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Abstract

The structure of the resistance vessels in patients with essential hypertension is altered, with reduction of the lumen diameter and

increase in wall-to-lumen ratio without change in wall mass, known as eutrophic remodelling. The alteration appears to cause

a reduction in the vascular reserve, in particular the coronary reserve (the ability to increase blood flow during hyperaemia).

Successful treatment of hypertension should therefore seek not only to reduce blood pressure but also to normalize the structure of

the resistance vessels. The available evidence shows that the effect of antihypertensive treatment on resistance vessel structure is

variable and not related to the reduction in blood pressure. Instead it appears that the key feature allowing normalization of vascular

structure is the ability of the treatment to cause a reduction in total peripheral resistance. Thus beta-blocker treatment is apparently

unable to correct the abnormal vascular structure, although vasodilator treatment – for example with angiotensin coverting enzyme

(ACE)-inhibitors – is able to do this. In vivo studies in rats, and in vitro organ culture experiments have suggested that the

remodelling is related to the activation of the vascular smooth muscle. The process seems to be mediated at least in part by tissue

transglutaminase, an enzyme which specifically controls the interaction of smooth muscle with the extracellular matrix. Taken

together the data support the desirability of vasodilator therapy in the treatment of essential hypertension.
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Introduction

The placebo-controlled trials of the 1970s and 1980s

demonstrated the benefits of treating mild to moderate

hypertension [10]. However, the data also showed that

the treatments (primarily with diuretics and beta

blockers) did not provide as much benefit as might

have been expected from the epidemiological evi-

dence. More recent evidence comparing the newer

drugs with diuretics and beta blockers have had con-

flicting results [11, 16, 30], suggesting that even mod-

ern antihypertensive therapy is still not optimal in re-

ducing risk. Thus it appears that blood pressure reduc-

tion is not the only factor of importance, and that

other factors may also be relevant in the successful

management of the disease [17, 20].

Investigations of the cause of hypertension are

complicated by the general finding that most parame-

ters are on average normal, e.g. sympathetic activity

and plasma renin activity. There is, however, one pa-

rameter which is consistently abnormal: an increased

peripheral resistance. The peripheral resistance is de-

termined mainly by the distal part of the arterial vas-

culature (the resistance vessels), consisting of the

small arteries (arteries with diameter < ca. 300 µm)

and the arterioles (the arteries just prior to the capil-

laries) [8]. Current evidence [20] indicates that the in-
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creased peripheral resistance is due in part to a gen-

eral narrowing of all resistance vessels and in part to

a reduction in the number of parallel-connected arteri-

oles, a process known as rarefaction. In principle, the

narrowing of the resistance vessels could be due to al-

tered function (an increased degree of vascular tone,

due either to increased neurohormonal drive or to al-

tered vascular sensitivity). However, the evidence for

this is weak, with the exception of evidence from

a number of groups for decreased endothelial function

[24]. In contrast, as discussed below, the evidence that

the increased resistance is due to structural changes

(known as remodelling) in the resistance vessels is

much stronger [14].

This review is based on a previous review [20] The

aim is to summarize and update current concepts con-

cerning the structure of the small arteries and the re-

modelling which is seen in essential hypertension. It

is shown that the available evidence still suggests that

small artery structure is to a large extent determined

by the degree of activation, and this has consequences

as regards optimal treatment of hypertension.

Small artery structure

Small arteries consist classically of three layers: in-

tima, media and adventitia. The longitudinally ar-

ranged endothelial cells of the intima are separated

from the circumferentally arranged smooth muscle

cells and connective tissue of the media by an internal

elastic lamina. The adventitia contains many compo-

nents including, in most cases, sympathetic nerves,

considerable amounts of collagen, and fibroblasts.

The primary functional characteristic of the vessels is

the lumen diameter which determines their resistance

(to the fourth power according to the Poiseuille rela-

tion), this characteristic being determined by the ac-

tive and structural properties of the vessel. The active

properties of a vessel are determined by the state of

contraction of the individual smooth muscle cells,

their number and arrangement. The structural proper-

ties of a vessel (lumen diameter, media and wall

thickness, and hence the physiologically important

media : lumen and wall : lumen ratios) are determined

with the smooth muscle cells relaxed, and usually with

the vessels exposed to a given intravascular pressure.

