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The identification of functional mineralocorticoid receptors in blood vessels has led to the
acknowledgement that aldosterone modulates vascular reactivity directly via receptor-
mediated mechanisms and exerts pleiotropic effects on the vessel wall beyond regulating
sodium and water homeostasis.1 Landmark clinical trials of mineralocorticoid receptor
blockade in patients with congestive heart failure or myocardial infarction demonstrated a
mortality benefit that was attributed, in part, to improved vascular function although this was
not studied directly in either trial.2–4 This hypothesis is, however, supported by studies of
patients with congestive heart failure that were treated with the mineralocorticoid receptor
antagonist spironolactone; treatment with spironolactone was associated with a nearly 2-fold
increase in endothelium-dependent vasodilation.5–7 Similar studies performed in patients with
hypertension and confirmed hyperaldosteronism revealed that 3 months of treatment with
spironolactone restored endothelium-dependent vasodilation independently of any change in
blood pressure.8 Interestingly, these studies reported no observed difference in endothelium-
independent vasodilation between patients and control subjects and one study found an
enhanced vasoconstrictor response following infusion of the nitric oxide synthase (NOS)
inhibitor N-monomethyl-L-arginine in hyperaldosteronemic subjects.5–7 Taken together, these
findings indicate that endothelial dysfunction with a preserved or enhanced vascular smooth
muscle cell contractile response is the predominant vascular phenotype associated with chronic
hyperaldosteronism.

Mechanistically, this (mal)adaptive vascular phenotype results from continuous transcription
of mineralocorticoid receptor-responsive genes and signaling pathway activation. This, in turn,
initiates both molecular and biochemical remodeling of the vasculature. The resultant vascular
milieu favors vasoconstriction and is characterized by increased expression of endothelin,
angiotensin converting enzyme, and angiotensin II receptors;9 diminished nitric oxide (NO)
generation and limited bioavailable NO;10,11 increased reactive oxygen species (ROS)
production and decreased antioxidant capacity;11 and impaired vasodilatory capabilities owing
to oxidative post-translational modification of soluble guanylyl cyclase and decreased
expression of calcium-activated potassium channels.12,13

Thus, while there is agreement that chronic hyperaldosteronism induces vascular dysfunction
the acute effect(s) of aldosterone on vascular reactivity remain controversial. This controversy
has been fueled by conflicting results obtained from clinical studies that examined the effect
of an acute aldosterone infusion on vascular reactivity in healthy subjects. Three studies
reported different findings; one study found a vascular response consistent with endothelial
dysfunction while results from the other two other studies showed either no effect or
vasodilation in response to the aldosterone infusion.14–16 A number of theories have been
advanced to explain these discrepant findings including the health status and adrenergic state
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of the individuals that participated in these studies, the differences in dose and duration of
aldosterone infusion, and/or sodium and potassium electrolyte shifts.16 Despite these plausible
theories, no consensus opinion has been reached to date with respect to the acute effects of
aldosterone on vascular reactivity.

It is also difficult to predict the vascular response to an acute aldosterone exposure based solely
on existing in vitro and ex vivo experimental evidence due to contradictory results, especially
when examining the relationship between aldosterone and NO production. For example, it has
been reported that aldosterone alone either has no immediate effect on vascular endothelial
cell NO production, increases eNOS activity directly, or only enhances ATP-stimulated NO
generation via increased Ser1179 phosphorylation and activation of the endothelial isoform of
NOS (eNOS) when cells have been pretreated with aldosterone for 5 minutes.17,18 Similar
reports emerged when these studies were translated to ex vivo aortic ring experiments. One
study found that an acute exposure to aldosterone had no effect on preconstricted vascular tone
but enhanced acetylcholine-mediated vasodilation while the other demonstrated that
aldosterone attenuated phenylephrine-mediated vasoconstriction.17,18 Regardless of these
findings, denudation of the endothelium or co-incubation with NOS inhibitors resulted in a
loss of the observed vasodilation thereby implicating the endothelium and endothelium-derived
NO in the acute vascular response to aldosterone. Findings with respect to the acute effect of
aldosterone on vascular smooth muscle cells have been more consistent. Here, it has been
shown that aldosterone induces vascular smooth muscle cell contraction by activation of
phospholipase C, calcium mobilization, and by increasing ROS production by NADPH
oxidase.19,20

