Journal of Nephrology (2020) 33:37-48
https://doi.org/10.1007/540620-019-00600-7

REVIEW q

Check for
updates

New mineralocorticoid receptor antagonists: update on their use
in chronic kidney disease and heart failure

Irene Capelli’ - Lorenzo Gasperoni' - Marco Ruggeri' - Gabriele Donati' - Olga Baraldi' - Giovanni Sorrenti? -

Maria Turchese Caletti® - Valeria Aiello’ - Giuseppe Cianciolo’ - Gaetano La Manna'

Received: 24 November 2018 / Accepted: 7 March 2019 / Published online: 15 April 2019
© Italian Society of Nephrology 2019

Abstract

Aldosterone is a mineralocorticoid hormone with a well-known effect on the renal tubule leading to water retention and
potassium reabsorption. Other major effects of the hormone include the induction of proinflammatory activity that leads to
progressive fibrotic damage of the target organs, heart and kidney. Blocking the aldosterone receptor therefore represents an
important pharmacological strategy to avoid the clinical conditions deriving from heart failure (CHF) and chronic kidney
disease (CKD). However, steroidal mineralocorticoid receptor antagonists (MRA) have a low safety profile, especially in
CKD patients due to the high incidence of hyperkalemia. A new generation of nonsteroidal MRA has recently been devel-
oped to obtain a selective receptor block avoiding side-effects like hyperkalemia and thereby making the drugs suitable
for administration to CKD patients. This review summarizes the results of published preclinical and clinical studies on
the nonsteroidal MRA, apararenone esaxerenone and finerenone. The trials showed a better safety profile with maintained
drug efficacy compared with steroidal MRA. For this reason, nonsteroidal MRA represent an interesting new therapeutic
approach for the prevention of CHF and CKD progression. Some basic research findings also yielded interesting results in
acute clinical settings such as myocardial infarction and acute kidney injury.
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Introduction

Aldosterone is the most important mineralocorticoid hor-
mone produced in the adrenal cortex. It is synthesized from
cholesterol by the enzyme aldosterone synthase in the zona
glomerulosa of the adrenal gland. Aldosterone synthesis is
regulated by several factors including angiotensin II, extra-
cellular potassium levels and corticotropin activity.
Aldosterone acts through two main pathways: one recep-
tor-dependent, the other receptor-independent. Both are
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characterized by genomic and non-genomic effects. The
hormone’s principal and best known effect is the regula-
tion of fluid and electrolyte balance, which is mediated by
the interaction between aldosterone and its receptor on the
epithelial cells of the distal tubule and collecting duct. How-
ever, aldosterone overexpression exerts many detrimental
effects in other tissues and organs like the heart, vessels,
central nervous system, and adipocytes [1-3]. Indeed, aldos-
terone mineralocorticoid receptor (MR) binding promotes
cardiac and renal remodeling by inducing myocardial fibro-
sis and glomerular and tubular sclerosis. Myocardial fibrosis
is involved in uremic cardiomyopathy, the morphological
substrate of the main cardiological complications of patients
with chronic kidney disease (CKD) (myocardial infarction,
atrial fibrillation, valvulopathy etc.) whatever the status of
the illness. Glomerular and tubular sclerosis represent the
mainstays of chronic disease progression [4—7]. Moreover,
aldosterone causes endothelial dysfunction and vasocon-
striction, sympathetic activation and oxidative stress [8, 9].

Although MR blockade has been demonstrated to be ben-
eficial in patients with heart failure (CHF) and CKD (REF),
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traditional mineralocorticoid receptor antagonists (MRA)
present important side-effects like hyperkalemia that limit
their use in clinical practice.

To overcome this obstacle a new generation of MRA
has recently been developed with better efficacy and fewer
side-effects. The aim of this review is to summarize the
pharmacological characteristics and preclinical and clinical
evidence of these new drugs.

The mineralocorticoid receptor

The aldosterone MR is a member of the nuclear receptor
family and has two main ligands: aldosterone and proges-
terone. MR-mediated effects can be classified into genomic
and non-genomic.

