, large
sodium intakes caused a significant rise of zinc in the heart muscle after
the development of aterial hypertension (14).
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The zinc concentrations in the serum of SHRs were higher than in
those with nephrogenic hypertension (RH) or normotensive (NT) rats,
which did not show significant differences in their serum zinc (15).

In Sprague-Dawley rats, nutritional zinc deficit results in lowering of
the systolic arterial blood pressure and the levels of angiotensin-convert-
ing enzyme activity (ACE) in serum (16). It is well known that drugs ihibit-
ing ACE lower arterial blood pressure, so it can be assumed that this is
related to zinc deficiency. This hypothesis would explain the observed
direct correlation between high nutritional zinc intake and incidence of
chronic hypertensive disease (16-18). In another study, a zinc deficit was
found to result in the reduction of the vasodilatation reaction to
bradykinin and prostacycline, which probably results from impairment of
their receptor sites (19).

In these studies, the decrease of activity of ACE in serum was accom-
panied by a rise of its activity in the aorta wall, but its activity in lungs
remained unchanged. The rennin activity in serum did not change or
showed insignificant increases. In vitro studies revealed a significantly
higher activity of ACE in zinc-deficient rats that were administered zinc
directly into the bloodstream. Such an observation suggests that although
zinc deficient, the ACE synthesis intensifies and so does the total ACE con-
centration in serum; yet, a large number of enzyme molecules show
reduced activity or are totally inactive (16). Because administration of zinc
to a control group of normally fed rats also elevated the activity of ACE, it
can be assumed that there is a pool of inactive ACE molecules in the blood;
thus, zinc might be one of the factors involved in the feedback mechanism
that controls the activity of ACE in serum (16).

In in vitro studies, zinc intensifies norepinephrine-induced vaso-
pression. Yet, such a phenomenon, observed in SHRs, did not occur in
normotensive  WKY rats (4). Intensified dopamine release from
pheochromocytoma cells of rats being under the influence of zinc was also
confirmed (20). Also in vitro, low zinc concentrations increased the release
of catecholamine from bovine adrenal glands, but high zinc concentrations
acted inversely, probably by blocking the calcium channel (21).

Furthermore, zinc was demonstrated to modulate the influence of
aldosterone on Na*/H* exchange (22). A close relationship was found
between the zinc content in erythrocytes and the activity of carbonic anhy-
drase (23,24). According to the theory on the role that arterial chemore-
ceptors and tissue oxygen supply play in the pathogenesis of
hypertension, the higher zinc content in erythrocytes could have triggered
an increase of carbonic anhydrase activity such as it occurs in acidosis as a
response to a false signal of oxygen deficiency in tissues. Experimental
zinc deficiency in rats caused the activity of carbonic anhydrase to
decrease by about 40%. The defense reaction against such decline is poly-
globulia (25,26). It can be assumed that the rise of hematocrit values found
in arterial hypertension and the positive correlation between blood pres-
sure and hemoglobin concentration are responses to the same signal; that
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is, the rise of carbonic anhydrase activity as a signal of cytosol acidification
mentioned above is a false signal of the lack of oxygen in tissues.

As for any biologically active substance, the biological effects of zinc
depend on its concentration, among other factors. Zinc(Il) ions are known
to have a regulating effect on H* transfer into the cell (22,27). If the increase
of extracellular Zn?* slows down the H* transfer into the cell to prevent
excessive acidification of the cytoplasm and the converse, the following
hypothesis can be put forth.

In the case of an increased level of zinc ions in the extracellular com-
partment, the intracellular rise of pH lowers the sympathicotonia. This
favors the parasympathetic system, which causes a decrease of ventilation
and arterial blood pressure drop as a mechanism to inhibit alkalization of
the intracellular environment. In patients with low blood pressure, there is
a tendency to higher serum zinc concentrations and an inclination to vaso-
vagal reactions (28,29).

Under conditions of lower zinc in the extracellular space, the lower
pH of cytosol raises sympathicotonia, which elevates blood pressure and,
by hyperventilation, increases oxygen intake. Simultaneously, tissue acid-
ification from flow autoregulation intensifies blood flow in microcircula-
tion. This causes increased tissue oxygenation, which, with time, activates
the defense mechanisms against oxygen excess, initially leading to a func-
tional and, later, a structural decrease of microcirculation net. In arterial
hypertension, one can observe both the drop of zinc content in serum and
the rise of sympathicotonia and hyperventilation, originating a rise of cir-
culating blood volume related to hyperperfussion of microcirculation,
which then goes back to the initial volume and reduced microcirculation
net (1,3,5,30-38).

