
Abstract

Hypertension is a major cardiovascular risk factor
and its pathogenesis remains elusive. For a long
time, hypertension and dyslipidaemia have been

viewed as independent but synergistic cardiovascular
risk factors increasing the risk of premature
atherosclerosis. Recently, a growing body of evidence
has indicated that hypercholesterolaemia promotes
impairment in several mechanisms implicated in blood
pressure control such as nitric oxide bioavailability,
renin-angiotensin activity, the sympathetic nervous
system, sodium and fluid homeostasis and ion
transport/signal transduction. Moreover, recent clinical
studies have pointed out a beneficial effect of
cholesterol-lowering treatment in reducing blood
pressure to a small but significant degree. Our
assumption is that depending on the complex
inter-relationships between genetic background and life
style, hypercholesterolaemia may be a trigger to blood
pressure elevation. An integrated approach to the
treatment of hypertension and dyslipidaemia can,
therefore, maximise both blood pressure control and
prevention of cardiovascular disease. In this review, we
discuss recent important data from our and other
groups, demonstrating the clinical evidence of the
hypertensinogenic effects of hypercholesterolaemia,
and the biological mechanisms which underlie them.
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Introduction
Hypertension is a major cardiovascular risk factor and its patho-

genesis remains elusive. Nevertheless, a growing body of evi-
dence has suggested a complex interplay between genetic and
environmental factors in the development of hypertension. From
a pathophysiological point of view, hypertension is a final com-
plex phenotype, influenced by environmental factors, and multi-
ple redundant and regulatory systems that participate in the con-
trol of cardiac output and systemic vascular resistance. Multiple
mechanisms may lead to the same final phenotype.1

For a long time, hypertension and dyslipidaemia have been
viewed as two independent but synergistic cardiovascular risk
factors increasing the risk of premature atherosclerosis. The
introduction of the concept that elevation of blood pressure typ-
ically occurs in conjunction with metabolic abnormalities, raised
the possibility of a pathophysiological link between these two
disorders. Initially, hyperinsulinaemia was proposed as a central
pathophysiological mechanism to explain the frequent co-exis-
tence of hypertension and dyslipidaemia.2 More recently, a large
number of studies have indicated that alterations in lipid metab-
olism itself may modulate several mechanisms implicated in
blood pressure regulation such as endothelium-dependent
vasodilatation, secretion of vasoactive substances, cellular han-
dling of calcium and sodium, and autonomic cardiovascular con-
trol.3-6 Therefore, from a mechanistic point of view, dyslipidaemia
may predispose to an increased sensitivity to hypertensinogenic
stimuli or even elicit the clinical manifestation of hypertension in
subjects with a pathophysiological background favourable to
hypertension development. Moreover, recent data have also indi-
cated that lipid-lowering treatment may ameliorate blood pres-
sure control, adding to the evidence for the role of dyslipidaemia
in the regulation of blood pressure.7-9 This review will look at:
i) potential mechanisms of dyslipidaemia affecting blood pres-
sure regulation systems and ii) the potential role of lipid-lowering
drugs in ameliorating hypertension control.

Potential mechanisms of dyslipidaemia altering blood
pressure regulation systems 
These are summarised in figure 1.

Nitric oxide bioavailability
Endothelial production of nitric oxide (NO) plays a central role
in the regulation of blood pressure and in the control of organ
blood flow. In studies in healthy subjects, the inhibition of NO
production by L-arginine analogues induces dose-dependent
changes in several hypertensive components, including reduc-
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tion in urine flow, sodium excretion, renal blood flow, glomeru-
lar filtration rate, endothelial dysfunction and, at higher levels
of inhibition, elevation in blood pressure.10,11 The inactivation of
NO by reactive oxygen species is a key feature of the endothe-
lial dysfunction induced by both hypercholesterolaemia and
hypertension.12 Hypercholesterolaemia promotes an increased
endothelial production of oxygen free radicals via activation of
NAD(P)H-dependent oxidases, which rapidly degrade NO mol-
ecules.13 In addition, hypercholesterolaemia reduces the syn-
thesis of NO in endothelial cells via transcriptional inhibition of
the endothelial NO synthase (NOS) gene, post-transcriptional
mRNA destabilisation and competitive inhibition of NO gener-
ation by NOS.14-16 Thus, hypercholesterolaemia strongly reduces
NO-induced vasodilatation via a broad range of mechanisms
involving both reduced production and increased degradation
of NO.