While the genomic effects are better known, the mecha-
nisms underlying non-genomic action are not clearly under-
stood, but appear to be related to reactive oxygen species
(ROS) inhibition in target tissues. There is evidence that
aldosterone-induced ROS generation is associated with
NADPH oxidase activation and that elevated ROS levels
transactivate the epidermal growth factor receptor (EGFR)
leading to activation of the Na+/H+ exchanger (NHE) [10,
11]. A common but not necessary property of these effects
is their rapid time scale: indeed, the response is often seen
after minutes [12].

The genomic effects stem from the interaction between
aldosterone and MR. MR is a steroidal intracellular recep-
tor located in the cytoplasm. The ligand-receptor complex
migrates into the nucleus, recognizes specific DNA regions
containing mineralocorticoid responsive elements and acti-
vates target gene transcription [13]. Although the genomic
effects were observed within 30 min after aldosterone
administration in some studies, they usually take several
hours because of the need for the MR to translocate intracel-
lularly, recruit transcription factors, activate gene expression
and subsequently accumulate a sufficient amount of protein
[12].

MR is known to be expressed in the kidney, not only on
tubular epithelial cells but also on podocytes and in mesan-
gial cells. Once MR binding occurs in tubular epithelial
cells, genes such as Sgk1, Chif, and Ki-RasA are transcribed.
These genes are then translated into proteins, which play an
important role in water reabsorption in the kidneys, mainly
by increasing ENaC, Na+/K+-ATPase transport activity and
Na+/K+-ATPase synthesis in the principal cells of renal
collecting duct. Other proteins influenced by aldosterone
include the sodium-hydrogen antiporter (NHE) and sodium-
chloride symporter (Na+/CI—) [14].

Furthermore, aldosterone in the principal cells of the col-
lecting duct activates the nuclear factor kB (NFkB), which
regulates inflammation and the transepithelial transport of
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sodium, suggesting a correlation between sodium reabsorp-
tion in the collecting duct and inflammatory stimulus [15].

The effects of MR activation on the kidney are complex
and extend beyond the tubular epithelial cells. Although the
precise mechanisms remain undefined, aldosterone shows
deleterious effects on podocytes, inducing apoptosis or alter-
ing their adhesive properties. Since these cells are highly
differentiated, they are not considered to have proliferative
capacity, so their reduction causes glomerular basement
membrane denudation and adhesion to the Bowman cap-
sule, a common pathway leading to glomerulosclerosis [16].
The MR is also found in other kidney cells, such as mesan-
gial and fibroblast cells, modulating their activity towards a
profibrotic phenotype or alterations of cell cycle regulators.

MR distribution is even wider as the receptor is expressed
in endothelial and smooth muscle cells (SMC), cardiomyo-
cytes, adipocytes, fibroblasts, macrophages and central nerv-
ous system cells [13, 16].

MR activation has been widely evaluated at cardiac
level and is known to induce myocardial fibrosis by pro-
moting inflammation. MR stimulation increases oxidative
stress in the vessel wall and the expression of chemoattract-
ant proteins like chemokine ligand 2, chemokine ligand 1,
chemokine ligand 5 and adhesion molecules like intercel-
lular adhesion molecule 1 and vascular cell adhesion mol-
ecule-1 determining the recruitment of inflammatory cells in
heart tissue. This process is enhanced by pro-inflammatory
cytokine secretion by macrophages and T-cells (TNF-alpha,
inducible nitric oxide synthase, osteopontin). Resolution of
the inflammatory process is crucial to preserve heart struc-
ture. It involves the expression of pro-fibrotic factors like
TGF-beta, platelet-derived growth factor and connective
tissue growth factor [17, 18] but when over-activated, as in
CHF, it leads to myocardial fibrosis and dysfunction [19,
20]. In addition, oxidative stress has been demonstrated to
trigger MR activation in a ligand-independent manner by
Ras-related C3 botulinum toxin substrate 1, promoting car-
diac fibrosis [21, 22]. Detrimental effects of MR activation
on target organs are summarized in Fig. 1.

Mineralcorticoid receptor antagonists
in CKD and CHF: indications and limits

MRA exert an anti-fibrotic and anti-inflammatory effect on
the kidneys and other target organs like the heart (reduced
cardiac fibrosis and left ventricular remodeling) and vessels
(reduced collagen deposition) [13].