Zinc also stimulates the activity of the endothelin-converting enzyme,
responsible for endothelin-1 synthesis, the central vasoconstricting factor
produced by endothelium. Higher peroxide concentrations were meas-
ured in sera of SHRs. Peroxide inhibits the activity of this enzyme by
removing Zn?* from its catalytic center. Zinc replacement has been shown
to restore the enzyme’s activity (39-41).

Another zinc-dependent metal peptidase is the neutral endopeptidase
responsible for the degradation of the atrial natriuretic factor (ANF), a car-
diac hormone that regulates salt and water balance in body fluids and
blood pressure. The ANF inhibits hypertrophy of heart muscle and of the
muscular layer of the vessels (42,43). Administration of an inhibitor of
vasopeptidase resulted in a decline of arterial blood pressure and restric-
tion of hypertensive changes in heart muscle. The results were even more
favorable than those following treatment with an ACE blocker (44).

The vasoactive intestinal peptide (VIP) promotes vasodilatation and
protects cells against possible toxic effects of excessive zinc (45). Decreased
VIP concentrations in serum and increased transcription of this peptide in
the brains of SHRs were reported (46,47). In spontaneously hypertensive
hamsters (SHHs), administration of VIP in lyposomes caused vasodilata-
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tion and a drop of arterial blood pressure (48,49). The protective effect by
VIP against intracellular zinc accumulation and its hypotensive activity
demonstrate that it takes part in maintaining zinc metabolism homeostasis.

Another factor in the regulation of arterial blood pressure involving
zinc is the heme—-oxygenase—carbon monoxide system, which, upon activa-
tion, decreases arterial blood pressure. Blocking of this enzyme by zinc—pro-
toporphyrin IX (ZnPP-IX) in SHRs led to a rise in blood pressure (50,51).
ZnPP-IX can also inhibit the nitrogen oxide vasodilatation effect (52).

Ma et al. showed that intravenous administration of zinc sulfate to
dogs with an open chest under general anesthesia resulted in a drop of
both the systolic and diastolic blood pressure, accompanied by bradycar-
dia and decrease of heart index, with unchanged total peripheral resist-
ance, suggesting that in this case, hypotension results from the depressive
influence of zinc sulfate the on heart muscle (53).

It was stated that increasing the zinc—copper ratio (e. g., by decreasing
the copper content in diet) led to hypercholesterolemia. It is then possible
that impaired regulation of intracellular zinc, apart from increasing blood
pressure, could be an independent factor for intensified atherosclerosis
evolution (54).

Both zinc deficiency and zinc excess impaired the function of copper—
zinc superoxide dismutase and, in this way, might impair endothelium-
dependent relaxation in experimental animals and in humans (55-5§).
Zinc deficiency aggravated hypertension in SHRs (56), but did not change
blood pressure levels in NT rats (58). Excessive zinc intake elevated sys-
temic blood pressure in NT rats (59). Those observations were connected
with the function of the above-mentioned dismutase.

The results from animal experiments are consistent with observations
made in human subjects. The idea of a primary, genetically determined
defect of intracellular zinc content regulation in the course of circulatory sys-
tem diseases is justified both by high zinc content in erythrocytes of young
NT individuals with type A personality (which also depends on genetic fac-
tors) and by the high incidence of hypertension in their family (2,4).

There is an increasing number of articles suggesting that the onset of
hypertension can be predicted in adults who had left ventricle muscle
hypertrophy in their childhood, again suggesting a genetic factor in hyper-
tension that agrees well with results obtained using SHRs (60).

The use of diuretics or ACE blockers as treatment for hypertension
causes changes in urinary zinc excretion, decrease of zinc in erythrocytes,
and increase in leucocytes (61-65). It is widely known that effective
hypotensive treatment leads to regression of left ventricle muscle hyper-
trophy. Is there any relation between these two phenomena? It is also well
documented that zinc is one of the major growth stimulators for some cell
lines, such as T-lymphocytes (4,66). Is zinc also a growth factor for car-
diomiocytes? A reduction of heart muscle protein synthesis was reported
in zinc-deficient rats, but this is not thought to be a specific but rather a
general effect of zinc deficiency (67). In newborn SHRs, heart muscle
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hyperplasia was accompanied by increased DNA synthesis, which is
known to require zinc ions (68).

