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Abstract

Vessels, vascular networks, and the endothe-
lium are dynamic structures, which continu-
ously adapt to varying conditions in response
to local hemodynamic and metabolic stimuli.
This adaptation entails changes in smooth
muscle tone, vessel diameter, vessel wall
thickness, and vessel density or number.
This angioadaptation which in principle
takes place in vessels of all sizes but is most
expressed in the smaller (below about
300 pm) vessels of the microcirculation can
contribute to hypertension in at least two
ways. First, an initial increase in blood pres-
sure, e.g., elicited by an increase in cardiac
output, would lead to vasoconstriction and in
a long run to reduction in vessel diameters via
wall remodeling; second, a reduction of vessel
density by rarefaction of microvessels and
capillaries causes further reduction of the
total peripheral vascular cross section. Based
on recent evidence it appears that beside this
vicious cycle of “structural autoregulation,”
primary changes in vascular adaptation to
pressure or of endothelial function play a
role in hypertension.

The importance of angioadaptation for the
development of hypertension pertains to the
effectiveness of different pharmacological
strategies to lower blood pressure with respect
to the normalization of endothelial function
and structure of terminal vascular beds of the
microcirculation. Better knowledge of the
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underlying mechanisms is a prerequisite for
future development of therapeutic approaches
aiming at recovery of normal vascular structure
and function.

Glossary of Terms

Angioadaptation Comprises adaptive reac-
tions by vessels and vascular networks in
vessel tone, number and structure.

Inward eutrophic remodeling Diameter
increase and decrease is addressed as “out-
ward” and “inward” remodeling. This can
be further refined by recognizing the change
of the wall mass in the process. If wall mass
increases, remodeling is classified as
“hypertrophic”; if it fit decreases, as
“hypotrophic”; and if no changes occur,
as “eutrophic.”

Structural adaptation Structural changes
include changes in vessel wall composition
and arrangement. They lead to changes in
the maximally dilated diameter.

Angioadaptation

During the last decades, it became increasingly
obvious that vascular adaptation of vessels in
terminal vascular beds appears to be a central
factor in pathophysiology of hypertension (Levy
et al. 2001). Microvascular networks and their
constituent vessels are dynamic structures which
exhibit continuous adaptation to local stimuli.
Such stimuli include the hemodynamic effects
of blood flow (wall shear stress) and blood
pressure (circumferential wall stress) as well as
metabolic factors, e.g., oxygen partial pressure
or related metabolic signals (Reglin et al. 1997).
In addition, the transfer of information about the
local metabolic situation along arterial vessels via
electrical conduction and along venous vessels
via convection of metabolic signal substances
seems to be relevant (Pries et al. 2003, 2005,
2010; Fig. 1).

It is of note that vascular adaptation occurs
on different time scales and concerns vascular
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smooth muscle tone (especially in arterioles),
structural components of the vessel wall, and the
vessel density. The fastest responses are mediated
by modulation of vascular tone and may elicit
changes of vessel diameter within seconds. Per-
sistent changes of local conditions and vascular
tone (Bakker et al. 2008) lead to adaptation of the
vascular wall structure, which are generally
termed “remodeling” (van den Akker et al.
2010). They can be characterized according to
the observed changes in vessel diameter and wall
thickness (Fig. 1) and/or in wall mass. Diameter
increase and decrease is addressed as “outward”
and “inward” remodeling (Mulvany 1999). This
can be further refined by recognizing the change
of the wall mass in the process. If wall mass
increases, remodeling is classified as “hypertro-
phic” (e.g., by medial hypertrophy); if it
decreases, as “hypotrophic”; and if no changes
occur, as “eutrophic.” A number of experimental
investigations in hypertension both experimental
and in humans have shown that in idiopathic,
essential hypertension, the typical vascular reac-
tion is represented by reduction of vessel diameter
at constant wall mass, i.e., “inward eutrophic
remodeling” (Mulvany 2012; Rizzoni et al.
2003). This corresponds to a maintained number
of vascular smooth muscle cells which are
arranged in a different way to form a smaller
vessel with a thicker media.

