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Abstract Aldosterone binds to the mineralocorticoid receptor
and has an important regulatory role in body fluid and elec-
trolyte balance. It also influences a variety of different cell
functions such as oxidative stress, inflammation and organ
fibrosis. The important role of the tissue-specific mineralocor-
ticoid receptors in cardiovascular and renal injury has been
shown in knockout animals and in clinical studies
Mineralocorticoid receptor antagonists seem to exert their
beneficial effects via anti-oxidative, anti-inflammatory and
anti-fibrotic effects. Spironolactone and eplerenone were the
first steroidal mineralocorticoid receptor antagonist. The
established steroidal mineralocorticoid receptor antagonists
show important therapeutic effects but are hampered by a
variety of side effects, most importantly clinically significant
hyperkaliemia. Selective non-steroidal mineralocorticoid re-
ceptor antagonists have been recently developed and demon-
strate effectiveness in early clinical trials. Finereroneholds
promise for the future application of this new mineralocorti-
coid receptor antagonist class in patients with chronic kidney
disease since it has shown a significant reduction in UACR
combined with a safety profile similar to that in the placebo
group. However, further long-term studies investigating rele-
vant clinical end points like reduction in cardiovascular or
renal event rate are warranted.
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Introduction

Cardiovascular disease is the leading cause of mortality and
morbidity in patients with chronic kidney disease, and this is
especially true for patients with diabetic nephropathy.
However, despite the world-wide importance of this global
health challenge, there are only few evidence-based treat-
ments for reducing cardiovascular events and ameliorate or-
gan function in these patients. The clinical evaluation of sev-
eral new therapeutic candidates for diabetic nephropathy ther-
apy, such as bardoxolone, aliskiren, and darbepoetin alfa, has
failed to limit both the progression to end-stage renal disease
and cardiovascular morbidity/mortality in long-term studies.
The failure of novel drug candidates to delay progression to
end-stage renal disease and limit or abrogate cardiovascular
morbidity and mortality raises interest in the improvement of
existing therapeutic strategies. One of the most promising
strategies to reduce cardiovascular risk in patients with chron-
ic kidney disease and end-stage renal disease are mineralocor-
ticoid receptor antagonist-based treatment regimens. In this
short review, we will summarize the latest development in this
area and outline future prospects.

Aldosterone is secreted in the glomerular zone of the adre-
nal cortex in response to hyperkaliemia or sodium depletion as
the endpoint of activation of the renin—angiotensin system and
contributes importantly to regulation of blood pressure [1ee].
The hormone classically acts in the distal tubule and collecting
duct of the nephron where it increases water and sodium re-
absorption thereby leading to extracellular fluid expansion.
Aldosterone binds to the mineralocorticoid receptor, a
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ligand-dependent transcription factor belonging to the nuclear
receptor family [2—4]. A multitide of studies over the last
decade have convincingly shown that in addition to the regu-
latory role in body fluid and electrolyte balance, aldosterone
influences a variety of different cell functions. It seems that
mineralocorticoid receptors play a major role in oxidative
stress, inflammation and, last but not least, organ fibrosis.
These novel functions of mineralocorticoid receptors, be-
sides the classic role in ion and water transport, have been
detected also in other cell types, especially in cardiac and
vascular tissues. In addition, local production of aldosterone
may occur in peripheral tissue [5e¢, 6]. Experimental evidence
indicates that prolonged exposure to inappropriately elevated
concentrations of aldosterone causes cardiac and renal dam-
age independent of blood pressure levels [ 1+, 3]. Aldosterone
concentrations and mineralocorticoid-receptor signaling are
associated with an enhanced risk of cardiovascular injury
and the incidence of sudden cardiac death. The
mineralocorticoid-dependent mechanisms are complex and
involve several molecular and cellular systems (Table 1).

