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Far from simply lining the inner surface of blood vessels, the
cellular monolayer that comprises the endothelium is a highly
active organ that regulates vascular tone. In health, the
endotheliummaintains the balance between opposing dilator
and constrictor influences, while in disease, it is the common
ground on which cardiovascular risk factors act to initiate the
atherosclerotic process. As such, it is the site at which
cardiovascular disease begins and consequently acts as a
barometer of an individual’s likely future cardiovascular
health. The vascular endothelium is a very active organ
responsible for the regulation of vascular tone through the
effects of locally synthesized mediators, predominantly nitric
oxide (NO), endothelial NO synthase (eNOS), and superoxide.
NO is abundantly evident in normally functioning vasculature
where it acts as a vasodilator, inhibits inflammation, and has

an antiaggregant effect on platelets. Its depletion is both a
sign and cause of endothelial dysfunction resulting from
reduced activity of eNOS and amplified production of nico-
tinamide adenine dinucleotide oxidase, which, in turn, results
in raised levels of reactive oxygen species. This cascade is the
basis for reduced vascular compliance through an imbal-
anced regulation of tone with a predominance of vasocon-
strictive elements. Further, structural changes in the
microvasculature are a critical early step in the loss of normal
function. Thismicrovascular dysfunction is known tobe highly
predictive of future macrovascular events and is conse-
quently a very attractive target for intervention in the hyper-
tensive population in order to prevent cardiovascular events.
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Far from simply lining the inner surface of blood vessels,
the cellular monolayer that comprises the endothelium
is a highly active organ that regulates vascular tone. In
health, the endothelium maintains the balance between
opposing dilator and constrictor influences while in
disease it is the common ground on which cardiovas-
cular risk factors act to initiate the atherosclerotic
process. As such, it is the site at which cardiovascular
disease begins and consequently acts as a barometer of
an individual’s likely future cardiovascular health. It is
therefore of immense importance in the early detection
of cardiovascular disease and may offer a substrate for
therapy to prevent the ensuing development of macro-
vascular events.

ENDOTHELIAL DYSFUNCTION
Many patients (around 50%) who experience a cardio-
vascular event do so “out of the blue,” having appar-
ently had previously good cardiovascular health.1

Therefore, the identification of these individuals before
the onset of macrovascular disease is of enormous
interest, and one area that has received particular
attention is that of the microvasculature, in particular,
the endothelium.
The microvasculature refers traditionally to the net-

work of arterioles, venules, and capillaries between

15 lm and 300 lm in diameter that constitute the
vascular bed and are the main site of vascular resis-
tance.2 Dysfunction of the endothelium, an underpin-
ning mechanism of microvascular disease, was first
described in the forearm vasculature in 1990.3 Since
then, it has been shown to both precede and predict
future cardiovascular events and therefore offers an
early opportunity to detect disease.4

Regulation of Endothelial Tone
In health, the endothelium is the source of both
endothelium-derived relaxing (EDRFs) and constricting
factors (EDCFs), which exert opposing effects on
underlying vascular smooth muscle cells in order to
regulate vascular tone.5 The predominant EDRF that
acts to cause vasodilation is nitric oxide (NO), while
EDCFs including angiotensin II and endothelins have
the opposite vasoconstricting effect.5 An imbalance in
the homeostasis of these factors toward excessive
constriction is a major feature in endothelial dysfunc-
tion, and it is the free radical NO that has the major role
in this imbalance.

NO in the Regulation of Vascular Tone
NO is synthesized from its precursor L-arginine by the
endothelial form of NO synthase (eNOS) provided that
essential cofactors for eNOS activity such as tetrahydo-
biopterin (BH4) are available.4,6 Once generated, NO
easily diffuses from the endothelium to activate soluble
guanylyl cyclase in vascular smooth muscle cells, which,
in turn, increases cyclic guanosine monophosphate
production, causing relaxation of these smooth muscle
cells and vasodilation.4,6,7 In addition, NO also has
antithrombotic, antiproliferative, and leukocyte
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adhesion inhibitory effects, thereby suppressing local
wall inflammation.4,6 Therefore, any loss of bioavail-
ability or function of NO is harmful to endothelial
health. In fact, in a murine model without the endothe-
lial isoform of NOS, the mice are hypertensive with
endothelial dysfunction.8

