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THE VASCULAR EFFECTS OF ALDOSTERONE.
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Sandra Ballesteros, Vicente Lahera.
Departamento de Fisiología, Facultad de Medicina, Universidad Complutense;
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Introduction.
Aldosterone in addition to its synthesis in the zona glomerulosa of the adrenal gland
is produced at the vascular level in both endothelial and smooth muscle cells1,2. This
mineralocorticoid exerts actions in the vascular wall through genomic and non-genomic
effects. Genomic actions imply the binding of aldosterone to cytoplasmatic
mineralocorticoid receptors, which have been found in both endothelial and smooth
muscle cells3-5 and involve transcription and protein synthesis3. The non-genomic effects
of aldosterone are observed in a few minutes and are insensitive to transcription inhibitors,
they seem to involve both mineralocorticoid and an unidentified membrane receptor2 and
the activation of different signaling pathways.
Numerous studies at both clinical and experimental levels have shown that this
mineralocorticoid acting on endothelial cells or smooth muscle cells induces vascular
alterations through endocrine and/or paracrine mechanisms which can affect vascular wall.
The interaction of aldosterone to its receptors in endothelial cells produces swelling and
stiffness. This increase in cell volume is associated with cell rigidity and produced
numerous gaps between cell-to cell contacts6,7 which alters blood flow as well as vascular
permeability and, consequently, can have an impact on vascular function and structure
and can induce an inflammatory process.

The effect of aldosterone on the endothelial dysfunction: mechanism
involved.
An increasing number of studies have suggested that aldosterone contributes to
endothelial dysfunction associated with different pathological situations, which is mainly
characterized by impaired endothelium-dependent relaxations8. Treatment with the
mineralocorticoid receptor antagonist, spironalactone, ameliorated the relaxing response
to acetylcholine in rats infused with angiotensin II, suggesting that aldosterone mediates
vascular reactivity changes induced by angiotensin II9. Similarly, the administration of a
new selective mineralocorticoid receptor blocker, eplerenone, improved endothelial
function in spontaneous hypertensive rats (SHR), a genetic model of hypertension. The
improvement in endothelial function was observed with two different doses of eplerenone
that each have a different impact on blood pressure, one of them inducing an important
blood pressure reduction, although not being able to normalize it, and the other one having
a minor impact on blood pressure levels10. This supports that aldosterone can exert
deleterious effects on endothelium through hemodynamic- and non hemodynamic
mechanisms. The idea that aldosterone alters endothelial function through mechanisms
that do not involve an increase in hemodynamic stress is also supported by the
observation that chronic administration of this mineralocorticoid reduced to a similar extent

- 48 -

Physiological Mini-Reviews 2: 48-57, 2007

the relaxing response to acetylcholine in aorta of both normotensive and hypertensive rats
without changes in blood pressure11.
Aldosterone also seems to participate in endothelial dysfunction associated with
atherosclerosis, since in two different models of atherosclerosis in nonhuman primates and
rabbits placed on 1% cholesterol diet, the blockade of mineralocorticoid receptors with
eplerenone ameliorates endothelial function without any change in either plasma
cholesterol or blood pressure levels12,13. Similarly, the administration of spironolactone for
1 month in addition to standard diuretic/ACE inhibitor therapy ameliorate forearm
vasculature endothelial function in patients with NYHA class II to III heart failure,
supporting the role of aldosterone in the endothelial dysfunction associated with heart
failure14.
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Figure 1. Inactivation of nitric oxide (NO) by superoxide anions ( .O2-) and the consequent production of
peroxynitrites (ONOO-). Effect of aldosterone.

Numerous studies have shown that the main mechanism underlying the endothelial
dysfunction associated with different cardiovascular risks is a reduction in nitric oxide (NO)
availability. This decrease can involve not only a reduction in NO production but also an
increase in NO inactivation by reactive oxygen species (ROS)15 (Fig. 1). Blockade of
mineralocorticoid receptors prevented the decrease in endothelial NO synthase (eNOS)
associated with hypertension and heart failure in rats10,16,17 supporting a negative control
of aldosterone in the expression of the enzyme involved in NO synthesis in these
pathological situations (Fig. 2). These actions of aldosterone on NO production involved
direct effects of this factor on endothelial cells because they were observed not only in rats
with heart failure but also in cultured cells16,18. In addition, aldosterone can negatively
regulate the activation of this enzyme through at least two different mechanisms. Firstly,
this factor induces an uncoupling of eNOS consequence of a deficiency in its cofactor 4tetrahydrobiopterin (BH4)18. In absence or presence of low levels of BH4, eNOS produces
ROS instead of NO19 (Fig. 1). Another mechanism through which aldosterone can
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modulate eNOS activation, and consequently NO production is by reducing the
dephosphorylation of the N-terminal 1179 serine residue of eNOs16. It has been shown
that serine residue is an important target for activation of the PI3 kinase-PKB/Akt pathway
involved in eNOS activation20.
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Figure 2. Mechanisms involved in aldosterone participation in endothelial dysfunction. NO: nitric oxide; .O2-:
superoxide anions; ET: endothelin; AII: angiotensin II; PROST: prostamoids.