Molecular and Cellular Effects of Mineralocorticoid
Receptor Activation

An increase in oxidative stress by aldosterone and mineralo-
corticoid receptor activation has been demonstrated in a large
number of cell types, such as cardiomyocytes, endothelial
cells, vascular smooth muscle cells, adipocytes, macrophages,
and collecting duct cells. Aldosterone increases the expression
of the NADPH oxidase subunits Nox 2 and Nox4 as well as
p47phox, p67phox, and racl [7-9], thereby leading to an in-
crease in Nox activity with enhanced production of superox-
ides. In addition, aldosterone may induce mitochondrial dys-
function, thus contributing further to oxidative stress. The
consequences of oxidative stress are multiple, including
DNA damage and protein carbonylation. The mineralocorticoid-
induced oxidative stress leads also to uncoupling of the NO
synthase with a decreased availability of NO. Besides the
deleterious effects of vasorelaxation, oxidative stress may
directly activate the nuclear factor-~xB pathway leading to
inflammation [10, 11ee].

Table 1  Characteristics of mineralocorticoid receptor antagonists

Spironolactone Eplerenone Finerenone
Trade mark Aldactone Inspra
Class Steroidal Steroidal Dihydropyridine
MR IC5y (nM) 24 990 17.8
AR ICso (nM) 77 >21,240 >10,000
Half-life (h) 1.4 (active metabolites 4-6 >10,000

12-35)
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Low-grade inflammation is a hallmark of cardiovascular
and renal disease. Patients with hypertension, cardiovascular,
and renal disease often present with a chronic vascular inflam-
mation. In some patients, inflammatory biomarkers such as C-
reactive protein or inflammatory cytokines (MCP-1) and their
receptors are increased. These patients have a poor clinical
outcome and prognosis [12¢¢]. Indeed, several experimental
studies have shown that chronic activation of the mineralocor-
ticoid receptor enhances and stimulates a variety of different
inflammatory mechanisms. Macrophages, dendritic cells, and
T lymphocytes have been described as target cells for miner-
alocorticoids. The activation of the mineralocorticoid receptor
enhances the expression of interleukin (IL)-6 and tumor ne-
crosis factor-a (TNF-«) and nuclear factor kB activation in
both immune and nonimmune cells [13]. Schiffrin and co-
workers have recently demonstrated that the infiltration of
the arterial wall and perivascular space by immune cells is a
relatively early event after activation of the mineralocorticoid
receptor [14]. This pro-inflammatory effect of aldosterone can
be abolished in monocyte/macrophage deficient animals [15].
Interestingly, oxidative stress and endothelial dysfunction are
also reduced in these animals indicating that the effects of
aldosterone on immune cells is centrally important in this “trio
infernal” of oxidative stress, microinflammation and fibrosis.
The important role of the mineralocorticoid receptor in mac-
rophage activation has been demonstrated in several studies
with macrophage-specific mineralocorticoid receptor KO
mice [16]. Deletion of the mineralocorticoid receptor
protected against cardiac fibrosis after angiotensin II challenge
or thoracic aortic constriction [17, 18]. Aldosterone may di-
rectly influence a switch in macrophage polarization and the
differentiation of monocytes into an inflammatory phenotype
[19]. Besides monocytes, it seems that T-cells are also in-
volved in aldosterone-induced microinflammation.
Aldosterone increases IL-6 and transforming growth factor
[ expression in dendritic cells and influences the cell-
mediated Th17 polarization of T lymphocytes [20e, 21].
Aldosterone may be involved in autoimmune renal damage
via these mechanisms. It has been shown that aldosterone
stimulates Th17-mediated immunity [20e]. Schiffrin and co-
workers have shown that T regulatory cells prevent
aldosterone-induced vascular injury in mice [22]. The pro-
inflammatory effects of aldosterone are not only present in
vascular but also in adipose tissue, where it stimulates secre-
tion of proinflammatory adipokines and production of TNFa,
MCP1, PAI-1, and IL-6, an effect prevented by pharmacolog-
ical mineralocorticoid receptor antagonism ( [23]; Table 2).

Whether aldosterone potentiates the cellular effects of
DAMPs (danger-associated molecular pattern molecules, such
as tenascine-C/fibronectin, heat shock proteins, IL-1«, osteo-
pontin, uric acid, etc.) or whether aldosterone plays a role in
the generation of these molecules is an important issue [24ee,
25]. In support of the latter hypothesis are findings that several
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Table 2 Molecular mechanisms and clinical benefits of
mineralocorticoid receptor antagonists (MRA)

Molecular and cellular Mechanisms Clinical benefits of MRA
antagonized by MRA
Inflammation Myocardial hypertrophy

Expression of proinflammatory cytokines  Ventricular remodeling
Tumor necrosis factor-o

Interleukin-13

Transforming growth factor-31 (TGF-f3).