Remodelling in human hypertension

Early animal studies demonstrated that hypertension

was associated with a remodelling of the resistance

vessels [22, 23], and those findings have been

strongly supported by more recent studies using hu-

man material. In the human studies, small arteries

have been dissected out from gluteal skin biopsies,

taken under local anaesthesia, and mounted on myo-

graphs [1]. The studies have uniformly shown [14] that

essential hypertension is associated with a reduced lu-

men and increased media:lumen ratio in resistance

vessels. In particular, this work has shown that the al-

tered morphology is not associated with any increase

in the media cross-sectional area. Furthermore, the

size of the individual smooth muscle cells within the

media is also normal, while the functional responses

of the smooth muscle are little affected. There is thus

a rearrangement of otherwise normal cells around

a smaller diameter. This form of remodelling is

known as “eutrophic” (Fig. 1) with no change in

amount of material, in contrast for example to forms

associated with increased amounts of material (“hy-

pertrophic remodelling”) [21].
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Determinants of remodelling

The apparent discrepancies between resistance vessel

structure and blood pressure are likely due to the fact

that vascular structure is not only dependent on pres-

sure but also on the flow through them and the hormo-

nal environment. Thus, the structure of blood vessels

is not constant, but is continually being adjusted to al-

low them to fulfil their function of delivering blood to

the capillaries in the correct quantity and at the correct

pressure. The remodelling seen in essential hyperten-

sion and during antihypertensive treatment therefore

needs to be explained in terms of these initiating fac-

tors.

A scheme for how pressure, flow and hormones

can initiate vascular remodelling is presented in Fig-

ure 2. With unchanged lumen diameter, increased in-

travascular pressure will cause an increase in the wall

stress, which then stimulates a hypertrophic process

leading to an increase in wall thickness [12]. The flow

through a vessel also has a profound effect on the vas-

cular structure, since increases in flow lead to func-

tionally mediated increases in diameter and for con-

stant intravascular pressure will (according to the

Laplace relation: wall tension = pressure × radius) re-

sult in increased wall stress, leading to a hypertrophic

process [6]. Hypertrophic processes are also thought

to be initiated through growth factors, including

angiotensin (AII). It remains unclear whether these

hypertrophic processes are due to proliferation (in-

creased number of cells) or increased size of cells

[28], although flow-induced remodelling has been

shown to be associated with proliferation and dedif-

ferentiation [6].

As indicated above, essential hypertension appears

to be associated with eutrophic, not hypertrophic, re-

modelling of the small arteries. The factors causing
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eutrophic remodelling are not known, but the follow-

ing process is suggested (Fig. 2). Increased neurohu-

moral activity leads to vasoconstriction and increased

blood pressure. On the basis of the Laplace relation,

the decrease in diameter (and resulting increase in

wall thickness) will ensure that the wall stress remains

normal, thus eliminating a hypertrophic response.

Furthermore since the change in peripheral resistance

balances the increase in blood pressure in essential

hypertension the cardiac output is normal, and there

are therefore no flow-mediated changes in vascular

structure. In time, however, it was suggested that the

functional vasoconstriction changes to a structural re-

modelling [19], and evidence concerning the mecha-

nisms which may be involved has now been obtained

in vitro [4] and in vivo [2], as discussed further below.

Anti-hypertensive treatment and

resistance vessel remodelling

Although the structural changes in the resistance ves-

sels are often considered the hallmark of hyperten-

sion, it has been repeatedly shown that otherwise ef-

fective antihypertensive treatment is not necessarily

able to correct the abnormal small artery structure

seen in hypertension [25, 26, 29]. An analysis of pub-

lished investigations, where vascular structure has

been measured (by plethysmography in the forearm)

before and after antihypertensive treatment lasting at

least six months [9] has shown that the correction of

vascular structure is unrelated to the fall in blood

pressure. Instead, there was a strong correlation to the

fall in resting vascular resistance (Fig. 3). These clini-

cal in vivo findings are supported by in vitro analysis

of human small artery biopsies which also indicate

that vasodilator treatment is able to correct vascular

structure, but not treatments which act by reducing

cardiac output [25, 29] (Fig. 4).

A corollary of these findings is that since blood

pressure can be achieved without correcting vascular

structure, it may be asked whether such correction is

important. However, it is likely that vascular structure

is of importance as regards the vascular reserve (the

ability to increase blood flow with maximal vasodila-

tation) [27]. Thus, there is now evidence that the de-

creased coronary vascular reserve seen in essential

hypertension is exacerbated by beta-blocker treatment

but relieved by ACE-inhibitor treatment [7]. Thus al-

though the prognostic consequences of this are still
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not clarified, this suggests that correction of vascular

structure should in principle be an important goal of

anti-hypertensive treatment.

