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Abstract

Sections

Aldosteroneis essential for maintaining blood pressure during
hypovolaemia and/or dehydration through genomic actions mediated
by the mineralocorticoid receptor and rapid signalling pathways
involving the G-protein-coupled oestrogen receptor. Inappropriate
aldosterone secretion contributes to cardiovascular and renal injuryin
several common disorders, including resistant hypertension, primary
aldosteronism and heart failure. Pharmacological blockade of the
mineralocorticoid receptor has therefore become a cornerstonein
the therapy of cardiovascular disease. Nevertheless, mineralocorticoid
receptor antagonism does not address the pathophysiological
effects that are mediated by aldosterone, and residual cardiovascular
risk remains substantial in many patients. Aldosterone synthase
inhibitors are anovel therapeutic strategy that have effectively
lowered aldosterone concentrations and reduced blood pressure in
randomized clinical trials in patients with resistant or uncontrolled
hypertension and patients with chronic kidney disease. Although
these findings highlight the potential therapeutic value of aldosterone
synthase inhibition, data onlong-term safety, effectiveness compared
with mineralocorticoid receptor antagonists and effects on
cardiovascular outcomes are still lacking.
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Key points

o Excess aldosterone contributes to cardiovascular and renal injury
beyond its effects on blood pressure.

e Mineralocorticoid receptor antagonists improve outcomes in heart
failure but do not eliminate risk.

o Aldosterone synthase inhibitors suppress aldosterone production
and reduce blood pressure in resistant hypertension.

o Early clinical trials with aldosterone synthase inhibitors show
promising results on intermediate end points, but long-term
cardiovascular outcome data are lacking.

o Direct comparisons between aldosterone synthase inhibitors and
mineralocorticoid receptor antagonists using hard end points are
needed to define their clinical role.

Introduction
Aldosteroneis essential to ensure survival when hypovolaemia and/or
dehydration reduce blood pressure, thus endangering perfusion of the
vital organs. However, aldosterone causes cardiovascular damage when
its secretion exceeds physiological needs (including left ventricular
hypertrophy, fibrosis, atrial fibrillation’, heart failure, glycocalyx altera-
tions, endothelial dysfunction? renal damage and oxidative DNA dam-
age (Fig.1)), whichresultsinreduced event-free survival’ . Currently,
compellingevidence supports arole of excess levels of aldosteronein
treatment-resistant arterial hypertension, hypertension associated
with primary aldosteronism and heart failure.

Inthis Review, we examine the role of aldosterone in these condi-
tions and discuss the efficacy and safety of treatment with mineralo-
corticoid receptor (MR) antagonists (MRAs) and with aldosterone
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Fig.1|Systemic effects of aldosterone. Overview of the major organ-level
consequences of excess levels of aldosterone. Aldosterone contributes to cardiac
remodelling (left ventricular hypertrophy, myocardial fibrosis and arrhythmias),
vascular injury (endothelial dysfunction, inflammation and vasoconstriction)
and renal sodium retention with plasma and body fluid volume expansion.
These combined effects promote the development and progression of
cardiorenal disease.

o Myocardial fibrosis
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synthase inhibitors (ASIs), a novel class of drugs entering an already
crowded therapeuticlandscape after decades of stagnationinthe area.

Aldosterone in arterial hypertension

The genomic effects of aldosterone involve its binding to the MR in
the cytosoland translocation of the hormone-receptor complex to the
nucleus with ensuing transcription of sodium channels in the
aldosterone-sensitive epithelia of the salivary glands, the colon and
the distal nephron. At these sites, aldosterone induces expression of
subunits a, B and y of the epithelial sodium channel (ENaC), mediated by
serine-threonine protein kinase Sgk1 (SGK1; also known as serum and
glucocorticoid-regulated kinase 1) on the epithelial apical membrane of
the cells. Inthe distal nephron, SGK1also enhances basolateral Na*-K*
ATPase activity, and aldosterone itself upregulates the expression of
genes encoding ENaC and Na*-K" ATPase subunits and increases the
apical expression of the gene encoding Na*-CI~ cotransporter®. These
effectslead to sodium and water retention in exchange for potassium,
increased plasmavolume and increased cardiac output (Fig. 2), which
isthennormalized by increased peripheral vascular resistance through
vascular remodelling’.

However, thismechanism might notbe the primary system respon-
sible for high blood pressure. Inaforced up-titrationstudy, the effect of
the MRA eplerenone on serum levels of potassium and the fallinblood
pressure were found to be dissociated. Moreover, over one-fifth of the
patients showed no blood pressure fall despite a dose (200 mg per
day) of eplerenone that fully blocks the MR®. Thus, although MRAs do
affect sodium, potassium and water homeostasis, these effects donot
fully coincide with those of MRAs on blood pressure, thus suggesting
MR-independent actions of aldosterone, as discussed in this article.

Nevertheless, compelling evidence indicates that inappropriate
aldosteronesecretion hasakeyroleinraising blood pressure inseveral
forms of arterial hypertension, particularly in primary aldosteronism,
whichis a type of aldosterone-dependent and salt-dependent hyper-
tension, and is now recognized as the most common endocrine cause
of arterial hypertension’. However, the role of aldosterone extends far
beyond this common form of secondary hypertension. Forexample, in
the metabolic syndrome, where hypertension coexists with overweight
or obesity, plasma concentrations of aldosterone are directly associ-
ated with BMI and blood pressure values'’, probably because of the
aldosterone secretagogue effect of leptin'"'?, Hyperaldosteronism is
alsoinvolvedin hypertension complicated by non-valvular (lone) atrial
fibrillation” ™ and/or heart failure'®”, and resistance to treatment’®.
Thislatter condition requires urgent attention not only because of the
uncontrolled high blood pressure values despite treatment with avail-
able antihypertensive agents'®, but also because it represents a very
high-risk condition due to the common presence of prominent signs
of hypertension-mediated organ damage (HMOD). Hence, acknowl-
edging the relevance of the problem, all major scientific societies
have introduced the term ‘resistant hypertension’. According to the
most comprehensive definition, resistant hypertension is present
“when a treatment strategy including appropriate lifestyle measures
and treatment with maximum or maximally tolerated doses of a diu-
retic (thiazide or thiazide-like), a RAS [renin—-angiotensin system]
blocker and a calcium channel blocker fail to lower office systolic and
diastolic BP[blood pressure] values to <140 mmHg and/or <90 mmHg,
respectively”?.