In a large sample of more than 1,500 individuals from the
general population, we compared the risk of hypertension
according to Glu298Asp NOS polymorphism and plasma cho-
lesterol levels (Pereira 2003, submitted for publication). We
found that in the general population, the risk of hypertension
was doubled in subjects with a total cholesterol above 5.40
mmol/L (209 mg/dL). The risk of hypertension was three times
higher if the hypercholesterolaemic patients were also homozy-
gous for the Asp298 allele, which represents a defective NOS

variant more vulnerable for intracellular cleavage. Interestingly,
for subjects with a total cholesterol below 5.40 mmol/L
(209 mg/dL), the risk of hypertension was unchanged no mat-
ter whether or not they presented with the defective Asp298
allele. Thus, our findings confirmed that hypercholesterolaemic
patients present a higher risk of manifest hypertension and also
that the NO production rate is a major mechanism underlying
the interaction between hypertension and hypercholestero-
laemia.

Renin-angiotensin system activity
Abnormal activation of renin-angiotensin system (RAS) plays a
critical role in several regulatory systems implicated in hyperten-
sion pathophysiology. By increasing extracellular volume expan-
sion, total peripheral resistance and cardiac output, the RAS
participates in several of the intermediate phenotypes that may
ultimately lead to elevation of blood pressure. 

Several factors may favour the activation of the RAS in hyper-
cholesterolaemia. Firstly, the activity of the circulating and arteri-
al wall RAS is up-regulated in hypercholesterolaemic patients.17-19

Secondly, hypercholesterolaemia up-regulates angiotensin II type
1 receptor (AT1) expression, intensifying a broad range of
responses to angiotensin II including vasoconstriction, salt reten-
tion and oedema.20 In fact, in a study performed in healthy sub-
jects, low-density lipoprotein (LDL) cholesterol emerged from a

Figure 1. Potential mechanisms that underlie the hypertensive effect of hypercholesterolaemia
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Key: ANS = autonomic nervous system; RAS = renin-angiotensin system; BR = baroreceptor; NO = nitric oxide; ET-1 = endothelin 1; AT1 = angiotensin II type 1 receptor;
VSMC = vascular smooth muscle cell; SNS = sympathetic nervous system; Na+ = sodium; Ca2+ = calcium
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multivariate analysis as an independent powerful determinant of
vascular responsiveness to angiotensin II.21

Such a combination of increased angiotensin II synthesis (sys-
temically or within the arterial wall) and AT1 responsiveness
increases blood pressure through a variety of mechanisms in dif-
ferent tissues, including the increase of vascular resistance in
small arteries, enhanced activity of the sympathetic nervous sys-
tem and salt retention.22 In this respect, NO down-regulates the
synthesis of angiotensin II in endothelial cells and the expression
of AT1 in vascular smooth muscle cells.23-26 Thus, decreased NO
bioavailability in hypercholesterolaemic patients may also play a
significant role in up-regulation of the RAS. 

More recently, a growing number of studies has indicated
that hypercholesterolaemia is associated with increased circulat-
ing levels of endothelin 1 (ET-1) and enhanced activity of ET
receptors, an autocrine-paracrine system directly implicated in
the regulation of arterial vascular tone and sodium and water
homeostasis.27-29 Modulation of the activity of the ET-1 system
interacts closely with the NO-ang II balance, as ET-1 synthesis is
up-regulated by angiotensin II and down-regulated by NO.28,29

Sympathetic nervous system activity
It is widely established that the sympathetic nervous system plays
a key role in the short- and long-term regulation of blood pres-
sure through modulation of cardiac output, fluid retention, and
vascular resistance.30-34 Afferent inputs from baroreceptors along
the artery wall interact with the central autonomic areas in
buffering acute variations in blood pressure via regulation of the
sympathetic nervous system tone to several organs.35 Therefore,
baroreflex dysfunction is a possible mechanism to explain patho-
physiological cardiovascular hyperreactivity and sympathetic
overactivity characteristic of pre-hypertension.31,33-35 Indeed,
recent studies have indicated that hypercholesterolaemia pro-
motes baroreflex dysfunction, contributing to cardiovascular
hyperreactivity and sympathetic overactivity associated with pre-
hypertensive status.31,33,34,36-38

Pathophysiological pathways by which dyslipidaemia may
lead to baroreflex impairment are barely understood.
Nevertheless, studies are providing a conceptual framework for
such speculation. At a cellular and molecular level, dyslipidaemia
modifies the physiological transmembrane transport of ions such
as sodium, calcium and potassium,39 thus interfering with the
electrochemical gradients needed for various cell functions
including neural function.40 In addition, decreases in endothelial
NO bioavailability may alter the signal transduction in autonom-
ic reflex and tonic control of cardiovascular function.41 Moreover,
hypercholesterolaemia favours the vasoconstrictor response to
norepinephrine via a mechanism related to membrane calcium
channels. Therefore, hypercholesterolaemic patients may present
vascular sympathetic overactivity despite a normal output from
the central autonomic system.5