Different studies have shown that the administration of aldosterone is associated
with an increase in oxidative stress. The chronic administration of this mineralocorticoid to
uninephrectomized rats with dietary 1% NaCl increased H2O2 production by monocytes
and lymphocytes21. Similarly, aldosterone administration increased vascular superoxide
production in normal rats22. This seems to be a direct effect of aldosterone because it is
able to increase ROS generation in rat mesangial cells through the membranous
translocation of subunits p47phox and p67phox of NAPDH oxidase, an important enzyme
involved in superoxide anion production23. The prooxidant action of aldosterone is further
supported by the fact that the administration of eplerenone is able to block the expression
of NAD(P)H oxidase in different pathological situations including hypertension and
atherosclerosis10,12,24. In addition to its ability to enhance ROS generation, aldosterone can
contribute to an increase in oxidative stress by inhibiting the antioxidant systems involved
in ROS removal since we have observed that eplerenone is able to reverse the reduced
glutathione levels observed in hypertensive rats, the most important systemic antioxidant
agent10.
An exaggerated production of vasoconstrictor factors that can modulate the
vasodilatory effect of NO might be an additional mechanism through which aldosterone
leads to endothelial dysfunction (Fig. 2). Among these factors it is possible to include
endothelin, prostanoids and angiotensin II. It has been shown that endothelin receptor
antagonism improved relaxations to acetylcholine in rats infused with aldosterone25.
Moreover, the infusion of this mineralocorticoid was accompanied by an increase in
endothelin production in both large and small arteries26. Prostanoids participation can be
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proposed since we have found that aldosterone induced endothelial dysfunction in both
normotensive and hypertensive rats that was reversed by the administration of a COX-2
inhibitor11. Finally, a possible role of angiotensin II could be also proposed because
aldosterone can increase local production of angiotensin II by upregulating angiotensin
converting enzyme12,27. In addition, aldosterone upregulates angiotensin II receptors28.

The effect of aldosterone on vascular structure.
Aldosterone not only affects vascular function but also vascular structure. This
affirmation is supported by the fact that its administration in rats is associated with vascular
remodeling in both large and small vessels characterized by media thickness25,29,30. In
addition, patients with primary aldosteronism showed an increased media-to-lumen ratio
consequence of both media thickness and narrowed lumen in resistance arteries from
gluteal subcutaneous tissue31. Moreover, different studies have shown that the
administration of mineralocorticoid receptor antagonists in different models of hypertension
is associated with amelioration of vascular remodeling9.10.29.32. Likewise, eplerenone has
been shown to attenuate constrictive remodeling and collagen accumulation in pig
coronary arteries after angioplasty33. An increase in extracellular matrix can account for
these vascular structural changes since aldosterone is a well known profibrotic factor. In
addition, a role of changes in smooth muscle cell size cannot be ruled out since it has
been shown that aldosterone induces hypertrophy in these cells34 (Fig. 3). Components of
extracellular matrix are major determinants of mechanical properties in large arteries.
Therefore, aldosterone could modulate mechanical properties of the vascular wall through
alterations in vascular structure. Supporting this idea is the observation that eplerenone
decreased aortic arterial stiffness30, which is a significant and independent marker of
cardiovascular risk35.
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Figure 3. Mechanisms involved in aldosterone participation in vascular remodeling.

