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Abstract

Chronic kidney disease (CKD) is one of the most frequent complications associated with type 2 diabetes
mellitus (T2DM) and is also an independent risk factor for cardiovascular disease. The mineralocorticoid
receptor (MR) is a nuclear receptor expressed in many tissue types, including kidney and heart. Aberrant
and long-term activation of MR by aldosterone in patients with T2DM triggers detrimental effects (eg,
inflammation and fibrosis) in these tissues. The suppression of aldosterone at the early stage of T2DM has
been a therapeutic strategy for patients with T2DM-associated CKD. Although patients have been treated
with renineangiotensin system (RAS) blockers for decades, RAS blockers alone are not sufficient to
prevent CKD progression. Steroidal MR antagonists (MRAs) have been used in combination with RAS
blockers; however, undesired adverse effects have restricted their usage, prompting the development of
nonsteroidal MRAs with better target specificity and safety profiles. Recently conducted studies, Finer-
enone in Reducing Kidney Failure and Disease Progression in Diabetic Kidney Disease (FIDELIO-DKD)
and Finerenone in Reducing Cardiovascular Mortality and Morbidity in Diabetic Kidney Disease (FIG-
ARO-DKD), have reported that finerenone, a nonsteroidal MRA, improves both renal and cardiovascular
outcomes compared with placebo. In this article, we review the history of MRA development and discuss
the possibility of its combination with other treatment options, such as sodium-glucose cotransporter 2
inhibitors, glucagon-like peptidee1 receptor agonists, and potassium binders for patients with T2DM-
associated CKD.
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DIABETES, HEART FAILURE, AND CHRONIC
KIDNEY DISEASE
Diabetes mellitus (DM) is a major global health
concern. It is estimated that 463 million peo-
ple worldwide had DM in 2019, with that
number projected to reach 700 million by
2045.1 Chronic hyperglycemia stimulates in-
flammatory cytokines, growth factors, and
the renineangiotensin system (RAS).2,3 Resul-
tant oxidative stress is linked to the formation
of advanced glycation end products as well as
activation of protein kinase C and polyol and
hexosamine metabolic pathways.2,3 Up-
regulation of profibrotic growth factors, such
as transforming growth factor beta, results in
mature collagen deposition, which is one of
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the characteristic features of diabetic nephrop-
athy (DN).4

Diabetic nephropathy is the leading cause
of chronic kidney disease (CKD), defined as
persistently (>3 months) elevated urine albu-
min excretion level (�30 mg/g creatinine)
and/or reduced estimated glomerular filtration
rate (eGFR; <60 mL/min per 1.73 m2).5,6

Although considerable progress has been
made in treatments aimed at modifying the
course of disease in DN, progression to kidney
failure and end-stage kidney disease (ESKD)
remains a major concern.1 Globally, >80%
of ESKD is caused by DM and/or hyperten-
sion, and the prevalence of ESKD is up to 10
times higher in patients with DM than those
without DM.1 According to the Centers for
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ARTICLE HIGHLIGHTS

d Chronic kidney disease (CKD) is frequently associated with type
2 diabetes mellitus (T2DM) and is also an independent risk
factor for cardiovascular disease.

d Aberrant and chronic activation of the mineralocorticoid re-
ceptor by aldosterone in patients with T2DM triggers detri-
mental effects.

d Over the past few decades, T2DM-associated CKD has been
treated with renineangiotensineandrogen system blockers,
including mineralocorticoid receptor antagonists (MRAs), but
with undesirable adverse effects.

d Recent US Food and Drug Administration approval of a
nonsteroidal MRA, finerenone, and a revised label for a sodium-
glucose cotransporter 2 inhibitor, dapagliflozin, are expected to
influence the treatment of patients with CKD.

d We hereby review the history of MRA development and discuss
the possibility of combination treatment with other agents.