In this issue, Heylen et al. provide greater insight into the acute effects of aldosterone on
vascular reactivity by utilizing an elegant experimental platform that allowed the investigators
to isolate endothelium- and vascular smooth muscle cell-dependent responses to aldosterone
in an intact vessel and determine the relative contribution of each to the net change in vascular
tone.21 By infusing aldosterone intraluminally to target the endothelium, or adding aldosterone
to the water bath to target vascular smooth muscle cells, they found that a 30 minute exposure
to (patho)physiological concentrations of aldosterone elicited a vasodilator response that was
dependent upon mineralocorticoid receptor activation and NO generation. Intraluminal
infusion of aldosterone led to a greater duration of vascular relaxation compared to the short-
lived vasodilation observed with extraluminal aldosterone and this short-lived response was
shown to result from an increase in vascular smooth muscle ROS production. To determine if
aldosterone was able to induce a similar vasodilator response once endothelial dysfunction was
already established, arterioles were isolated from a rat model of chronic NOS inhibition. In
these vessels, aldosterone had no effect on vascular reactivity. Thus, Heylen et al. found that
an acute exposure to aldosterone stimulates concomitant endothelial vasodilator and smooth
muscle cell vasoconstrictor signals and that the predominant effect on vascular tone is
dependent upon the integrity of the endothelium.

In these studies, the authors offer ex vivo experimental confirmation of the opposing effects of
rapid aldosterone signaling in the vascular endothelium and smooth muscle cells to regulate
vascular relaxation. Conceptually, this paradigm is not new and has been suggested previously
as an explanation for impaired vascular reactivity following a brief exposure to aldosterone
when endothelial dysfunction exists.22 This study also confirms prior work that links
aldosterone to NO generation and endothelium-dependent vasodilation and implicates
increased vascular smooth muscle cell ROS generation as a predominant mechanism to explain
the opposing vasoconstrictor response. While increased ROS were detected during
extraluminal administration of aldosterone, the authors downplay the significance of this
finding. This observation is of interest when it is recognized that vascular smooth muscle cells
express aldosterone synthase and generate aldosterone, although the cellular signals that
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stimulate synthesis and release are incompletely known.23,24 This suggests further that
transient intravascular generation of aldosterone may increase ROS production and induce a
vasoconstrictor response to oppose or augment any vascular tone regulatory stimulus
elaborated by the endothelium.

Instead, the authors speculate that the vasoconstrictor response results from increased ROS
that react with NO to form peroxynitrite and decrease bioavailable NO. While this is an
attractive hypothesis, it is quite likely only a small part of the mechanism by which increased
ROS influences vascular reactivity following an acute aldosterone exposure. In addition to
peroxynitrite formation, ROS may mediate NO levels by oxidizing tetrahydrobiopterin or
decreasing stores of the reducing equivalent NADPH;25,26 when these eNOS cofactors are
depleted, eNOS will uncouple and release superoxide in preference to NO. Superoxide is also
converted to hydrogen peroxide which has been shown to increase Akt and eNOS activation.
27,28 When this occurs and cofactors are not replete, eNOS phosphorylation at Ser1177
increases eNOS-derived superoxide generation significantly.29 Elevated levels of ROS may
also decrease NO levels by stimulating protein phosphatase 2A to dephosphorylate and
deactivate eNOS.30 It should also be noted that the effect of acute aldosterone exposure on key
ROS-sensitive vascular smooth muscle cell vasodilatory signaling molecules has not yet been
studied. In the setting of chronic endothelial dysfunction, clinical studies have demonstrated
that spironolactone restores endothelial function and vascular reactivity;6 however, it remains
unknown if spironolactone has any effect on the vasodilator response to an acute aldosterone
exposure. Unfortunately, the authors did not provide any direct measures of NO or ROS
signaling in these studies to determine if differences in levels of these molecules paralleled
observed changes in vascular reactivity nor did they explore the effects of aldosterone
antagonism on vasoreactivity to an acute aldosterone exposure in their model of chronic
endothelial dysfunction. Instead they have laid the groundwork and provided us with a robust
experimental system to begin to make these determinations.
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