As a free radical, NO is subject to scavenging both by
reactive oxygen species (ROS) and the superoxide
anion. Increased levels of superoxide anion in cardio-
vascular disease results in enhanced NO scavenging to
form peroxynitrite (a powerful pro-oxidant that pre-
vents eNOS bioactivity) thereby reducing NO bioavail-
ability.3,6 Although superoxide anion is degraded by
superoxide dismutase (SOD), the reaction between
superoxide and NO is three times faster than its
degradation by SOD.6 This oxidative stress in the
vascular wall also results from activation of nicotin-
amide adenine dinucleotide oxidase (NADPH), which
augments ROS.9 Increased levels of ROS cause uncou-
pling of BH4 from eNOS and consequently the gener-
ation of superoxide, which reduces NO bioavailability
as above.9,10 Whether eNOS is appropriately coupled is
of immense importance because it determines whether
the predominant end product of its activity is either NO
or superoxide.

NO in Hypertension
Cardiovascular risk factors such as aging, active and
passive smoking, and hypertension have all been linked
to reduced levels of NO as a precipitant of endothelial
dysfunction.2,6 In hypertension, sustained elevation of
systemic pressure in the microvasculature leads to
premature aging and increased turnover of endothelial
cells, which are then replaced by regenerated endothelial
cells.5 The regenerated endothelium has an impaired
ability to release EDRFs, resulting in an imbalance
toward EDCFs with consequent vasoconstriction.5,11,12

Hypertension has been linked to deficient levels of
nitrogen dioxide and increased vascular production of
ROS.13 Therefore, the ability of the endothelium to
function normally in maintaining balanced vascular
tone through its generation of relaxing and constricting
factors is essential in preventing the onset of early
vascular damage. Conversely, a dysfunctional endothe-
lium leads to functional changes in the microvasculature
with a predominant and deleterious constrictive tone.

HYPERTENSION AND ENDOTHELIAL
DYSFUNCTION
These functional changes are, however, far from the
only mechanism by which the microvasculature is
altered in the presence of cardiovascular risk factors.
Structural alterations to the vessels themselves are
fundamental in accruing damage that will only become
clinically apparent with the advent of a macrovascular
event. In particular, individuals with hypertension
undergo a process of microvascular injury that pre-
dates any form of clinically detectable target organ
damage. In fact, endothelial dysfunction has even been

demonstrated in normotensive individuals who merely
have a family history of hypertension.6 In this regard, it
is tempting to consider the microvasculature as the
earliest “organ” to show signs of hypertensive damage
and therefore the earliest opportunity to intervene to
redress this process.

Structural Changes in the Vascular Wall in
Hypertension
Resistance vessels are responsible for conducting most
of the pressure attenuation necessary between larger
conduit arteries and capillaries.2 The microcirculation is
the major site of systemic resistance and as such is
susceptible to insult from sustained pressure elevation.
Vascular beds that are particularly vulnerable to
increases in blood pressure are those low impedance
networks that are subject to fluctuations in pressure,
for instance those seen in the cerebral, ocular, and
renal beds.

The concept of structural alterations of the vessel wall
in hypertension first emerged from work undertaken by
Folkow in the early 1980s.14 He determined that even a
small reduction in lumen diameter had a major effect on
vessel resistance as a result of the inversely proportional
relationship of resistance to the fourth power of the
radius (Poiseuille law).14 Following this groundbreaking
work, the nature of these vascular wall changes is now
well documented.

Remodeling
Hypertension results in structural alterations in micro-
circulatory beds that can be broadly divided into two
types: remodeling and rarefaction. It is remodeling that
is responsible for the majority of the chronic elevation in
systemic vascular resistance seen in hypertension.2 Data
from both human and animal models demonstrate a
smaller lumen with rearrangement of the wall constitu-
tion in what is described as either eutrophic, hypertro-
phic, or hypotrophic remodeling.2,15,16 Although clearly
limited as an isolated specimen and therefore not
necessarily applicable to the microvasculature as a
whole, evidence from subcutaneous gluteal biopsies
has demonstrated inward eutrophic remodeling in
hypertension.17 This is a rearrangement of vessel wall
components without growth resulting in luminal
narrowing and an increased wall-to-lumen ratio,15

which, as already mentioned, has a profound effect on
resistance.