Spironolactone was the first MRA to be produced, fol-
lowed some time later by eplerenone. Spironolactone was
synthetized in 1957 and approved as a diuretic drug to treat
edematous states, hypertension and primary hyperaldoster-
onism. Its therapeutic indications were later expanded in
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Fig. 1 Detrimental effects of MR activation on target organs

the wake of growing evidence of the systemic pro-fibrotic
and pro-inflammatory effects of aldosterone especially in the
kidneys, heart and vessels.

The RALES trial [23] was a landmark study highlighting
an effect of MR antagonists to well beyond its modest diu-
retic activity. The trial demonstrated an impressive mortality
rate reduction in patients with CHF with reduced left ven-
tricular ejection fraction (LVEF) (<35%) and NYHA class
III-IV treated with low dose spironolactone (up to 50 mg/
day) compared to placebo, administered on top of standard
of care (ACE-I or ARB plus a loop diuretic). These data
formed the basis of international guidelines for the treatment
of CHF that recommend MRA in patients with CHF with
reduced LVEF (<35%) and NYHA class II-1V on top of an
ACE I or ARB and a beta blocker [24].
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Aldosterone levels usually increase as the glomerular
filtration rate (GFR) falls in CKD, so that CKD and end-
stage renal disease (ESRD) are considered states of relative
hyperaldosteronism [25-27].

Spironolactone showed a good nephroprotective effect
in several clinical trials, as summarized in the review by
Bomback et al. [28]. This meta-analysis investigated 15
studies, evaluating the effects of MRA (spironolactone and
eplerenone) in addition to ACE-I/ARB therapy on albumi-
nuria, kalemia and arterial pressure in patients with diabetic
and non-diabetic protenuric nephropathy. The studies lasted
from 8 weeks to a year and showed a 15-54% reduction of
proteinuria in the treatment groups compared to baseline,
with hyperkalemia (K +> 5.5 mmoL/L) occurring in 5.5% of
cases. Only six of the studies reported a significant reduction
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in blood pressure during treatment, without a clear correla-
tion between proteinuria and blood pressure fall, demonstrat-
ing an independent action of the molecule from the hypo-
tensive effect. The authors concluded that the data analyzed
provided sufficient evidence to formulate the hypothesis that
aldosterone blockade represents a safe and effective strategy
for the treatment of proteinuric CKD patients who do not
fully respond to ACE-I/ARB therapy.

Mineralocorticoid receptor antagonists (MRAs) hypo-
tensive effects with no diuretic mechanism have also been
reported [29, 30]. However, targeting aldosterone in the
CKD population should yield benefits beyond proteinuria
and blood pressure reduction, given the numerous harmful
effects of aldosterone on the cardiovascular system, mak-
ing ESRD patients a potentially prime target population for
MRA therapy [31].

Although MRA have been advocated as beneficial in
patients with diabetic kidney disease, this therapeutic
approach may be considered equally beneficial in non-dia-
betic proteinuric kidney disease along with other emerging
treatment for CKD progression [32-35]. MRA may also ben-
efit patients on treatment with renin—angiotensin-aldosterone
system (RAAS) blockade: an initial decline in aldosterone
levels may be followed by the aldosterone breakthrough phe-
nomenon represented by persistently elevated aldosterone
levels that may be particularly noxious, with an increased
risk of proteinuria and worsening left ventricular hypertro-
phy [27, 32, 33].

Spironolactone has two main side-effects which are sub-
stantially related to its low specificity for MR. The first com-
prise gynecomastia, erectile dysfunction and dysmenorrhea
which are related to MRA binding with androgen or estrogen
receptors; the second, particularly in subjects with kidney
failure, is hyperkalemia probably related to the greater con-
centration of potassium in kidney tissue (sixfold higher than
in the heart) [36].

Eplerenone, an MRA synthesized in the 1980s, is much
more selective for MR than spironolactone and its affinity
for MR is 40 times lower. These features reduce the bur-
den of side-effects but limit the drug’s clinical efficacy.