In parallel to the functional effects of hypercholesterolaemia
on baroreflex control, hypercholesterolaemia may also increase
aortic and carotid arterial rigidity42 underlying the mechanism of
baroreflex dysfunction.43 Thus, in addition to the functional

effects of dyslipidaemia altering neural physiology at cellular and
molecular levels, the chronic vascular structural alterations
induced by dyslipidaemia (i.e. atherosclerosis and increase in
arterial stiffness) may also contribute to deregulation of cardio-
vascular autonomic control (i.e. increase sympathetic nervous
activity). This ultimately leads to chronic elevation of blood pres-
sure.44 Furthermore, a recent novel study in rabbits indicated that
hypercholesterolaemia induces nerve sprouting and sympathetic
hyperinnervation, which ultimately increases calcium inward cur-
rents in the heart.45 Thus sympathetic stimulation, triggered by
environmental factors such as smoking in hypercholesterolaemic
patients, may elicit an exaggerated cardiovascular response
compared with that observed in healthy individuals. 

Impairment of sodium and fluid homeostasis
Approximately half of hypertensive patients manifest elevation of
blood pressure during high dietary salt intake and are therefore
considered salt-sensitive. Salt-sensitive hypertension has been
linked to a decrease in renal production of NO, and increased
ET-1 and angiotensin II levels.46-54 In addition, in animal models
and in healthy subjects, the infusion of angiotensin II or NOS
inhibitors results in the development of salt-sensitive hyperten-
sion. By contrast, L-arginine treatment attenuates sodium reten-
tion and reduces blood pressure.46-54 

Co-existence of salt sensitivity and hypercholesterolaemia
are frequently found.6,55 Moreover, recent evidence has suggest-
ed a potential causative role for hypercholesterolaemia in salt
sensitivity. As discussed earlier, endothelium-dependent com-
pensatory vasodilatation is impaired in hypercholesterolaemic
patients. Thus, increased plasma volume and increased cardiac
output following salt intake may not be adequately compensat-
ed by the endothelium-dependent reduction of systemic vascu-
lar resistance and cardiac afterload in hypercholesterolaemic
patients.

Physiological adaptation to salt intake involves an increase in
renal production of NO and in renal perfusion pressure, and a
decrease in angiotensin II, ET-1 and aldosterone.47,56

Hypercholesterolaemia induces the opposite response, increasing
vasoconstrictive molecules, such as angiotensin II and ET-1, and
reducing the vasodilator NO.17-19, 27-29

Thus, NO-ang II-ET1 imbalance and endothelial dysfunction
may account for the frequent association between hypercholes-
terolaemia and salt sensitivity.  In fact, the hypertensive effect of
dietary salt-load is significantly higher in diet-induced hypercho-
lesterolaemic rats than in controls.57

Cell membrane alterations
The activity of membrane transporters depends critically on the
structure and composition of cellular membranes. Dynamic
lipoprotein-cell and cell-cell interactions result in a rapid
exchange of surface lipids, which lead to a remodelling of the
structure and composition of cellular membranes. Thus, elevated
plasma levels of cholesterol-rich lipoproteins favour cholesterol
enrichment of cellular membranes. This reduces their fluidity and
also affects signal transduction, receptor coupling, sodium trans-
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port and cell calcium handling. All of these mechanisms are
implicated in the regulation of blood pressure.58-61 Membrane
cholesterol enrichment reduces membrane fluidity, the activity of
the sodium/potassium pump, sodium/lithium counter-transport,
sodium/potassium/chlorine co-transport, sodium/hydrogen
exchange and the passive leakage of sodium and potassium. This
significantly reduces cellular sodium efflux.62 Consistent with this
finding, cholesterol-lowering treatment reduces cellular mem-
brane cholesterol content and intracellular sodium concentration
but increases the sodium/potassium pump activity.63

Hypercholesterolaemia may, therefore, reduce cellular sodium
transport and fluid balance, which are primarily mediated by
sodium transporters along the nephron, and favour salt sensitiv-
ity and elevation of blood pressure.64

Cholesterol enrichment of the membrane of vascular
smooth muscle cells (VSMC) may also favour a hypertensive
response. Membrane cholesterol enrichment in VSMC stimu-
lates calcium influx via L-type voltage-sensitive channels and,
consequently, the myogenic tone of these cells.65,66 Such an
increase in the VSMC tone reduces the calibre of the microvas-
cular arterial bed and increases peripheral vascular resistance
and blood pressure. In fact, in hypertensive patients, the intra-
cellular concentration of free calcium in platelets is positively
correlated with membrane cholesterol content, plasma choles-
terol levels and blood pressure.67,68 Moreover, the exaggerated
increase in blood pressure observed in normotensive hypercho-
lesterolaemic individuals under mental or exercise stress is pro-
portional to the increase in intracellular calcium concentration
induced by LDL stimulation.4