Treatmentresistance is generally attributed to poor adherence to
pharmacological treatment. However, treatment resistance might actu-
ally reflect the fact that the key pressor mechanism (or mechanisms) is
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(are) notbeing targeted, while patients are exposed to escalating doses
ofthe drugs. Thus, these patients are experiencing the dose-dependent
adverse effects of different agents without achieving the expected goal
of blood pressure reduction.

Aldosterone excess was a major pressor mechanism underlying
resistant hypertension in the PATHWAY-2 trial*, whichis arandomized
crossover study in which the MRA spironolactone was compared with
bisoprolol, doxazosin and placebo in patients receiving background
therapy with a RAS blocker, a calcium channel blocker and a diuretic.
Spironolactone produced the greatest reduction in home systolic
blood pressure compared with placebo?, thus showing that sodium
retention driven by excess levels of aldosterone hasanimportant con-
tribution to resistant hypertension. Along with further evidence**,
thisfinding led to hypertension guidelines recommending MRAs asan
add-on treatment for resistant hypertension?.

Nevertheless, it should be acknowledged that in the PATHWAY-2
trial there was only a modest fall in systolic blood pressure with
spironolactone compared with placebo (-8.7 mmHg, 95% CI -9.7 to
-7.7 mmHg). Furthermore, only 58% of the patients reached controlled
blood pressure values, which indicates that spironolactone is unable
to normalize the blood pressure values in a substantial proportion of
patients”. Of muchinterest, the fallinblood pressure with spironolac-
tonewasinversely related to the plasma concentration of active renin,
arelationship not seenin the same patients treated with bisoprolol or
doxazosin. Accordingto the authors, this observation furtherindicates
the important role of salt and water retention in resistant hyperten-
sion, butalso suggests aninappropriately high aldosterone secretion,
probably due to undiagnosed primary aldosteronism, in these patients.

In line with the latter proposition, a proof-of-concept study in a
large cohort of patients with difficult-to-control hypertension provided
persuasive evidence that a proportion of the patients with resistant
hypertension had undetected primary aldosteronism? and, further-
more, that removal of aldosterone excess by adrenalectomy guided by
adrenal vein sampling®® resolved resistance of high blood pressure to
treatmentand induced animpressive statistically significant regression
of HMOD in all patients. The same beneficial effects were not observed
with medical treatment with multiple drugs, includingan MRA, which
suggests that blunting of aldosterone excess might provide additional
benefits beyond MR blockade in selected settings.

Further evidence in primary aldosteronism

Primary aldosteronismis characterized by excess aldosterone produc-
tion that is independent of angiotensin Il because volume expansion
shuts off renin biosynthesis. Albeit often neglected in clinical practice”,
primary aldosteronism is now recognized as the most common form
of secondary hypertension®®* and a key type of salt-dependent arte-
rial hypertension®. However, for several decades”, when high levels
of renin were held to be the main cause of cardiovascular damage®®”,
primary aldosteronism was considered to be a benign form of hyper-
tension because of the low levels of renin’°. Subsequently, semi-
nal studies showed that primary aldosteronism is associated with
early left ventricular hypertrophy®>** and fibrosis®***, altered left
ventricular diastolic filling, left atrium enlargement**** and renal
damage’®*”’. Due to hypokalaemia and tissue potassium depletion’®,
left ventricular hypertrophy, fibrosis, prolongation of the PQ interval
on electrocardiography®, and structural and electrical remodelling
of the left atrium’, primary aldosteronism also predisposes to atrial
fibrillation®. The onset of the arrhythmia, with the loss of the atrial
kick, explains why, in the setting of a stiff (hypertrophic and fibrotic)
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Fig.2| Genomic (mineralocorticoid receptor-mediated) and non-genomic
(G-protein-coupled oestrogen receptor-mediated) actions of aldosterone.
Aldosterone exerts classic genomic effects through activation of the
mineralocorticoid receptor (MR), leading to transcriptional regulation of
downstream targets such as serine-threonine-protein kinase Sgk1 (SGK1) and
increased activity of epithelial sodium channel (ENaC) and renal outer medullary
potassium (ROMK) channel in the distal nephron (late distal tubule and collecting
duct), resulting in sodium reabsorption and potassium secretion. Ras-related

C3 botulinum toxin substrate 1 (RAC1) can also promote ligand-independent MR
activation. In parallel, aldosterone activates the G-protein-coupled oestrogen
receptor (GPER), stimulating Ga, signalling, adenylyl cyclase activity, cAMP
production and protein kinase A (PKA) activation, which enhance CYP11B2
transcription and aldosterone synthesis in adrenal zona glomerulosa cells,
creating a feedforward amplification loop. The Funder hypothesis proposes that
when 11B-hydroxysteroid dehydrogenase type 2 activity isimpaired or oxidative
stress is present, cortisol can activate the MR because aldosterone and cortisol
have similar affinity for the MR.

left ventricle, patients with primary aldosteronism are prone to develop
heart failure**. Hence, primary aldosteronism is now recognized as
causing HMOD and cardiovascular events in excess of what would be
expected based on the degree of blood pressure elevation®.