Intercellular adhesion molecule-1

Proarrhythmogenic effects

Myocardial ischemia

Collagen synthesis Reduced coronary blood
Connective tissue growth factor flow

Plasminogen activator inhibitor-1 Myocardial injury

Oxidative stress Glomerular hypertrophy
nitrosative stress
Nicotinamide adenine dinucleotide Glomerulosclerosis
phosphate oxidase activity Proteinuria
Nicotinamide adenine dinucleotide Podocyte injury
phosphate oxidase activity Renal blood flow
Renal injury

of these factors, such as tenascine-C, osteopontin, galectin-3,
collagen, fibronectin, are influenced by activation of the
mineralocorticoid receptor.

All these studies support the hypothesis that aldosterone
and its nuclear receptor modulate both innate and adaptive
immunity.

In summary, there is a large body of evidence showing that
inhibition of the mineralocorticoid receptor can decrease
microinflammation in animal models and in patients [20e,
21] supporting the hypothesis that the beneficial effects of
mineralocorticoid antagonists in cardiovascular and renal dis-
eases could in part rely on their anti-inflammatory properties.

The third molecular mechanism whereby aldosterone pro-
motes organ damage is its role in fibrosis [26]. The first studies
have been carried out in myocardial tissue and have clearly
shown that chronic mineralocorticoid receptor activation is
associated with fibrosis, extracellular matrix remodeling and
cell growth and survival [27, 28]. It was already mentioned
that mineralocorticoid receptors influence several profibrotic
factors, such as NGAL, CT1, Gal-3, and osteopontin. In ran-
domized clinical trials, the beneficial effects of mineralocorti-
coid antagonists in heart failure and cardiovascular disease
were associated with a reduction of fibrosis markers [29,
30]. Activation of the mineralocorticoid receptor enhances
cardiovascular and renal tubulointerstitial fibrosis [31]. This
anti-fibrotic effect of mineralocorticoid antagonists has also
been shown in other tissues: spironolactone limits peritoneal
fibrosis in animal models [32—-34], reduces liver fibrosis [35],
and even influences skin fibrosis [36]. The onset of fibrosis
seems to involve several different cell types dependent on the
specific organ system including fibroblasts but also
cardiomyocytes, vascular smooth muscle cells, endothelial

cells, tubular cells, as well as inflammatory cells that second-
arily stimulate extracellular matrix production.

In summary, mineralocorticoid receptor antagonists seem
to exert their beneficial effects via anti-oxidative, anti-
inflammatory and anti-fibrotic effects. Whether this triad is
due to specific effects of the mineralocorticoid receptor on
the respective mechanism or whether one underlying molec-
ular pathway is responsible for the induction of all three re-
mains to be demonstrated. Aldosterone stimulates the expres-
sion of endothelin 1 (ET1), transforming growth factor 3, and
plasminogen activator inhibitor [37]. Importantly, the interac-
tion between the mineralocorticoid receptor and angiotensin 11
(Angll) receptor ATIR signaling cascades plays a key role in
aldosterone-induced organ damage. Angll can activate the
mineralocorticoid receptor pathway indirectly via the EGFR
pathway [38] while expression of ATIR is obligatory for al-
dosterone activation in vascular smooth muscle cells [39]. The
functional importance of this interaction between the two
pathways shows the prevention of Angll-induced cardiac
and vascular remodeling by spironolacton [7, 40].