Table 1 Clinical trials on aparenone

Weinberg et al. [37] found 100 mg/day the maximum effec-
tive dose of eplerenone for the treatment of hypertension.
They also demonstrated a 25-50% lower efficacy compared
to the same spironolactone dose. This disadvantage is coun-
teracted in vivo by a greater bioavailability conferred by
a lower plasma protein binding (50% vs 94% of spironol-
actone). Like spironolactone, eplerenone tends to be more
concentrated in the kidneys than in other tissues but to a
lesser extent (concentration in the kidneys threefold higher
than in heart tissue) [36].

The number of patients meeting the indication for MRA
in daily clinical practice is lower than expected because these
drugs are frequently not prescribed. Albert et al. [38] showed
that only a third of a sample of 12,565 patients hospitalized
for CHF had received an MRA at 1 year after discharge. In
addition, almost 70% of the cohort had been treated with a
suboptimal dose of MRA. The main reason for not prescrib-
ing MRA is hyperkalemia [39]. Epstein et al. [40] recently
demonstrated that the incidence of hyperkalemia is higher
in “real world” studies compared to randomized controlled
trials (RCT) (RALES for spironolactone and EMPHASIS-
HF for eplerenone). In addition, hyperkalemia is the rea-
son for the non-prescription of MRA in more than 35% of
CHF patients. Among the CKD population, Shirazian et al.
showed that despite being indicated in 40% of cases, RAAS
blockade is not prescribed in 23% of patients with CKD
stages 3—5 due to the risk of hyperkalemia [41].

Nonsteroidal MRA (new MRA)

The high side-effect burden of first (spironolactone) and
second (eplerenone) generation MRA has led to the devel-
opment of new molecules whose features seem to reduce
the risk of hyperkalemia. The new drugs tested in the most
important clinical trials are apararenone, esaxerenone and
finerenone. No published preclinical or clinical data are
currently available for the nonsteroidal MRA apararenone
(Table 1).

Aparenone (MT-3995)

Study Population (1), Study design Treatment Primary and point  Outcomes
main inclusion
criteria
NCT02923154 40, NASH Phase 2, randomized, double blind, Aparenone vs placebo  Percent change Recruiting
parallel-assignment, placebo-con- from baseline in
trolled ALT
NCT02676401 241, DKD Phase 2, randomized, parallel assign-  Aparenone low dose, Adverse events Recruitment
ment open label middle dose or high completed, no
dose data published
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Esaxerenone is an 18- and 260-fold more potent human
MRA than spironolactone and eplerenone, respectively. It
did not exert any agonistic effect on human and rat MR,
whereas spironolactone and eplerenone exhibited a weak
but significant agonist activity for these two receptors.
Moreover, esaxerenone is at least 1400-fold more selective
for human MR than other human steroid hormone receptors
[42]. Pharmacokinetic studies in rats and monkeys showed
that esaxerenone is well absorbed and widely distributed
after oral administration, and mainly excreted in feces. The
major elimination pathway is considered to be oxidation in
rats, and oxidation combined with glucuronidation in mon-
keys [43]. The preventive effect of the molecule on hyperten-
sion and cardiorenal injury was tested in Dahl salt-sensitive
hypertensive rats where the administration of 0.5 mg/kg and
higher doses suppressed the elevation of systolic blood pres-
sure (SBP). Moreover, the same dose was able to inhibit the
increase in urinary protein excretion which appeared after
7 weeks of salt loading [44]. The same authors showed an
improvement in existing renal injury with no fall of SBP in
deoxycorticosterone acetate (DOCA )/salt-induced hyperten-
sive rats (DOCA rats) [45]. Esaxerenone is also being tested
in humans in phase II and III RCT but no results have been
published to date [46] (Table 2).

More preclinical and clinical data are available on finer-
enone, a non-steroidal MRA belonging to the dihydro-
pyridine family (Table 3). This molecule is a potent (IC50
17.8 nM) MR antagonist with greater selectivity for MR
than spironolactone or eplerenone (over 500-fold more
selective for MR than for any other steroid receptor). Finer-
enone is a full antagonist in different cell types including the
gain-of function S810L mineralocorticoid receptor mutant,
[47] responsible for early onset hypertension in men and
gestational hypertension in women [36].