As a paradigm of aldosterone-dependent hypertension and
cardiovascular damage, primary aldosteronism can provide impor-
tant clues on the relative efficacy of MR blockade and correction of
aldosterone excess in terms of hypertension cure and regression of
HMOD. Inthis regard, along-termechocardiography study in patients
carefully diagnosed with primary aldosteronism showed that, com-
pared with MRA-based treatment, removal of aldosterone excess by
adrenalectomy induced a significant regression of left ventricular
hypertrophy through inward reverse left ventricular remodelling.
Despite similar control of the high blood pressure values, this regres-
sion was not observed with MRA treatment*’. The more favourable
effects of correcting aldosterone excess on the heart translate into
more favourable long-term atrial fibrillation-free survival compared
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with MRA treatment*, thus providing further support for the advan-
tages of correcting aldosterone excess over use of MRA aloneinsome
patients.

The role of aldosterone in heart failure

Experimental, observational and randomized evidence in patients
with heart failure across New York Heart Association (NYHA) classes
has established a detrimental role of aldosterone in cardiovascular
diseases™ **,

The first ground-breaking randomized controlled trial (RCT) in
this field was the randomized Aldactone evaluation study (RALES),
which enrolled optimally treated patients with heart failure of NYHA
classIllor V¥, The study was planned to last Syears, but was interrupted
prematurely after 36 months on the recommendation of the Critical
Events Committee because of the superior survival rate of patients
allocated toreceive spironolactone. The EPHESUS RCT evaluating the
efficacy of eplerenone, aselective aldosterone blocker, in patients with
left ventricular dysfunction after myocardial infarction confirmed a
survival benefit with eplerenone treatment in patients with heart fail-
ure after myocardial infarction*®. Furthermore, in patients with milder
heart failure symptoms (NYHA class Il or Il) from the EMPHASIS-HF
study evaluating eplerenonein patients with systolic heart failure and
mild symptoms”, the hazard ratio of death was decreased by 24%. Col-
lectively, these studies demonstrated the efficacy of MRA treatmentin
patients with heart failure of different severities even wheninitiated at
an early stage of the disease, when symptoms are mild and secondary
aldosteronismis not fully developed.

However, the beneficial effect of MR blockade with spironolactone
was not confirmed in patients with heart failure with preserved left
ventricular ejection fractioninthe TOPCAT (spironolactone for heart
failure with preserved ejection fraction) study*®, an international mul-
ticentre study. However, the negative results of this study might have
been due to disparities in regional recruitment, heterogeneity of the
underlying cardiac disease and difficulties in accurately diagnosing
heart failure with preserved left ventricular ejection fraction in some
settings®’. Notably, a key piece of information gathered from all the
RCTs in patients with heart failure is that the plasma concentrations
of aldosterone were not overtly elevated. Moreover, the average daily
dose of MRA thatincreased survival was low (26 mgof spironolactone
in RALES and 43 mg in EPHESUS), indicating that even a mild eleva-
tion of aldosterone levels, which can be effectively counteracted by
low doses of MR blockade, is sufficient to worsen survival. Of further
interest, a post hoc analysis of the RALES and EPHESUS trials showed
that the survival benefit was limited to patients with a history of arte-
rial hypertension, thusimplying that the beneficial effect of the MRAs
might be due to their blood pressure-lowering action®™.

Finally, finerenone (another MRA), despite showing only mod-
esteffectsinlowering blood pressure, reduced major cardiovascular
outcomes in the FIGARO-CKD trial in patients with chronic kidney
disease (CKD) and type 2 diabetes mellitus™. However, the FINE-HEART
pooled analysis of finerenone RCTs**** showed that cardiovascular and
renal risk reduction was only statistically significant in patients with
systolic blood pressure above 135 mmHg before treatment, again
affirming the importance of lowering blood pressure. Nonetheless,
collectively, the findings of the RCTs in patients with heart failure
led to MRA treatment being incorporated into guidelines as a class
IA recommendation for the treatment of reduced left ventricular
ejection fraction heart failure regardless of the presence or absence
of high blood pressure®*’.

MRA treatment does not provide full protectionin
heart failure

A close look at event-free survival reveals two important facts: aldos-
terone blockade is life-saving without overt hyperaldosteronism, yet
mortality remains substantial. Across trials, mortality was 33% (RALES),
28% (EPHESUS), ~25% (FINE-HEARTS-HF with finerenone)**"#5>*,12%
(EMPHASIS-HF) and 7% in patients with CKD and type 2 diabetes mellitus
onfinerenone™.

Several factors may account for this non-negligible residual risk
including, amongothers, comorbidities, socioeconomic factorslimiting
access to care, late intervention at a stage when cardiovascular dam-
age is already established and residual congestion® (possibly due to
incomplete blockade of aldosterone actions owingto failure to up-titrate
MRA treatmentbecause of drug-related adverse effects). Nonetheless,
persistence of this risk provides unambiguous evidence that MRA treat-
ment does not mitigate hazard of death in patients with heart failure,
suggesting that not all the negative effects of aldosterone are abolished
by MRA and that there s stillroom toimprove treatment strategies. The
failure of MRAs to provide full protection could be due to the fact that
aldosterone acts on receptors other than the MR, particularly when
the MRis blocked, as discussed in the section Cardiovascular effects of
aldosterone through pathways other than the MR.