Several potential mediators could particiapate in the vascular profribotic effect of
aldosterone including endothelin, angiotensin II, plasminogen activator inhibitor (PAI-1),
growth factors, and oxidative stress36,37. Supporting the participation of endothelin in these
processes is the observation that blockade of the endothelin system normalized vascular
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remodeling in both large and small vessels as well as extracellular matrix in aldosteroneinduced hypertension9,29. In addition, endothelin A receptor antagonism was also able to
reduce oxidative stress in these animals, supporting the participation of an increase in
ROS in the vascular structure alterations which can trigger extracellular matrix
accumulation9. Similarly, we have observed that treatment with eplerenone normalized
aortic media-to-lumen ratio in SHR. This effect was accompanied by a reduction in the
vascular expression of the main enzyme involved in ROS production ( NADP(H)
oxidase)10.
Salt content of the diet appears to be crucial for the profibrotic effect of aldosterone.
In fact, infusion of aldosterone produces a dose-dependent increase in cardiac fibrosis in
the presence of a high-salt diet, but not in the presence of a low-salt diet, suggesting that
aldosterone-induced organ damage develops as a result of inappropriate plasma
aldosterone levels for salt status37. Finally, it is necessary to mention that hemodynamic
stress, an important stimulus for structural changes, can also mediate the deleterious
effects of aldosterone on vascular structure since changes in blood pressure are a
common observation after either aldosterone administration or mineralocorticoid receptor
antagonism9,10,25,29,38-42.

The effect of aldosterone on vascular inflammation.
Vascular inflammation plays a central role in the initiation, progression and
complications of atherosclerosis, which is considered a chronic low-grade inflammatory
process43. Several studies have suggested that aldosterone is a proinflammatory factor
since its administration is accompanied by an inflammatory process. In rats fed a high saltdiet, aldosterone produced an inflammatory cell infiltration in coronary arteries. This
inflammation process was associated with ischemic and necrotic lesions of the adjacent
myocardium. This cell infiltration was preceded by an increase in proinflammatory
mediators such as ICAM-1,MCP-1, cytokines and COX-238,44,45. Similarly, we have
observed that chronic administration of aldosterone to rats was associated with an
increase in aortic COX-2 expression. This stimulation was observed in both normotensive
and hypertensive animals and with no changes in blood pressure, suggesting that this
effect appears to be independent of previous blood pressure levels and acting through
non-hemodynamic mechanisms39. In addition, aldosterone can participate in the vascular
inflammation associated with hypertension since the blockade of mineralocorticoid
receptors ameliorated the vascular inflammatory process in different models of
hypertension.
All these data support that aldosterone plays an important role in the vascular
inflammation response upregulating adhesion molecules, chemokines and cytokines, as
well as growth factors that in turn promote the recruitment and adhesion of inflammatory
cells, thus contributing to the initiation and progression of atherosclerotic lesion. This role
is confirmed by the fact that the administration of mineralocorticoid receptor antagonist
reduced atherosclerotic lesion in different models of atherosclerosis12,13,24. This reduction
in atherosclerotic process was accompanied by a reduction in inflammatory markers13,24.
The pro-inflammatory role of aldosterone seems to involve the system NF- B/I- B since
the reduction in vascular inflammatory markers observed in genetic hypertensive rats was
accompanied by both a decrease in the expression of NF- B as well as an increase in the
aortic expression of its inhibitor I- B. This supports that a reduction in the activity of the
system is involved in the reduction in the inflammatory process produced by antagonims of
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the mineralocorticoid receptors39. This participation is also supported by previous studies
in which the cardiac inflammatory process induced by the administration of aldosterone in
rats feeding with high sodium was associated with an increase in NF- B activity. The
administration of a mineralocorticoid receptor antagonist reduced not only this activation
but also the presence of inflammatory markers40,44.
The NF- B activation initiates the transcription of various inflammation-relevant
genes coding for surface adhesion molecules, chemokines, cytokines, coagulation factors,
and matrix proteins though the stimulation of different intracellular pathways46. Kobayshi et
al47 have showed recently that NF- B-mediated adhesion molecules induced by
aldosterone involved the expression of lectin-like Ox-LDL (LOX-1)receptors because
eplerenone reduced the increase in the renal expression of LOX-1 and ICAM-1 and
VCAM-1 in Dahl-sensitive rats. In addition, other pathways have been implicated in the
actions of aldosterone through NF- B-mediated activation such the isoform ε of Protein
kinase C, extracellular signal-regulated kinase (ERK) as well as Rho-kinase48.
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Fibrosis

Oxidative
stress

Inflammation

Vascular
damage

Atherosclerosis

Figure 4. Role of aldosterone in the development of vascular damage and atherosclerosis.

In summary, aldosterone by binding its receptors in endothelial and smooth muscle
cells can trigger changes in the vascular wall that can involve both functional and structural
alterations through its prooxidant, proinflammatory and profibrotic effect (Fig. 4). These
changes can participate in the vascular damage associated with different cardiovascular
risk factors and facilitate the development of atherosclerosis. Consequently, blockade of
the mineralocorticoid receptors may exert beneficial effects by abrogating
pathophysiological aldosterone role in the development of cardiovascular disease.
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