Mineralocorticoid Receptor and Renal Diseases

After the initial decsription of renal disease in hyperaldosteronism,
it was assumed that renal damage was mostly due to chron-
ic hypertension in these patients. Animal experiments have
now convincingly demonstrated that renal failure, protein-
uria, and histologic renal lesions can be prevented by min-
eralocorticoid receptor antagonists, even in the presence of
high blood pressure [41, 42]. Also in other models of
chronic kidney diseases (nephron reduction, diabetic ne-
phropathy, glomerulopathies) mineralocorticoid receptor
antagonists exert a positive effect [43, 44]. Recent obser-
vations show that mineralocorticoid receptor antagonists
can reduce cyclosporine-induced nephrotoxicity [45, 46]
and spironolactone improves transplant vasculopathy in a
rat renal transplant model [47]. Even acute kidney injury
such as ischemia reperfusion injury [48] can be diminished
by mineralocorticoid receptor antagonists administered be-
fore or directly after ischemia [49, 50]. Like other thera-
peutic strategies for acute kidney injury, mineralocorticoid
receptor antagonists also showed long-term beneficial ef-
fects and prevented the delayed occurrence of chronic renal
failure and interstitial fibrosis following acute kidney
injury [51].

These positive effects of mineralocorticoid receptor antag-
onists on the kidney seem to be mediated by several cell types.
In addition to functional mineralocorticoid receptors in the
distal tubular cells, there are also mineralocorticoid receptors
expressed in endothelial cells and in vascular smooth muscle
cells of renal arteries [52]. Under pathological conditions, the
expression of mineralocorticoid receptors may be up-
regulated in glomerular cells [53] and expression of
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mineralocorticoid receptors has been demonstrated ex vivo in
cultured podocytes, mesangial cells, and renal fibroblasts [54,
55]. This phenomen of mineralocorticoid receptor upregula-
tion has been documented in patients with chronic renal dis-
ease [56]. The importance of inflammatory cells and activa-
tion of mineralocorticoid receptor in macrophages has been
described above. Huang et al. have shown that renal disease
induced by antiglomerular basement membrane antibody is
blunted in mice with mineralocorticoid receptor deletion in
the myeloid lineage [57].

In clinical studies in patients with chronic kidney disease,
two important issues have to be adressed: (1) effects of min-
eralocorticoid receptor antagonists on the progression of renal
disease and (2) reduction of the increased cardiovascular event
rate in these patients.

For the medical management of patients with chronic kid-
ney disease, reduction of albuminuria has become a primary
aim, in addition to optimizing control of hyperglycaemia and
blood pressure. Guidelines currently recommend treatment
with angiotensin-converting enzyme inhibitors (ACEIs) or an-
giotensin II receptor blockers (ARBs) for diabetic patients
with hypertension and high (formerly known as macro-) or
low grade albuminuria [58]. Both ACEIs and ARBs act via
inhibition of the renin—angiotensin system (RAS). Despite
initial down-regulation of plasma aldosterone levels, up to
50 % of patients treated with a RAS blocker experience ele-
vations of the hormone within a year after treatment initiation
[59]. This “aldosterone breakthrough/escape” is associated
with impairment of albuminuria and kidney function. In sub-
jects with CKD, systematic reviews of small studies have
suggested that even when added to ACEIs and ARBs, miner-
alocorticoid receptor antagonists substantially reduce protein-
uria [60, 61]. In several clinical studies, a potential role for the
steroidal mineralocorticoid antagonist spironolactone and
eplerenone as antiproteinuric agents has been identified
[62—65]. A meta-analysis supported that mineralocorticoid re-
ceptor antagonists, in addition to ACEIs and ARBs, reduced
proteinuria [66]. It has to be acknowledged that several studies
have questioned the role of aldosterone and the mineralocor-
ticoid receptor in proteinuria and in the progression of chronic
kidney disease [43, 44, 67]. A small decrease in estimated
glomerular filtration rate (eGFR) during treatment has been
reported [68, 69]. This finding occured mostly in diabetic
patients, probably reflecting reversal of hyperfiltration [66].