Finerenone acts as a “bulky-passive antagonist” that
binds to MR in a different way from steroidal MRA. This
interaction leads to a protrusion of helix 12 in the c-terminal
activating the function domain on MR. This MR structural
modification destabilizes the ligand-receptor complex pre-
venting co-regulator recruitment and translocation into the
nucleus, and thereby accelerating the MR degradation pro-
cess. Structurally different MRA present different pharma-
cological characteristics.

Another important characteristic of finerenone is its dis-
tribution: target organ distribution of the drug is more bal-
anced and uniform making the concentration of the molecule
almost the same in the kidney and heart. The different ratio
of distribution between tissues, associated with a greater
selectivity of the molecule, could underlie the drug’s better
safety profile and therefore its more extensive use in daily
clinical practice.

A preclinical study in DOCA rats showed that the use
of finerenone at a dose of 1 mg/kg prevented cardiac and

renal functional and structural impairment regardless of the
reduction in SBP. Finerenone also reduced cardiac hyper-
trophy, pro-BNP and proteinuria levels more efficiently
than eplerenone when comparing doses with equivalent
natriuretic effects [48]. Grune et al. [49] compared the
effects of finerenone and eplerenone on cardiac hypertro-
phy in a mouse model, showing a different gene expression
of troponin 2 and pro-BNP and a significant prevention of
the increase in left ventricle mass in the group receiving
finerenone.

Finerenone has been tested in many phase II RCTs. The
ARTS study, focused on safety, enrolled patients with CHF,
reduced LVEF (EF <40%) and CKD with eGFR 30-90 ml/
min and serum potassium <4.8 mmoL/l. The aim of the
study was to compare proteinuria, eGFR and kalemia
between finerenone and placebo in the first part (65 patients)
and between finerenone, placebo and spironolactone in the
second (393 patients). The study showed that serum potas-
sium levels were higher in patients randomized to finerenone
10 mg/day or 5 mg/day compared to placebo but this was
not true for lower finerenone doses (5 and 2.5 mg/day).
The comparison between finerenone and spironolactone
showed that the incidence of hyperkalemia was higher in the
spironolactone group and that the eGFR decrease over time
was lower in the finerenone group. Mean potassium values,
however, remained within normal range and hyperkalemia
events were lower than those in the spironolactone group
(1.5-7.8% vs. 11.1%). Moreover, finerenone determined
the same degree of proteinuria reduction as spironolactone
except for low doses (5 mg/day).

ARTS-HF was a phase IIb RCT with a safety and dose-
ranging purpose in a population of 1058 subjects with CHF.
Inclusion criteria were ejection fraction <40%, type 2 diabe-
tes mellitus and/or eGFR 30—60 ml/min. Patients were rand-
omized to finerenone or eplerenone at growing doses on the
basis of serum potassium and eGFR. The primary end-point
of the study was the reduction of NT-proBNP, for which
finerenone showed the same level of efficacy as eplerenone.
A surrogate end-point was a composite of all-cause death,
cardiovascular hospitalization or CHF worsening. Almost all
finerenone dosages (apart from the lowest dose of 5 mg/day)
were superior to eplerenone, especially the highest dosages
(10 mg/day, uptitrated to 20 mg/day). Hyperkalemia (defined
as serum potassium > 5.6 mmol/l) was a rare event in all
study groups although there was a mild increase in serum
potassium [50].

ARTS-DN was a phase IIb RCT focused on 823 patients
with type 2 diabetes mellitus and CKD. Inclusion criteria
were persistent proteinuria (UACR >30 mg/g) and serum
potassium <4.8 mmol/l. Finerenone was administered on
top of a RAAS blocker and compared to a placebo group.
After 90 days ARTS-DN reached its primary end-point
of UACR reduction. The results showed that finerenone
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reduced UACR in a dose-dependent manner (21% in the
7.5 mg/day group and 38% in the 20 mg/day group compared
to placebo). Hyperkalemia (serum potassium < 5.6 mmol/l)
was present in 1.8% of patients and mean eGFR decline was
1.8, 2.6, 2.2 and 2.4 ml/min respectively in patients treated
with 7.5, 10, 15 and 20 mg/die of finerenone with a revers-
ible effect 30 days after drug withdrawal. The effects of
finerenone on blood pressure were minimal. The difference
between this drug and steroidal MRA was attributed to the
inability of non-steroidal MRA to pass the blood-brain bar-
rier and consequently lower blood pressure at central nerv-
ous system level [51].