In addition to changes affecting the existing
vessels, microvascular networks also exhibit
changes in the number of vessels and vascular
density in response to hemodynamic and metabolic
stimuli. The generation of new vessels in adults is
effected by capillary sprouting and by splitting or
“Intussusception” (Risau 1997; Secomb et al.
2013; Styp-Rekowska et al. 2011). Very relevant
in the context of hypertension is the opposite reac-
tion, 1.e. the reduction of vascular density by elim-
ination of microvessels, the so-called pruning
(Antonios 2006; Cheng et al. 2008). The exact
mechanisms of pruning are not yet understood
but it might be interpreted as an extreme form of
hypotrophic inward remodeling which leads to
destruction of the vessel.
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Fig. 1 Mechanisms of adaptation of microvessels and
microvascular networks (“angioadaptation”) (Zakrzewicz
etal. 2002). On the /eft side, changes in vessel diameter and
wall thickness are shown, while the right side addresses
changes of vessel number. Lefi: hypertension generally
leads to an increase in vessel tone (upper left) and inward
eutrophic remodeling (lower left), i.e., a decrease in vessel
diameter at constant wall mass — with the consequence of

Hypertension and Vascular
Remodeling

Figure 2 explores the relation between microvas-
cular angioadaptation and the development of
hypertension. If the cardiac output is permanently
increased (upper left) by whatever mechanism, an
increase of vascular tone but also inward
remodeling is observed (Mulvany 2002; van den
Akker et al. 2010) as well as pruning, evident
from vascular rarefaction (Antonios et al. 1999;
Greene et al. 1992). This leads to a reduced blood
supply and, relevant for the chronic manifestation
of hypertension, to an increase in peripheral flow
resistance which further increases blood pressure
via positive feedback. This phenomenon has been
called structural autoregulation (Folkow 1990;
Pries et al. 2005). Structural autoregulation leads
to a vicious cycle between increase in blood pres-
sure and peripheral resistance which amplifies the
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thicker vessel walls and increase wall/lumen ratio (red
arrow). Upper right: new vessels may be generated by
sprouts emerging from existing vessels or by the separation
of one existing vessel in two branches (splitting). Lower
right: vessels, which are not needed for tissue supply or do
not exhibit relevant blood flow (like the small vascular
“ring” on the left picture), are eliminated by a process
termed “pruning”

hypertension above the level generated by the
initial increase of cardiac output. The increased
peripheral resistance and its constituents, i.e., tone
of wvascular smooth muscle cells, inward
remodeling, and rarefaction, likely lead to deficits
in supply of oxygen and nutrients and conse-
quently to end-organ damage.

The initialization of the vicious cycle of hyper-
tension may be also triggered by primary defects
in microvascular adaptation characteristics, i.e.,
the vascular reaction to pressure or generation of
vasoactive factors by the endothelium (Fig. 2;
Levy etal. 2001). In line with this concept, abnor-
malities of microvascular structure and reagibility
preceding the onset of hypertension have been
reported (Ding et al. 2013). This finding high-
lights the importance of vascular and endothelial
function for the development of hypertension and
may explain the effect of antihypertensive drugs
which target endothelial function or vascular
smooth muscle tone (Levy et al. 2001).
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Fig. 3 Left: in hypertension, the increase of blood
pressure leads to vascular adaptation mostly as “inward
eutrophic” remodeling, with an increased wall to lumen
ratio and reduced lumen diameter. Right: pharmacological
treatment with different classes of substances results
in different amounts of normalization of vascular

Relevance for Drug Treatment

It has been concluded from a number of investiga-
tions and trials that antihypertensive drugs
which result in comparable reductions of blood
pressure may have quite different capacity to

>

>

Blood pressure

structure  (re-remodeling) (Antonios 2006; Eftekhari
et al. 2011; Levy et al. 2001; Mulvany 2012; Penna
et al. 2008). While diuretics show a re-remodeling
commensurate to the reduction in blood pressure, it is
less prominent in p-blockers and stronger for vasodilating
agents

revert the altered vascular structure in hypertension
(re-remodeling) — mostly as eutrophic outward
remodeling (Antonios 2006; Eftekhari et al. 2011;
Levy et al. 2001; Mulvany 2012; Penna
et al. 2008). It seems that p-blockers have a very
limited effect with respect to re-remodeling and
restoration of normal vascular networks (Fig. 3).
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In the case of diuretics, the observed vascular
structure and thus re-remodeling appear to parallel
the amount of blood pressure reduction, i.e., the
level of wall/lumen ratio under antihypertensive
treatment is similar to the respective level in an
untreated person with the same blood pressure. In
contrast, in treatment with vasoactive substances
(such as vasodilators), the re-remodeling seems to
exceed the blood pressure reduction achieved. This
notion has been supported in in vivo studies of
flow-mediated dilatation where vasoactive drugs
showed the largest effects in restoring endothelial
function to normal levels. Some substances may
even exert significant re-remodeling despite rela-
tively low impact on blood pressure per se
(Ghiadoni et al. 2012).

Summary

The presented findings underline the potential rel-
evance of vascular adaptation (angioadaptation) for
the development and treatment of hypertension.
However, the available clinical and experimental
data do not yet allow definite conclusions regarding
the impact and role of angioadaptation in hyperten-
sion, and more data will be needed to develop and
to optimize future antihypertensive therapy.
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