MRA use remainslimitedin practice: prescriptionisnot universalin
patients with heart failure® owing to concerns about hyperkalaemia®,
particularly in older patients with diabetes mellitus and/or CKD on
RAS blockers. Thus, even after PATHWAY-2 (ref. 21) and guideline
recommendations®, only 9% of patients with resistant hypertension
received MRA treatmentinasurvey conducted in the USA®. Steroidal
MRAs cause dose-dependent oestrogen-like effects (gynaecomastia,
mastodynia and erectile dysfunction) from off-target androgen and
progesterone receptor binding, including menstrual irregularities in
women®, These adverse effects can lead to reluctance among physi-
ciansto prescribe these drugs and/or lead to poor adherence to treat-
ment. It should be noted, however, that these are not class effects, as
with eplerenone, aweaker and shorter-acting MRA with lower binding
affinity for other steroid hormone receptors than spironolactone,
these effects are much less common and they are absent with the
non-steroidal MRAs finerenone and esaxerenone®*.

In summary, there are various reasons why MRA treatment does
not mitigate mortality rates in patients with heart failure. Some relate
to aldosterone-induced adverse effects vianon-MR receptors, others
relate tothe fact that the dose of MRA used is insufficient to fully block
the MR, and some involve non-aldosterone-mediated mechanisms as
discussed in the next sections.

Cardiovascular effects of aldosterone through
pathways other than the MR
In addition to the classic MR-mediated ‘genomic’ effects leading to
increased sodium reabsorption, salt retention and raised blood pres-
sure, aldosterone also acts in arapid ‘non-genomic’ MR-independent
manner®*°® (Fig. 2). In the vasculature, these effects remain
controversial®”®, as both vasoconstriction and endothelium nitric
oxide (NO)-dependent vasodilation have been reported>®.

In humans, infusion of aldosterone into the forearm induced
a rapid vasoconstriction that was not consistent with a genomic
effect and was not seen in the contralateral arm infused with vehicle.
Whether the vasoconstriction was MR-mediated remained unclear as
the experiment was not performed during MRA administration’’. More-
over, studies inendothelium-specific MR-knockout mice pointedtoa
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detrimental MR-mediated role of aldosterone in vascular remodelling”".
Furthermore, a concentration-dependent, MR-independent and
endothelium-independent coronary vasoconstriction was reported
in rats’%. Unexpectedly, this effect was blunted by antagonists of the
angiotensinll typelreceptor (ATIR), encoded by AGTRI, and by knock-
ingout ATIRinmice, whichindicates thataldosteroneinteracts withthe
ATI1R and with an as-yet unknown aldosterone-responsive G-protein-
coupled receptor (GPCR). Notably, the authors did not identify this
receptor but found that theinteractioninvolved a GPCR dimerization
that required trans-glutamination, as the aldosterone-induced vaso-
constrictionwas abolished by trans-glutaminase inhibitors, such as cys-
tamine and monodansyl cadaverine’. Importantly, a crosstalk between
the aldosterone and ATIR activation-induced vasoconstriction was also
shown in human coronary microarteries ex vivo”.

This fast vasoconstrictor effect of the hormone could not be
explained by a genomic effect of aldosterone, but at that time the
identity of the putative aldosterone-activated GPCR and related path-
ways remained uncertain. The latter were finally discovered in 2000
whenresearchersidentified a GPCR that mediates the rapid responses
to oestradiol™. This receptor, now called G-protein-coupled oestro-
gen receptor (GPER), is involved in the regulation of blood pressure
and end organ damage as its chronic activation in vivo mimics the
antihypertensive effects of oestradiol”. This mechanism is in line
with the finding that aldosterone-induced hypertension has been
reported to be sex-specific and GPER-mediated’. Of note, the GPER
is broadly expressed in tissues and its functional role extends far
beyond the vasculature”’. However, the GPER was subsequently
revealed to be non-specific, in that it can be activated by other ster-
oids, including aldosterone’. Hence, during MRA treatment, aldoster-
one can be diverted to activate the GPER, thus causing direct arterial
vasoconstriction viainteraction with ATIR”>7,

Acritical factoris thelevel of secretion of aldosterone: when secre-
tion is normal, aldosterone can enhance NO release from endothe-
lial cells, thus inducing vasodilation and a fast GPER-mediated
vasoconstriction. When aldosterone secretion is inappropriately
high, it can generate reactive oxygen species and blunt NO activity by
forming peroxynitrite. Besides abolishing vasodilation, peroxynitrite
activates metalloproteinases that destabilize atherosclerotic plaques;
italso promotes dimerization of the GPER with the ATIR, resulting in
GPER-mediated vasoconstriction (Fig. 3).

Notably, the GPER is functionally expressed in human adreno-
cortical cells, adrenal cortex tissue strips and aldosterone-producing
adenomas from patients with primary aldosteronism’. This finding
led to the hypothesis that aldosterone can have an (autocrine) effect
in the same cells that produce it. In studies in vitro in human adreno-
cortical cell lines and in human tissues obtained ex vivo at adrenalec-
tomy, aldosterone (in a concentration-dependent manner) increased
mRNA levels of cytochrome P450 11B2, mitochondrial (CYP11B2; also
known as aldosterone synthase) and aldosterone secretion via an
MRA-independent mechanism that was blunted by the specific GPER
antagonist G15 and rescued by the GPER agonist G1 (ref. 79). Thus,
there is a GPER-mediated feedforward mechanism that can be physi-
ologically important when aldosterone production must be rapidly
enhanced, for example during dehydration and/or hypovolaemia.
This mechanism can also counteract, at least partially, the beneficial
actions of MRA treatment that, as part of their mechanism of action,
inducea counter-regulatory increase in levels of active renin®°, The lat-
ter might stimulate aldosterone biosynthesis viathe MR-independent
and GPER-dependent feedforward mechanism, thereby overcoming
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Fig. 3| Mechanisms of vascular mineralocorticoid receptor activation and
endothelial dysfunction. Under physiological conditions, 113-hydroxysteroid
dehydrogenase type 2 (113-HSD2) converts cortisol to inactive cortisone,
preventing inappropriate activation of mineralocorticoid receptor (MR)

and maintaining balanced nitric oxide signalling and normal endothelial
function. Under pathological conditions (such as hyperaldosteronism), several
mechanisms can promote MR activation, including aldosterone itself, Ras-related
C3 botulinum toxin substrate 1 (RACI1) activation, oxidative stress and impaired
11B3-HSD2 activity, allowing cortisol-mediated MR activation. These pathways
converge to increase reactive oxygen species generation, reduce nitric oxide
bioavailability and promote endothelial dysfunction and vascular remodelling.