This aspect was analyzed further in the ABPN study,
an ARTS-DN substudy in which a group of 120 patients
underwent stricter blood pressure monitoring by Holter.
Masked uncontrolled hypertension (MUCH) was defined as
normal office blood pressure but BP > 135/85 mmHg upon
awakening and nocturnal hypertension as a blood pres-
sure > 120/70 mmHg during the night-time. MUCH was
diagnosed in 52.2% of patients and nocturnal hypertension
in 76.5%. After 90 days patients treated with finerenone
showed a significant reduction in MUCH and nocturnal
hypertension compared to the placebo group.

Two double-blind placebo-controlled phase III RCTs,
FIDELIO (NCT02540993) and FIGARO (NCT 02545049),
are currently ongoing. The FIDELIO study is focused on
evaluating the efficacy of finerenone in slowing CKD pro-
gression in 4800 patients with type 2 diabetes mellitus, very
high albuminuria (UACR > 300 mg/g) and eGFR 25-60 ml/
min. The aim of the trial is to test finerenone’s effects on
cardiovascular morbidity and mortality in 6400 subjects
with type 2 diabetes mellitus and high albuminuria (UACR
30-300 mg/g). The FIDELIO study recruitment phase ended
in June 2018 while for FIGARO study recruitment is still
ongoing. Interactions between Old and New MRAs and their
receptors on target organs and main side effects mechanisms
are summarized in Fig. 2.

Future perspectives on nonsteroidal MRA
Interesting data have emerged on the possible protective

effect of finerenone against acute kidney injury (AKI). In a
murine model, Lattenist et al. induced ischemia—reperfusion

@ Springer

AKI after pre-treatment with finerenone for 3 days. They
observed reduced AKI severity, lower levels of AKI bio-
markers (NGAL and KIM 1) and less severe tubular dam-
age on histology [52]. Authors from the same group identi-
fied vessel SMC as the possible main targets of finerenone
in ischemia—reperfusion AKI prevention by a mechanism
mediated by reduced ROS production and increased nitric
oxide synthesis by endothelial cells [53].

Barrera-Chimal et al. also demonstrated in vivo that
finerenone has a protective effect against the develop-
ment of chronic kidney injury after AKI mediated by
ischemia—reperfusion. This protection was associated with
increased expression of M2-antinflammatory markers in
macrophages from finerenone-treated mice. Moreover,
finerenone increased IL-4 receptor expression and activa-
tion in the whole kidney and in isolated macrophages [54].

Recently, Martinez et al. studied neutrophil gelatinase-
associated lipocalin (NGAL) as a downstream MR acti-
vation target in 119 post-myocardial infarction patients.
They found that both higher baseline NGAL and a greater
increase in NGAL levels during follow-up were associated
with lower 6-month LVEF recovery due to increased myo-
cardial fibrosis and that this phenomenon was prevented
by finerenone [55].

A recent in vitro study incubated human coronary
artery SMC and human umbilical vein endothelial cells
(EC) with aldosterone and with or without finerenone. The
authors showed that finerenone prevented aldosterone-
induced EC apoptosis and SMC proliferation. Moreover,
they used an in vivo model to demonstrate that finerenone
accelerates the re-endothelialization process following
vascular injury, reducing leukocyte recruitment and the
inflammatory response and exerting a positive effect in
preventing vascular remodeling [56].

In conclusion, MRA inhibit aldosterone by a receptor-
dependent mechanism and reduce fibrosis in many target
organs including heart, kidney and vessels. Their use,
however, is limited because of a high side-effect burden
(overall hyperkalemia). Phase II RCTs have demonstrated
that the latest generation of non-steroidal MRA have a
superior safety profile to spironolactone and eplerenone
in patients with heart and kidney failure. The aim of the
ongoing phase III RCTs is to evaluate the efficacy of these
drugs on hard outcomes like mortality, cardiovascular
events, proteinuria and renal death reduction.
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