Based on experimental and epidemiological studies, it was suggested
that increased dietary zinc could result in the elevation of arterial blood
pressure and, eventually, to hypertension (16-18,53). At the other end, low
dietary zinc resulted in atherosclerosis, evolution of arterial hypertension,
and diabetes (69).

In a short-time study on healthy, NT, properly nourished individuals
undergoing additional zinc supplementation, there was a dose-dependent
rise of plasma rennin activity and serum aldosterone levels, without sig-
nificant changes in blood pressure (53).

In a study published in 2001, the author confirmed increased gas-
trointestinal (GI) tract absorption of zinc in arterial hypertension (70).
Earlier, Wang et al. discussed the side effects of steroid therapy in hyper-
tension and diabetes in a study of the influence of dexametasone on zinc
absorption, which increased during this therapy (71). There were no
change in zinc absorption after administration of clopamide, but urinary
zinc excretion was intensified (72).

The increase of zinc absorption in the GI tract in arterial hypertension
can be related to primary and secondary changes. Assuming that zinc is a
trace element that elevates blood pressure, then intensified zinc excretion
with urine would come as a response to a pressure regulation mechanism.
In that case, the increased absorption of zinc in the alimentary tract would
occur to compensate the larger zinc loss. It can also be argued that the
increase of zinc absorption in the alimentary tract is a primary phenome-
non, triggering the pressure mechanisms that result in high blood pressure.
Both of these assumptions are not mutually exclusive and each performs its
particular role in the evolution of primary arterial hypertension.

It has been shown that the Cd-Zn ratio in serum is higher in people suf-
fering from arterial hypertension. This and other evidence show that zinc
has an antagonistic effect to the hypertensive activity of cadmium (73-75).

The changes in distribution of zinc in the body in hypertension can be
considered as a possible defense mechanism to lower blood pressure. The
role of zinc in the rennin—angiotensin—-aldosterone system (RAAS) can be
considered in this regard. In the author’s own studies, significantly higher
zinc was determined in serum from hypotense subjects, in comparison to
hypertensive individuals. This fact could be related to the regulating func-
tion of ACE (76).

Zinc and magnesium are phosphodiesterase activators (77). In this
context, the increase of intracellular zinc could have been considered as a
mechanism to restrict adrenergic stimulation and, more generally, to coun-
teract the factors that elevate the concentration of cyclic adenosine-3’,5"-
monophosphate (CAMP) in smooth and heart muscle cells (77).

Endogenous ouabaine from the adrenal cortex plays an important role
in arterial blood pressure control. About half of the patients suffering from
primary arterial hypertension have higher concentrations of endogenous
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ouabaine (78-81). Ouabaine produces a vasoconstrictive effect and,
depending on the dose, produces whether inhibiting or stimulating the
effect on aldosterone excretion by angiotensin II (82). It is also a natridi-
uretic factor whose excretion is controlled by adrenaline and angiotensin
II (81). As an inhibitor of the sodium pump, Nat/K*-ATP-ase, it most
probably takes part in the pathogenesis of hypertension (78-81). The
ouabaine dependence of zinc efflux from lymphocytes was shown in one
of our own studies (30). This efflux is affected by hypertension and drugs
used in its treatment (83,84). Together with data about the involvement of
the RAAS in the regulation of zinc metabolism and zinc involvment in
feedback mechanisms between RAAS components, all of these facts sug-
gest that ouabaine is part of the zinc metabolism (16,30,53).

Zinc-protoporphirine (ZnPP-IX), which increases in dialyzed patients
with iron deficiency, could also be responsible for increased blood pressure
values. With proper iron supplementation, the ZnPP-IX concentrations
decrease and so does arterial blood pressure (85).

Arterial hypertension or hypotension was not found in families with
genetically determined higher serum zinc (86). High zinc concentrations in
blood serum were observed in one patient with ceroidlipofuscinosis, renal
artery stanosis, and arterial hypertension. These concentrations and the
high values of blood pressure were lowered after effective precutaneous
angioplasty of the stenosed renal artery (87).