MR blockade and increasing the need to raise MRA doses to achieve the
desired therapeutic result, obviously at the cost of more prominent
adverse effects®®.

One additional issue should be mentioned in this context.In a
study published in2024, it was found that despite treatment with MRA
atdoses that controlled high blood pressure values and hypokalaemia,
patients with primary aldosteronism had profound tissue potassium
depletion in the skin, which was corrected by removal of aldosterone
excess withadrenalectomy®®. Instudies with *K MRIinasmall series of
patients with primary aldosteronism, the tissue potassium depletion
was found also to involve the leg muscles, and was corrected after
treatment with adrenalectomy®?. Thus, tissue potassium depletion is
a hallmark of primary aldosteronism that is corrected by adrenalec-
tomy, but not by MRA, and can account for symptoms such as fatigue,
paraesthesia and susceptibility to atrial fibrillation®’. Moreover, the
available data indicate that blunting of excess aldosterone secretion
can correctthis electrolyte depletion and could be more advantageous
than MRA treatment®®,

MR activation by ligands other than aldosterone

Relevant to the debate of whether to use MRA or ASlsis that the MR can
beactivated by ligands other thanaldosterone, forinstance Ras-related
C3botulinum toxin substrate 1(RAC1) or cortisol. RAClis a GTPase that
is a co-binding partner of aldosterone; that is, a protein that specifi-
callyinteracts with aldosterone and induces a functional effecton the
MR®, Of relevance, RAC1 potentiates the activity of the MR, thereby
accelerating podocyteinjury in salt-loaded mice®. It was also demon-
strated that the RAC1-MR pathway contributes to glomerular injury
and that both finerenone and the RAC1 inhibitor NSC23766 reduced
blood pressure and renal damage in obese uni-nephrectomized db/db
mice with type 2 diabetes mellitus that were fed a high-salt diet®*. Hence,
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Fig. 4| The feedforward mechanism of aldosterone-induced aldosterone
synthesis and secretion in human adrenocortical cells. The G-protein-coupled
oestrogen receptor (GPER)-mediated aldosterone feedforward mechanism
inaldosterone-producing adrenocortical cells. This mechanism, which can
contribute to hyperaldosteronism, is key when aldosterone production needs

to be turned on rapidly (for example, during acute hypovolaemia and/or
dehydration). Moreover, as mineralocorticoid receptor antagonist (MRA)
treatmentinduces a counter-regulatory increase in plasmalevels of active

renin and plasma concentrations of aldosterone as part of their mechanism of
action, this feedforward loop might stimulate aldosterone biosynthesis, thus
overcoming mineralocorticoid receptor blockade and increasing the MRA doses
needed to achieve the desired result. The figure also shows the angiotensin Il type
1receptor (ATIR) thatis expressed in aldosterone-producing cells, which can
enhance the effect of aldosterone on its own secretion upon heterodimerization
with the GPER (the location of this heterodimerizationis unclear, as denoted by a
questionmarkin the figure). ER, oestrogen receptor; PKA, protein kinase A.

ligand-independent MR activation can have arole in several animal
models ofkidney and cardiac injury®. However, whether ASIs can blunt
or abolish the cardiorenal protection of RAC1 inhibition remains to
be clarified.

ASlIs can result in uncontrolled MR activation by cortisol in
non-epithelial tissues (such as the heart and brain), where the
cortisol-inactivating 11B-hydroxysteroid dehydrogenase type 2 is not
expressed. This effect could be a shortcoming of ASIs compared with

MRAs in conditions such as low renin hypertension in patients who
have exogenous (liquorice-induced) orendogenous (genetically deter-
mined) apparent mineralocorticoid excess. Moreover, MR activation
by cortisol can be relevant in patients with multiple cardiovascular
risk factors in whom oxidative stress, or an altered redox state, can
transform cortisol from being a weak MR antagonist to an agonist,
leading to MR activation, hypertension and HMOD®, This effect could
explain why MRAs (spironolactone and eplerenone) are beneficial in
heart failure and hypertension even when aldosterone levels are not
elevated. MRA can also be relevant in patients in whom aldosterone
and cortisol excess coexist (so-called Connshing syndrome that is
mainly reported in people of Asian heritage)¥. In individuals with MR
overactivation and excess aldosterone and/or cortisol production, a
combined MRA and ASlintervention might also be considered. In our
view, careful monitoring for hyperkalaemiais needed.

The development of ASls

Considering the limitations of MRA treatment and the detrimental
actions of aldosterone mediated by receptors other than the MR,
research has gone in to developing ASIs®. Some theoretical advan-
tages of these agents over MRAs would be the blunting of both genomic
and non-genomic effects, avoidance of the shift of aldosterone from
the MR to the GPER and activation of the aldosterone feedforward
mechanism (Fig. 4).

Targeting aldosterone production initially proved to be chal-
lenging due to the high degree (93%) of sequence homology of the
CYP11B isoenzymes of the CYP450 family (cytochrome P450 11B1,
mitochondrial (CYP11B1; also known as 113-hydroxylase) and CYP11B2),
whichare therate-limiting enzymes for the biosynthesis of cortisol and
aldosterone, respectively®**°. Accordingly, ina phase Il study in patients
with primary aldosteronism, osilodrostat (LC1699), the first oral ASI,
lowered aldosterone and blood pressure values but also reduced cor-
tisol secretion due to its effect on CYP11B1 (ref. 91). This unexpected
adverse effect led to osilodrostat being repositioned at high doses
(up to 30 mg per day) for treatment of Cushing disease (with FDA and
EMA approval)®. Nevertheless, the quest for enzyme inhibitors that
exhibit high selectivity for CYP11B2 withrespect to CYP11B1 continued.
Second-generation ASIs that do not inhibit CYP11B1, thus preserving
normal cortisol synthesis, were subsequently developed.