Potential role of lipid-lowering drugs ameliorating
blood pressure control
For over a decade, the suboptimal effectiveness of antihyperten-
sive treatment on the prevention of coronary artery disease
events compared to the preventive impact on the incidence of
heart failure or stroke has been discussed.69,70 One explanation is
that certain elements of hypertension, such as hypercholestero-
laemia or insulin-resistance, have not been adequately
addressed. Thus, an enhanced risk of coronary artery disease in
hypertensive patients may result from the pro-atherogenic
effects of elevated blood pressure, but equally from other hyper-
tensive components. Recently, this assumption was confirmed by
the demonstration that even a low dose of statin (atorvastatin,
10 mg/day) when given to hypertensive patients with mild-to-
moderate hypercholesterolaemia (LDL cholesterol < 6.5 mmol/L
(250 mg/dL) greatly reduces the risk of cardiovascular events.71

Thus, cholesterol-lowering treatment deserves special attention
for the optimal treatment of hypertensive patients.

As previously discussed, much evidence supports the concept
that hypercholesterolaemia could contribute to the complex
interactions which trigger blood pressure elevation, or which
may exacerbate this condition in patients with overt hyperten-
sion. Salt sensitivity, endothelial dysfunction, elevated blood pres-
sure and atherosclerosis must be considered less as isolated clin-
ical features but rather a result of a cluster of cardiovascular risk

factors, such as hypercholesterolaemia and insulin resistance,
which exhibit an intimate and synergistic association. In this con-
text, cholesterol-lowering treatment with statins has proved to
attenuate a spectrum of cardiovascular diseases.7,72-74

Some years ago we reported for the first time that choles-
terol-lowering treatment with statins promotes a significant
reduction in systolic and diastolic blood pressure,7 an observation
subsequently confirmed by others.8,9,75 This finding is consistent
with clinical studies which demonstrated that statin treatment
attenuates the rise of blood pressure induced by mental stress as
well as that induced by infusion of angiotensin II or norepineph-
rine.76,77 Recently, our group investigated the cardiovascular
responses during systemic hypoxia stress in normotensive
patients heterozygous for familial hypercholesterolaemia (FH), a
severe monogenic form of dyslipidaemia. We observed that FH
patients presented a marked blunted forearm vasorelaxation
associated with an enhanced pressor response as compared with
normocholesterolaemic controls.3 Interestingly, when we treated
these patients with statins, they presented a cardiovascular
response equivalent to that observed in the controls (Barreto-
Filho, 2003, unpublished results).

Several mechanisms might underlie the blood pressure-low-
ering effect of statins. Cholesterol lowering-dependent and
-independent actions of statins improve endothelial dysfunction
and vasomotor properties, leading to a decreased systemic
peripheral resistance and, consequently, reduced blood pressure
hyper-reactivity.74 NO bioavailability is increased and activity of
both the ET-1 and angiotensin II systems is reduced after statin
treatment, which contributes to normalisation of vasomotor

Key messages

� In addition to its atherogenic effects,
hypercholesterolaemia equally influences a wide
spectrum of biological mechanisms intimately associated
with the initiation and progression of hypertension

� Hypertensinogenic mechanisms, such as low nitric oxide
bioavailability, increased activity of the renin-
angiotensin-aldosterone and endothelin-1 systems,
sympathetic overactivity, and impairment of the cellular
handling of ions such as sodium and calcium, are
frequently found in hypercholesterolaemic subjects

� In hypertensive patients, cholesterol lowering reduces
blood pressure to a small but significant degree and,
equally, significantly attenuates the incidence of
coronary artery disease events

� An integrated approach to blood pressure- and
lipid-lowering treatments represents an optimal
therapeutic strategy to attenuate atherogenesis and
prevent cardiovascular disease in patients who display
hypertensive dyslipidaemia
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properties.24 Moreover, in hypercholesterolaemic, normotensive
patients, statin treatment improves the elasticity of small arteries
leading to reduced systolic and diastolic blood pressure.75

Conclusion and perspectives
In summary, the frequent co-existence and extensive interaction
between hypercholesterolaemia and hypertension is consistent
with the observation that these clinical abnormalities constitute
key elements of the syndrome of hypertension. The mechanisms
which underlie the complex interaction between these two
major cardiovascular risk factors remain only partially under-
stood. In hypertensive patients, cholesterol lowering reduces
blood pressure to a small but significant degree and attenuates
the incidence of coronary artery disease events. An integrated
approach to blood pressure- and lipid-lowering treatments,
therefore, represents an optimal therapeutic strategy to prevent
cardiovascular disease in patients who display hypertension asso-
ciated with dyslipidaemia. Despite a large amount of data indi-
cating that hypercholesterolaemia constitutes one element, in
the complex condition of hypertension, additional clinical and
mechanistic studies are required to provide a more comprehen-
sive understanding of the pathophysiology and therapeutic
strategies needed to attenuate hypertensive dyslipidaemia.
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