Small artery structure and blood

pressure

In principle, according to the Laplace relation,

a structurally-mediated increase in the wall : lumen

ratio of resistance vessels will in itself be a form for

activation leading to increased peripheral resistance

[12]. Thus, an increased wall : lumen ratio might be

a factor in sustaining an established hypertension. On

the other hand, as indicated above, there are situations

where blood pressure is reduced with unaltered vascu-

lar structure, suggesting that other factors play a role.

A simple framework for understanding the relation

between vascular structure and blood pressure in es-

sential hypertension is shown in Figure 5. The starting

point is the suggestion of Julius [15] that the cardio-

vascular system apparently seeks to keep the blood

pressure at a “required blood pressure”, as originally

proposed by Guyton [13]. Then, if for example the

pressure is too low, a signal is sent to increase the

neurohumoral drive. The effect of this signal on the

lumen is dependent both on its strength and the actual

resistance vessel structure (for example wall : lumen

ratio). The resulting increase in the peripheral resis-

tance then, together with the cardiac output, increases

the pressure, the process continuing until the pressure

equals the required pressure. This is a fast process,

a negative feed-back mechanism, and inherently stable.

In addition to these fast processes, the model has

slow processes, so that in the long term as indicated

above the vascular structure can be altered by the neu-

rohumoral drive. Thus, if for some reason the required

pressure increases, there will initially be an increase

in the neurohumoral drive, and the fast process will

result in the pressure rising. But then the slow pro-

cesses will ensue, with a structural increase in resis-

tance vessel wall : lumen ratio, due to the increased

neurohumoral drive, as suggested above. With the

structural increase in resistance vessel wall : lumen

ratio, the neurohumoral drive necessary to maintain

the increased blood pressure will be reduced. Thus, in

the long run, the increased pressure will be main-

tained by a normal neurohumoral drive, but with an

increased wall : lumen ratio [12] – in other words the

situation normally seen in essential hypertension.

The schematic suggests that small artery structure

is not determined by the prevailing blood pressure,

and furthermore that small artery structure does not in

itself determine blood pressure. Rather small arteries

should be considered as effector organs of neurohu-

moral drive, where for example an increase in the

wall : lumen ratio can amplify the effects of this drive.

Signalling pathways

The mechanisms by which increased neurohumoral

drive can cause alteration of resistance vessel struc-

ture have been investigated recently in a series of ex-

periments using an organ culture technique [4]. Here,

segments of rat cremaster small arteries are dissected

out and cannulated and perfused with pressurized so-

lution in an organ bath. Under the right conditions, the

vessels maintain viability for at least three days. It is

found that if the vessels are activated by a vasocon-

strictor during the organ culture then a structural

change can be induced. That is, the diameter-pressure

relation of the vessels under relaxed conditions is al-

tered, such that the vessels are narrower for a given

pressure. This change in vascular structure occurs

without change in the amount of wall material, and is

thus eutrophic. In other words, the form of remodel-
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ling seen in essential hypertension can be reproduced

in vitro within a few days.

The inward eutrophic remodelling seen in the or-

gan culture appears to be independent of the type of

vasoconstrictor [3, 5] and independent of classical

growth mechanisms based on e.g. extracellular signal

related kinase and tyrosine kinase. The inward remod-

elling is inhibited by vasodilators such as sodium ni-

troprusside [3], and appears to involve specific in-

tegrins, such as the beta-3 integrin. More recently it

has been demonstrated both in vivo and in vitro that

the remodelling is mediated by tissue transglutami-

nase, an enzyme which mediates interaction between

integrins and the extracellular matrix [2].

Conclusions

Remodelling of the resistance vasculature plays a key

role in the pathogenesis of essential hypertension,

where eutrophic remodelling allows the vessels to

maintain an increased resistance without increased ac-

tivation. The available evidence shows that correction

of the hypertension-related abnormal small artery

structure requires not only correction of blood pres-

sure, but also vasodilator therapy. The mechanisms

involved are still not clear, but at the cellular level, it

appears that the remodelling is mediated by specific

enzymes which control the interaction of the vascular

smooth muscle and the connective tissue. A better un-

derstanding of these may lead to new approaches in

the treatment of essential hypertension.
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