There are some reports of acute toxicity of zinc compounds. In one
case, hypotension was reported in zinc phosphide poisoning (88). In
another case, arterial hypertonia was seen after intoxication with zinc chlo-
ride (89). The toxic symptoms are probably the result of the compound,
and not only to zinc.

To summarize the known facts about the role that zinc plays in the
regulation of arterial blood pressure and in the etiology of hypertension, it
is necesary to ask the following questions:

1. What are the changes in zinc metabolism that occur in subjects
with arterial hypertension?

2. Are these changes primary or secondary?

3. What is the significance of these changes in relation to arterial
blood pressure regulation?

4. Is zinc itself—whether in excess or deficit—a causal agent of
arterial hypertension?

Question 1. Experimental and clinical studies have confirmed
increases in the GI absorption and urinary excretion of zinc in primary
arterial hypertension, resulting from decreases of zinc in the extracellular
compartment and changes of zinc intracellular compartment. The zinc
content in serum, lymphocytes, and bone decrease with a concurrent
increase in heart, erythrocytes, kidneys, liver, suprarenal gland and spleen.
In general, the increase of urinary zinc in hypertension leads to greater
zinc deficit in the organism because the loss of zinc is not fully compen-
sated by the observed increase of its absorption from the GI tract.
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Question 2. The loss of homeostasis that results from the changes
mentioned earlier can be classified both as primary and secondary
changes; that is, it might be considered to be the cause (primary) or the
result of (secondary) increased arterial blood pressure. The following
hypotheses can be put forth:

(a) Primary cause. Primary defect of zinc excretion on kidney
level: acidification of cytoplasm. The increase of urinary zinc
loss might be the result of kidney malfunction, followed by
disrupted zinc homeostasis and increased blood pressure as a
result of the acidification of cytoplasm. The origin might be in
malfunction of the alimentary tract, which would lead to
increased zinc absorption, saturating or exceeding the zinc
pump capacity and leading to intracellular accumulation of
the element, followed by a rise of arterial blood pressure and
progressive loss of zinc homeostasis. Alternatively, the prob-
lem might concern the zinc membrane pumps, which would
also result in intracellular increases with the same results as
above. Secondary, zinc dyshomeostasis causes intracellular
accumulation of calcium and intensification of pressure
mechanisms.

(b) Secondary cause. The loss of zinc homeostasis could be also
considered as secondary to hypertension, related to the acti-
vation of various pressure mechanisms.

Question 3. The changes in zinc metabolism might be considered at
the origin of increases or decreases of blood pressure. The flow of zinc
from cells into extracellular space occurs against a concentration gradient
and is regulated by the physiological zinc level outside the cells (90).

Low zinc concentrations in serum can be considered as a mechanism
to lower blood pressure in hypertension by affecting activities of the ACE,
the endothelin-converting enzyme and neutral endopeptidase. The higher
zinc concentration in erythrocytes is associated with an increase of car-
bonic anhydrase activity to increase the cytoplasm’s pH. These are reasons
for sympathetic system and RAAS activation. On the other hand, low zinc
concentration in extracellular space means less efficient blocking of cal-
cium channels, favoring the inflow of calcium ions into the cell and its
accumulation, leading to increased tension and hypertrophy of the smooth
muscular layer and heart vessels.

The role of zinc in the regulation of arterial blood pressure is multi-
level. It can be assumed that in the first stage of hypertension, the changes
in zinc metabolism are of compensative nature, trying to lower blood pres-
sure. With time, continuation of these changes results in the loss of zinc
homeostasis, which becomes part of the mechanism that promotes high
blood pressure.

Question 4. Changes in zinc metabolism caused by endogenous and
exogenous factors could lead to arterial hypertension. In this article, plau-
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sible mechanisms and hypotheses on the role of zinc in increasing or mod-
ulation pressure reactions are presented.

If the zinc intake is too low, deficiency would lead to hypotensive
mechanisms dysfunction, increase of arterial blood pressure, and aggra-
vating loss of zinc homeostasis (Hypothesis 1). Excessive zinc intake can
lead to intensified zinc absorption after breaking the intestinal barrier,
which might cause intracellular zinc accumulation, enzymes and signaling
processes dysfunction, followed by a rise of arterial blood pressure and
progressing to the loss of zinc homeostasis (Hypothesis 2).
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