There is some debate regarding the precise etiology of
structural changes in the microvasculature in patients
with hypertension. While it is assumed and has been
shown that pressure effects are the predominant culprit
in establishing hypertensive remodeling, pressure-inde-
pendent factors may also have a role. An early animal
study using a rat model demonstrated medial hypertro-
phy after infusion of angiotensin II.18 While treatment
with hydralazine prevented the onset of hypertension, it
did not prevent medial hypertrophy, leading to the
conclusion that a pressor-independent mechanism may
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be responsible.18 Specifically, angiotensin II itself is a
likely remodeling candidate in hypertension and has
been shown as a pressure-independent mediator of small
mesenteric artery medial hypertrophy.18

Rarefaction
The secondmechanism by which elevated pressure exerts
structural changes in the microvasculature is that of
rarefaction. This is most simply thought of as a reduction
in the number or combined length of small vessels in a
defined volume of tissue.15 Two subforms of rarefaction
exist: functional rarefaction, where there is a reduction in
the number of vessels perfused rather than an actual
reduction in the number of vessels per se, and structural
rarefaction, where there is a definite decrease in number
of vessels anatomically present.15 Both forms have been
demonstrated in skin biopsy samples of hypertensive
patients.19 It also seems that a continuum may exist
between the subtypes of rarefaction with functional
alterations seen to progress to structural with continued
pressure effects, as chronic vessel nonperfusion leads
ultimately to its structural loss.20 If so, this would render
oxidative stress an underpinning mechanism of both
main forms of microvascular damage in hypertension,
endothelial dysfunction, and deleterious structural alter-
ations of the vessel wall in the form of rarefaction.

Is Microcirculation a Culprit or Victim of
Hypertension?
While the evidence largely points to hypertension
impacting the microvasculature to cause these deleteri-
ous changes in wall structure and function, there are
examples that suggest a case for the reverse order of
events. For instance, in animal models of hypertension,
elevated levels of ROS and arteriolar rarefaction occur
even in parts of the microcirculation not exposed to high
levels of blood pressure.21 In spontaneously hyperten-
sive rats, the use of an antioxidant to prevent oxidative
stress not only prevents rarefaction but also the devel-
opment of hypertension itself.22 In the human model,
rarefaction has been demonstrated in the microvessels of
those with a family history of hypertension but who are
themselves normotensive.23 In reality, there may well be
underlying microvasculature changes in some individu-
als that at least predispose them to the development of
incident hypertension. Indeed, there may be a cyclical
process of damage and hypertension that is self-perpet-
uating (Figure); however, the majority of available
evidence points to the microcirculation being altered
in response to sustained elevation in pressure after the
onset of essential hypertension.24

Antihypertensive Therapy Class Effects on
Endothelial Function
The importance of intervening with therapy at such an
early stage in the vascular complications of hypertension
is to prevent progression of this microvascular dis-
ease to macrovascular disease manifested clinically as
cardiovascular events. What should be highlighted,

however, is that a reduction in blood pressure by itself
will not necessarily translate into an improvement in
endothelial function. Although angiotensin-converting
enzyme inhibitors, angiotensin receptor blockers, cal-
cium channel blockers, and third-generation b-blockers
all restore endothelial function, older b-blockers have
not been shown to have this restorative effect.5,25 In
broad terms, agents that reduce cardiac output such as
diuretics and first-generation b-blockers, while improv-
ing cardiovascular outcomes, do not seem to have an
impact on endothelial function, while those that pri-
marily cause vasodilation do.15

CONCLUSIONS
The vascular endothelium is a very active organ
responsible for the regulation of vascular tone through
the effects of locally synthesized mediators, predomi-
nantly NO, eNOS, and superoxide. NO is abundantly
evident in normally functioning vasculature where it
acts as a vasodilator, inhibits inflammation, and has an
anti-aggregant effect on platelets.9 Its depletion is both a
sign and cause of endothelial dysfunction resulting from
reduced activity of eNOS and amplified production of
NADPH oxidase, which, in turn, results in raised levels
of ROS. This cascade is the basis for reduced vascular
compliance through an imbalanced regulation of tone
with a predominance of vasoconstrictive elements.
Further, structural changes in the microvasculature are
a critical early step in the loss of normal function. This
microvascular dysfunction is known to be highly
predictive of future macrovascular events26 and is
consequently a very attractive target for intervention
in the hypertensive population in order to prevent
cardiovascular events.
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