Current status of ASls

Four orally bioavailable ASls, baxdrostat, lorundrostat, dexfadrostat
phosphate and vicadrostat (B1 690517) (Table 1), have entered phase Il
clinicaltrialsinpatients withresistanthypertension, primary aldosteron-
ismand CKD (Supplementary Box 1). Two (baxdrostat and lorundrostat)
have been tested in phase Il studies.

The first multicentre, placebo-controlled phasell trial (BrigHTN,
NCTO04519658) randomized 248 patients with treatment-resistant
hypertensiontoreceive one of three doses of baxdrostat (from 0.5 mg
to 2 mg) once daily with the primary end point of investigating the
changein systolic blood pressure from baseline to week 12 compared
with those receiving placebo®. The study showed a difference in the
reductioninsystolicblood pressure between the group receiving2 mg
and the placebo group of -11.0 mmHg (P < 0.001) and of -8.1 mmHg
(P=0.003) between the group receiving 1 mg and the placebo group.
Baxdrostat also increased serum levels of potassium; however, val-
ues of 6.0 mmol/l were seen in only two patients. No oestrogen-like
or other serious adverse events were seen and no patients showed
adrenocortical insufficiency.
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ADVANCE-HT, a multicentre, double-blind, phase IIb
placebo-controlled RCT (NCT05769608), assessed the efficacy and
safety of lorundrostat, a highly selective ASI, in 285 patients who had
an average 24-h ambulatory blood pressure of 2130/80 mmHg. They
were assigned to receive placebo, lorundrostat 50 mg daily (stable dose
group) or an increasing dose from 50 mg daily to 100 mg daily (the
dose-adjustment group) if after 4 weeks systolic blood pressure was
>130 mmHg®‘. The primary end point was the change in 24-h average
systolicblood pressure from baseline toweek 12. At the end of the study,
the placebo-adjusted change inblood pressure was -9 mmHg (97.5% Cl
-13to -3 mmHg) in the stable-dose group and -6 mmHg (97.5% CI -12
to-1mmHg) inthe dose-adjustment group, with noadded advantage
of the higher dose. There were no safety concerns, but serum levels
of potassium of >6.0 mmol/l occurred in 5% and 7% of participants in
the stable-dose group and the dose-adjustment group, respectively.

Thus far, only two small multicentre phase Il trials have evalu-
ated safety and efficacy of ASls in patients with primary aldosteron-
ism. In one (NCT04007406), dexfadrostat decreased the median
aldosterone-to-renin ratio (from15.3to 0.6) and decreased 24-h ambu-
latory systolic blood pressure (by 11 mmHg) from baseline to the end
of the treatment period®. No serious safety concerns were recorded
and hyperkalaemia was not seen in these patients, who often have
hypokalaemia. In another multicentre, open-label, prospective study
(SPARK,NCT04605549), 15 patients with primary aldosteronism were
treated with baxdrostat (2-8 mg per day)’®. A precise quantification of
the effects of baxdrostat was precluded by the small sample size and the
lack of a placebo control group; however, systolic blood pressure fell
inall patients by amean of 25 mmHg (95% C119-31 mmHg) by week 12.
The plasma concentration of aldosterone and the aldosterone-to-
reninratio values were normalized in 14 of 15 patients; serum levels of
potassiumincreased and hypokalaemiawas corrected when present?.

Two phase Ill studies have been published. BaxHTN enrolled
796 patients with uncontrolled hypertension (systolic blood pressure
>140 mmHg on two agents) or resistant hypertension (>140 mmHg
onthree or more agents including a diuretic); about halffellinto each
category”’. After a 2-week placebo run-in period, patients were rand-
omizedtoreceive baxdrostat1 mg (n =264), baxdrostat2 mg(n =266)
or placebo once daily for 12 weeks. At the end of the study, patients on
1mgbaxdrostat exhibited a placebo-adjusted reductionin seated sys-
tolicblood pressure of -8.7 mmHg and those receiving 2 mg baxdrostat
showed a reduction of -9.8 mmHg (P < 0.001 for both comparisons).
Nearly 40% of treated patients achieved target blood pressure values,
compared with<20%in the placebo group. Baxdrostatinduced a sub-
stantial reductionin plasma concentration of aldosterone, and did not
affect serum levels of cortisol, indicating the selectivity of the drug
for CYP11B. Serum levels of potassium were modestly increased, but

values of 6.0 mmol/l were seenin 2.3% of patients on 1 mg baxdrostat
(six of 264 patients) and in 3.0% receiving 2 mg baxdrostat (eight of
266 patients), compared with 0.4% (one patient) in the placebo group.

Launch-HTN enrolled 1,083 patients with uncontrolled or resistant
hypertension (mean age 61.6 +10.3 years; 46.9% women; 29% Black)
randomized to lorundrostat 50 mg per day, to an increasing dose of
50-100 mg per day or to placebo for 12 weeks®. The primary end point
was the change in automated office systolicblood pressure at week 6;
inthe pooled 50 mglorundrostat group, it fell by 9 mmHg (P < 0.001)
versus placebo. Regarding safety, declines in hyponatraemia, hyper-
kalaemia and estimated glomerular filtration rate (eGFR) were reported
more often with lorundrostat than with placebo, but hyperkalaemia
leading to treatment discontinuation occurred in <1% of patients, and
clinically relevant adverse events were uncommon. Overall, adverse
events were reported in 50% of participants, but were mostly mild or
moderate. Hence, in phase Il and Il RCTs of patients with uncontrolled
andresistant hypertension, both baxdrostat and lorundrostat lowered
blood pressure significantly without causing hyperkalaemia. Inthe only
two small RCTs in patients with primary aldosteronism, baxdrostat
and dexfadrostat lowered aldosterone and systolic blood pressure.