As there is a high risk of cardiovascular-associated mortal-
ity and morbidity in patients with diabetic nephropathy, it is
possible that mineralocorticoid receptor antagonists may also
help preventing cardiovascular events in this population. [70].
It is noteworthy, that in the 4D study, aldosterone levels were
associated with sudden death in hemodialyzed patients with
type 2 diabetes [71]. A positive impact of mineralocorticoid
receptor antagonists on cardiovascular events has been report-
ed in hemodialysis patients [72].
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When using mineralocorticoid receptor antagonists in pa-
tients prone to hyperkalemia, a major issue is the safety con-
cern regarding an increase in plasma potassium concentration.
Hyperkalemia is often observed in patients treated with steroid
mineralocorticoid receptor antagonists, reflecting efficacy of
mineralocorticoid receptor antagonists in reducing urinary K"
secretion. Life-threatening hyperkalemia has been reported,
particularly when using a high dosage of mineralocorticoid
receptor antagonists [67]. Therefore, close monitoring of se-
rum potassium levels in patients with impaired renal function
is required to avoid clinically relevant hyperkalemia above
5.5 mmol/l. Hyperkalemia is a major problem limiting the
use of mineralocorticoid receptor antagonists in patients with
chronic kidney disaese, unfortunately at the same time the
patient group where they are most needed.

Steroid Mineralocorticoid Receptor Antagonists

Spironolactone was the first steroidal mineralocorticoid re-
ceptor antagonist developed in 1959 [73]. Interestingly,
this compound was developed 30 years before the molec-
ular characterization of the mineralocorticoid receptor
[74]. Spironolactone was approved as a diuretic and natri-
uretic drug for the management of hypertension and pri-
mary hyperaldosteronism and later on to treat congestive
heart failure [73]. Spironolactone is a potent competitive
mineralocorticoid receptor antagonist but is poorly selec-
tive because it also inhibits the androgen and progesterone
receptors, leading to side effects such as gynecomastia,
impotence, and menstrual irregularities [75¢]. At high con-
centrations, it may also interfere with the glucocorticoid
receptor [75¢, 76].

The second mineralocorticoid receptor antagonist,
eplerenone (9-1la-epoxymexrenone), was developed in
2002 for the treatment of hypertension and heart failure [73,
74]. This compound is much more selective for the mineralo-
corticoid receptor than spironolactone, but less potent (40x
less), requiring higher dosage to achieve similar mineralocor-
ticoid receptor antagonism. The different pharmacokinetic and
pharmacodynamic properties of spironolactone and
eplerenone, however, result in a difference in efficacy in the
treatment of hypertension: 100 mg eplerenone is almost 50 to
75 % as potent as 100 mg spironolactone in patients with
essential hypertension [77].

It has been reported that spironolactone (at micromolar
concentrations) inhibits aldosterone biosynthesis [78] and
blocks enzymes involved in steroidogenesis [79, 80]. In con-
trast, eplerenone (1-30 uM) did not impair basal and angio-
tensin II-induced cortisol and aldosterone production in hu-
man adrenocortical H295R cells [79]. Thus spironolactone
and eplerenone have differential effects on steroidogenesis.

As mentioned above, hyperkalemia is a potential life-
threatening side effect of mineralocorticoid receptor
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antagonists., Indeed these drugs are potassium-sparing di-
uretics, and their “propensity” to lead to hyperkalemia has
been observed in most clinical studies, especially when renal
function is impaired. The risk of hyperkalemia clearly
accounts for the underuse of this efficient therapeutic class
[80, 81].