After completion of a phase I study®’, the effectiveness of
vicadrostat (BI 690517) in lowering the urine albumin-to-creatinine
ratio (UACR) was investigated in a large multinational, phase Il
RCT in 586 patients with CKD (defined as an eGFR between 30 and
90 ml/min/1.73 m?and UACR between 200 and 5,000 mg/g) who had
aserum level of potassium of <4.8 mmol/I'°. All patients were at risk
of developing hyperkalaemia because of the decreased eGFR and
treatment with aRAS blocker. They were randomly assigned to receive
either vicadrostat or placebo after 8 weeks of run-in treatment with a
sodium-glucose cotransporter 2 inhibitor (empagliflozin) or placebo.
Compared with placebo, vicadrostat significantly lowered UACR from
baseline to week 14 in a dose-dependent fashion without any interac-
tion with empagliflozin treatment. Hyperkalaemia occurred in 6% of
patients on placebo, and 18% of those on the highest vicadrostat dose
(20 mg once daily), with or without empagliflozin. Signs of adrenal
insufficiency were observed in 2% of participants receiving vicadrostat
and1% of those receiving placebo. Serum levels of potassiumincreased,
but most participants (86%) did not require intervention. Hence,
vicadrostat dose-dependently reduced albuminuria in patients with
CKD and concurrent RAS inhibition and empagliflozin treatment,
without relevant unexpected safety issues, and therefore provides
additive efficacy for CKD treatment.

The safety and efficacy of baxdrostat was tested in a similar phase
I placebo-controlled RCT in patients with CKD, microalbuminuria
(UACR) and uncontrolled hypertension at alow dose (0.5 mgto1mg)
and a high dose (2 mg that could be up-titrated to 4 mg if necessary)

Table 1| Aldosterone synthase inhibitors in clinical development and clinical indications tested

Aldosterone CYP11B2/CYP11B1  Plasma Suitableforonce-daily Dosetested Indication tested Blood pressure  Safety

synthase inhibitor  selectivity half-life (h) administration (mg) decrease concerns

Baxdrostat 100 30 Yes 0.5-8.0 Resistant hypertension, CKD,  Yes None
primary aldosteronism

Lorundrostat >300 8-10 Yes 50-100 Resistant hypertension Yes None

Dexfadrostat 9 9.5-11.0 Yes 4-12 Primary aldosteronism Yes None

Vicadrostat NR® NR Yes 10-80 CKD NR None

CKD, chronic kidney disease; CYP11B1, cytochrome P450 11B1, mitochondrial; CYP11B2, cytochrome P450 11B2, mitochondrial; NR, not reported. ?A phase | study showed that at the maximum
dosage of 80 mg once daily, there was no significant decrease in plasma concentration of cortisol and urinary cortisol excretion®.
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once daily for 26 weeks'”". Over 75% of patients had type 2 diabetes
mellitus; their mean eGFR at baseline was 44 + 14 ml/min/1.73 m*and
their median UACR was 714 mg/g, and 76% participants had an UACR of
300 mg/g. All patients were on the maximum tolerated dose of a RAS
blocker for at least 4 weeks. Compared with placebo, both baxdrostat
dose groups showed asignificant fallin seated systolic blood pressure
and plasma concentration of aldosterone, a mild decrease of eGFR
and no cortisol changes. Hyperkalaemia was far more common in the
baxdrostat pooled group (41% of participants) than in the placebo
group (5%), but it was severe in only 3.1% and 4.7% of the low-dose
and high-dose baxdrostat groups, respectively. No other relevant
adverse effects were recorded. Hence, even in patients with uncon-
trolled hypertension at increased risk of hyperkalaemia because of
CKD, microalbuminuriaand concomitant treatment with RAS blockers,
both vicadrostat and baxdrostat, at the doses investigated, lowered
blood pressure and caused severe hyperkalaemia in only a minority
ofthe patients.

The legacy concerns that emerged from the osilodrostat study,
in which plasma levels of adrenocorticotropic hormone increased
and 11-deoxycorticosterone concentrations increased markedly
(710-1,427%) due to the inhibition of cortisol biosynthesis’’, were
not confirmed with the second-generation ASIs. With baxdrostat,
serum levels of cortisol were not reduced compared with those in
the placebo group®. With lorundrostat, there were small increasesin
serum levels of cortisol, butin participants randomized to 100 mgonce
daily cosyntropin stimulation testing was normal®*. Thus, there is no
evidence that CYP11B2 inhibition with current ASIs causes accumula-
tion of aldosterone precursors that might act as MR agonists, such as
deoxycorticosterone.

Variation in detrimental cardiovascular effects

Sex differences in salt sensitivity, aldosterone sensitivity and MR
signalling have been found in clinical and preclinical studies. Experi-
mental data indicate that interactions between oestrogen signalling
pathways, including GPER-dependent and MR-dependent vascu-
lar mechanisms, might modulate how blood pressure responds to
aldosterone'®'**, However, the clinical relevance of these observations
remains uncertain, because although women were included in clini-
cal trials of baxdrostat and lorundrostat, sex-stratified analyses have
beenlimited. They have not established whether the antihypertensive
efficacy or safety profile of ASls differs between sexes. Thus, impor-
tant knowledge gaps remain, particularly regarding women across
different hormonal stages, including the perimenopausal transition,

during which aldosteronelevels, renin activity and vascular sensitivity
to mineralocorticoid signalling change markedly.