Third-Generation Non-Steroidal Mineralocorticoid
Receptor Antagonists—Finerenone

In the last decade, the search for novel mineralocorticoid re-
ceptor antagonists with higher selectivity, higher potency, and,
if possible, a reduced risk of hyperkalemia has been intensi-
fied. Several nonsteroidal compounds acting as mineralocor-
ticoid receptor antagonists were identified. Dihydropyridines
(L-type calcium channel antagonists) can act as mineralocor-
ticoid receptor antagonists in vitro and in vivo [75¢]. Based on
these molecules successful optimization of antagonists devoid
of L-type calcium channel antagonist properties led to several
new compounds and derivatives. One example is the Bayer
compound BAY 94-8862 (finerenone) which was identified
as a potent and selective mineralocorticoid receptor antagonist
[82]. Its mode of action differs from classic steroidal mineral-
ocorticoid receptor antagonist. Steroidal mineralocorticoid re-
ceptor antagonists bind in the ligand binding domain of the
receptor, while finerenone has a bulky side chain which in-
duces conformational changes within the mineralocorticoid
receptor. The bulky molecule leads to the protrusion of min-
eralocorticoid receptor helix 12. This domain plays a major
role in the activation of the receptor by binding of important
co-activators [83]. The finerenone-induced changes alter re-
cruitment of co-activators and co-repressors, thus changing
the stability, nuclear translocation, and activation of the recep-
tor. Thereby, finerenone causes the formation of an unstable
receptor complex unable to recruit coregulators which is then
rapidly degraded. The third-generation mineralocorticoid re-
ceptor antagonist finerenone was used in phase Ila clinical
trials [84, 85] in patients with heart failure and mild renal
dysfunction. Finerenone was shown to be safe and led to a
similar effect on the N-terminal-proBNP surrogate marker
compared with spironolactone. However, the rate of
hyperkalemia was found to be lower [84, 85]. The relative
benefit regarding decreased plasma potassium levels of
finerenone over the steroidal antagonists may rely on a differ-
ential tissue distribution of the two compounds; while
spironolactone and eplerenone accumulated three- to sixfold
more in the kidney than in the heart, the distribution of
finerenone appears equivalent in rat heart and kidney [75¢].
Therefore, low doses may allow sufficient mineralocorticoid
receptor antagonism outside of the kidney with less renal MR
blockade and reduced potassium sparing effect. Two large
clinical trials have been launched recently in heart failure

(ARTS-HF) [86¢°] and in diabetic nephropathy (ARTS-DN)
[87, 88e<] to further test safety and efficacy in phase IIb trials.

Effect of Finerenone on Albuminuria in Patients
with Diabetic Nephropathy (ARTS-DN)

ARTS-DN was a multicenter, randomized, double-blind, pla-
cebo-controlled, parallel-group, phase IIB study designed to
compare the effects of finerenone, 1.25 to 20 mg once daily,
with placebo added to standard of care with RAS blockade.
The primary outcome of the study was the ratio of the urinary
albumin-creatinine ratio (UACR) at day 90 versus at baseline.
Safety end points were (1) changes from baseline in serum
potassium and (2) eGFR. Because of the diabetic study pop-
ulation and the inclusion criteria, UACRs and levels of
glycated hemoglobin were elevated above the normal range.
Average systolic blood pressure was also slightly higher than
normal, as expected in patients with type 2 diabetes and dia-
betic nephropathy. Despite the high prevalence of hyperten-
sion in the study population, and because of the exclusion of
patients with severe hypertension from this study, patients
generally had good blood pressure control at baseline. A sub-
stantial proportion (ca 40 %) of patients in ARTS-DN had a
history of cardiovascular comorbidity. The percentage of pa-
tients using lipid-lowering agents in the study was in line with
that seen in other studies of patients with type 2 diabetes who
are at increased cardiovascular risk. The study was initiated in
June 2013 and clinically completed in August 2014. The re-
sults have been published recently [88ee].

Finerenone demonstrated a dose-dependent reduction in
UACR. Treatment reduced the placebo-corrected UACR at
day 90 in a dose-dependent manner, with a significant reduc-
tion in UACR ranging from 21 to 38 % in the finerenone
dosage groups of 7.5 to 20 mg/d compared with placebo.
The placebo corrected mean differences in systolic blood pres-
sure were small and post hoc analysis showed that no mean-
ingful correlation was observed across all treatment groups
between the ratio of UACR and the change in systolic blood
pressure or change in eGFR from baseline to day 90.

Since control of potassium levels was one of the important
safety issues in the study, serum potassium levels were care-
fully analyzed. No advice on dietary sodium or potassium
restrictions was given during the study, and patients main-
tained their normal diet. With the exception of non—potassi-
um-sparing diuretics, starting treatment with potassium-
lowering agents was not permitted during treatment with the
study drug. If hyperkalemia occurred during study treatment,
the treatment was discontinued prior to starting a potassium
lowering agent. Any potassium supplementation was stopped
prior to randomization if potassium levels were within the
normal range. If potassium levels were low at randomization
or at any of the following visits, potassium supplementation
was continued or restarted until potassium values were within
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the normal range again. Important was a prespecified second-
ary outcome of hyperkalemia leading to discontinuation of the
study. Such an endpoint was not observed in the placebo and
finerenone 10- mg/d groups. The incidences in the finerenone
7.5-, 15-, and 20-mg/d groups were 2.1, 3.2, and 1.7 %, re-
spectively. There were no differences in the incidence of the
prespecified secondary outcome of an eGFR decrease of 30 %
or more or in incidences of adverse events and serious adverse
events between the placebo and finerenone groups.

Previous studies have shown conflicting results regarding
the incidence of hyperkalemia in patients with diabetes receiv-
ing steroidal mineralocorticoid receptor antagonists. A sys-
tematic review documented an increased incidence of
hyperkalemia in patients with diabetic nephropathy receiving
steroidal mineralocorticoid receptor antagonists with RAS
blockers compared with RAS blockade alone [89] with drop-
out rates due to hyperkalemia between 8 and 17 %, respec-
tively. Clinically significant hyperkalemia (serum potassium
level > 6.0 mmol/L) was noted in 52 % of patients treated with
high-dose ACE inhibitors plus low-dose spironolactone [90].
However, in other studies much lower rates of hyperkalemia
have been reported. It may be that the higher dosage of ACE
inhibitors may have contributed to higher rates of
hyperkalemia in some studies. In ARTS-DN, hyperkalemia
and subsequent discontinuation of the study drug occurred
in 1.8 % of patients receiving finerenone compared with no
cases in the placebo group. Three cases of hyperkalemia with
serum potassium of more than 6.0 mmol/L were observed
overall. It may well be that the lack of a significant decrease
in eGFR has been a contributing factor to the low risk of
hyperkalemia in ARTS-DN.

It is important to note that ARTS-DN is a dose-finding
study that lacks an active control group. Another limitation
is that 60 % of patients had an eGFR above 60 mL/min/
1.73 m?, thus putting them at lower risk of hyperkalemia in
general. Moreover, while reductions in albuminuria are highly
correlated with slowed progression of CKD, they are not a
validated surrogate marker for renal outcomes. Last but not
least, the short duration of the study did not allow assessment
of the long-term effects of finerenone on CKD progression or
assessment of antifibrotic or anti-inflammatory effects.

Conclusions

Activation of the mineralocorticoid receptor in cardiovascular
tissue induces inflammation, oxidative stress and organ fibro-
sis thereby contributing to the pathogenesis of cardiovascular
injury. This role of tissue-specific mineralocorticoid receptors
in cardiovascular and renal injury has been shown in knockout
animals and in clinical studies. Steroidal mineralocorticoid
receptor antagonists have important therapeutic effects but
are hampered by side effects, such as hyperkaliemia. The
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novel non-steroidal mineralocorticoid receptor antagonist
finererone demonstrate effectiveness in early clinical trials
and a safety profile similar to that in the placebo group.
Whether this new mineralocorticoid receptor antagonist class
shows relevant clinical end points like reduction in cardiovas-
cular or renal event rate has to be demonostrated in prospec-
tive clinical studies.
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Key points

« Although the established physiological function of the renal mineralo-
corticoid receptor is regulation of sodium reabsorption and potassium
excretion, activation of the mineralocorticoid receptor in extra-renal
tissues also contributes to the pathogenesis of cardiovascular injury.
The important role of the tissue-specific mineralocorticoid receptors in
cardiovascular and renal injury has been shown in knockout animals
and in clinical studies.

The established steroidal mineralocorticoid receptor antagonists show
important therapeutic effects but are hampered by a variety of side
effects, most importantly clinically significant hyperkaliemia, which
limits their use especially in patients with chronic kidney disease and
reduced glomerular filtration rates.

Selective non-steroidal mineralocorticoid receptor antagonists have
been recently developed and demonstrate effectiveness in early clinical
trials.

The significant reduction in UACR in patients receiving finerenone,
combined with a safety profile similar to that in the placebo group,
holds promise for the future application of this new mineralocorticoid
receptor antagonist class in patients with chronic kidney disease.
However, further long-term studies investigating relevant clinical end
points like reduction in cardiovascular or renal event rate are warranted.
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