Atpresent, the use of ASIsin pregnancy has not been studied, and
their use cannot be indicated until dedicated safety data are available.
Infact, pharmacological suppression of aldosterone synthesis during
pregnancy could theoretically interfere with physiological RAS adapta-
tions that are essential for normal maternal haemodynamics and fetal
development. Although participants in recent RCTs included adults
older than18 years and up the age of 80 years, individuals with frailty,
multimorbidity or advanced CKD were generally under-represented.
Therefore, data in old and frail populations are limited. Given the
potential for electrolyte disturbances and changes in renal function
with ASItreatmentinthese patients, further studies are required to bet-
ter define their safety and tolerability in these vulnerable populations.

In view of the differences in salt sensitivity and aldosterone sen-
sitivity across individuals and ethnicities, it is likely that the plasma
concentration of aldosterone does not tell the full story about the role of
aldosterone and the degree of inappropriate hormone secretion'®. For
example, Black patients often have amore pronounced blood pressure
response than white patients when infused with aldosterone'**'””. This
greater responsiveness of target organs to aldosterone hasimportant
consequences: for example, primary aldosteronism can be present in
Black patients with hypertension without overt elevation of plasma
concentrations of aldosterone and can only be identified by the low
plasmalevel of renin. Not accounting for this difference could explain
why primary aldosteronism is so markedly under-detected'*® and undi-
agnosed in Black people'”, which contributes to Black patients with
hypertension having an increased risk of developing heart failure and
stroke compared with white patients with asimilar blood pressure, age
and sex'*’. The low screening rate for primary aldosteronism'®’, which
probably affected almost half of the participantsinacommunity sample
of untreated Black adults"®, might account for this higher risk, along
with socioeconomic factors limiting access to healthcare and adher-
enceto antihypertensive therapy, ahigh sodiumintake and the greater
sensitivity to salt and aldosterone™. In line with this observation, in a
large cohort of Black individuals (mean age 54 + 12 years; 63% women),
plasma concentration of aldosterone was associated with anincreased
hazard ratio of heart failure, subclinicalmyocardial injury and echocar-
diographic structural changes™. These increased risks were mainly in
thelast quartile of plasma concentration of aldosterone, which probably
included many patients with undetected primary aldosteronism'2,

These considerations about the detrimental role of aldosterone
would support the use of aldosterone blockade with MRA, and possibly

Table 2 | Indications for clinical use of aldosterone synthase inhibitors

Clinical condition Effectiveness Indication Relevance

Resistant hypertension Yes Compelling High risk and prevalence

Difficult-to-treat hypertension Yes Compelling High prevalence

Non-surgically curable primary aldosteronism Probable To be tested in RCTs High prevalence and limited availability of subtyping

Chronic kidney disease with or without microalbuminuria Yes

To be further tested in RCTs

High prevalence

Heart failure NYHA classes -1V Probable To be tested in RCTs High risk and prevalence
Metabolic syndrome Uncertain To be tested in RCTs High prevalence

Pre-eclampsia, eclampsia Uncertain To be tested in RCTs High risk and prevalence
Older and frail patients Uncertain To be tested in RCTs High risk and prevalence

NYHA, New York Heart Association; RCTs, randomized controlled trials.

Nature Reviews Endocrinology


http://www.nature.com/nrendo

Review article

also of ASls, early in the course of hypertension to prevent and treat
heart failure, particularly in Black patients.

Conclusions

Compelling evidence has established excess aldosterone as a
major driver of cardiovascular disease, prompting development of
ASlIs as a novel therapeutic strategy after decades of stagnation in
antihypertensive drug development.

Despite the steps still needed in the clinical development of ASls
(Supplementary Box 2) and the several questions (Supplementary
Box 3) to be answered to precisely define the efficacy and safety profile
of ASIs compared with MRAs, these drugs might provide benefit to a
large population of patients with cardiovascular diseases (Table 2). ASls
couldbe particularly useful for those at very high risk of cardiovascular
events due to treatment-resistant hypertension and Black patients with
hypertension, who are at increased risk of heart failure. ASIs can also
benefit the increasing population of patients with CKD, in whom they
reduce microalbuminuria without hyperkalaemia even with decreased
eGFR and concurrent RAS blockade.

Most patients with primary aldosteronism do not receive curative
adrenalectomy owing to limited availability of adrenal vein sampling
and functional imaging®, overly restrictive adrenal vein sampling
interpretation criteria™ and under-use of unilaterally selective adrenal
vein sampling data™. These patients require life-long MRA therapy
that must be up-titrated to control blood pressure and hypokalaemia
and to suppress renin'>"'". However, up-titration is often not feasible
in men owing to oestrogen-like adverse effects. The non-steroidal
structure of ASIs suggests they will have minimal androgen receptor
cross-reactivity and therefore few such adverse effects, making ASls
a potentially important therapeutic option for this large population
of patients.

In spite of the uncertainties described in Supplementary Box 3,
some suggestions can made at this stage. If the primary dysfunctionin
the aldosterone-MR pathwayisanincreaseinaldosteronelevels, asin
surgically untreatable primary aldosteronism when MRA are not toler-
ated, then treatment with an ASImight be preferred. If the primary dys-
functionisincreased MR activation, asin heart failure, or when the MR
isactivated by cortisol (such asinapparent mineralocorticoid excess or
in conditions with oxidative stress), then an MRA would be preferred.
Whenbothaldosterone productionand MR activity areincreased, asin
CKD andresistant hypertension, then both agents might be required.
Rather than being competing strategies, aldosterone synthesis inhi-
bition and MR blockade are probably complementary approaches
targeting different levels of the aldosterone signalling cascade.

Published online: 22 May 2026
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