MRAS IN THE TREATMENT OF T2DM-ASSOCIATED CKD
Disease Control and Prevention, 1 of every 3
adults with DM in the United States may
have kidney disease.7 Diseases of the kidney
are the ninth leading cause of death in the
United States.7,8 In 2019, the Advancing
American Kidney Health initiative was
launched with the following 3 major goals:
(1) reduce the risk of kidney failure; (2)
improve access to and quality of person-
centered treatment options; and (3) increase
access to kidney transplants.8

Type 2 DM (T2DM) and heart failure (HF)
often coexist, with DM occurring in up to 24%
of patients with chronic HF and in up to 40%
of those hospitalized with acute HF.9,10 Up to
50% of patients with HF also present with
CKD, which significantly increases the mortal-
ity risk.11,12 The United States Renal Data Sys-
tem 2020 Annual Data Report suggests that
the 24-month survival probability after the
first diagnosis of HF in patients with stage 3
and stage 4-5 CKD declines by 7% and 23%,
respectively, compared with those without
CKD.13 Kidney Disease Improving Global
Outcomes (KDIGO) 2020 Clinical Practice
Guideline for Diabetes Management in CKD
suggests that patients with T2DM and CKD
should be treated with a comprehensive
approach by modifying a range of factors asso-
ciated with the progression of CKD and car-
diovascular disease (CVD), including
glycemic and blood pressure (BP) control,
lipid management, weight loss, exercise, and
smoking cessation.14 Using the KDIGO 2020
drug treatment guidelines as an example, rec-
ommendations include using the following:
(1) a combination of a sodium-glucose
cotransporter 2 inhibitor (SGLT-2i) and met-
formin for patients with eGFR �30 mL/min
per 1.73 m2; (2) glucagon-like peptide-1 re-
ceptor agonists (GLP-1 RAs) for patients who
are unable to achieve glycemic targets despite
use of metformin and SGLT-2i; (3) RAS
blockers, including angiotensin-converting
enzyme inhibitors (ACEis) and angiotensin II
receptor blockers (ARBs), for patients with
albuminuria and hypertension; and (4) anti-
platelet therapies for patients with acute coro-
nary syndrome or percutaneous coronary
intervention.14 The KDIGO 2020 guidelines
also emphasize the need for more randomized
clinical studies to evaluate the following: (1)
the effect of ACEis and ARBs on the outcome
Mayo Clin Proc Inn Qual Out n December 2022;6(6):536-551 n http
www.mcpiqojournal.org
of albuminuria reduction and progression of
DM and CKD; (2) the effect of mineralocorti-
coid receptor (MR) antagonists (MRAs) on
the progression of CKD and CVD; (3) clinical
benefits of preventing hyperkalemia (ie, with
potassium binders) during RAS blockade;
and (4) decision aids for hyperkalemia risk
and testing during RAS blockade.14

In this review, we present an overview of
the role of aldosterone in the pathophysiology
and progression of CKD and CVD in patients
with DM as well as current and future thera-
peutic options with a particular emphasis on
the evolution of MRAs, including traditional
steroidal agents and new nonsteroidal ones.
LITERATURE SEARCH
The searches for this narrative review were
performed nonsystematically and “as needed”
(when new relevant publications were avail-
able). A MEDLINE-based literature review
was undertaken (limited to English language
journals) using the following search terms:
diabetes, chronic kidney disease, diabetic kidney
disease, mineralocorticoid receptor, and aldoste-
rone, and currently available treatments and
investigational treatments for CKD and
diabetes.
s://doi.org/10.1016/j.mayocpiqo.2022.09.002 537
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ALDOSTERONE AND THE MR
Aldosterone is a mineralocorticoid steroid hor-
mone, synthesized and secreted in response to
an increase in potassium levels, angiotensin II,
and corticotropin and/or sodium depletion in
the adrenal cortex.15 Although mineralocorti-
coids are traditionally believed to be produced
only in the adrenal cortex,16 a gradient of
elevating aldosterone levels from the coronary
sinus to the aortic root was reported in pa-
tients with acute myocardial infarction.17

Similarly, in patients with HF and hyperten-
sion, plasma aldosterone levels were found to
be greater in the cardiac vein than in the aorta,
whereas no such difference was observed in
healthy persons.18,19 These results suggest de
novo synthesis of aldosterone in the heart un-
der pathologic conditions, although the exact
mechanism behind the local increase of aldo-
sterone in the heart is not fully
understood.20,21

Aldosterone functions by activating the
MR, which is expressed in many tissues,
such as the kidney, colon, heart, central ner-
vous system, adipose tissue, and sweat
glands.22 The enzyme 11b-hydroxysteroid de-
hydrogenase II confers specificity on the renal
MR by inactivating the glucocorticoid, cortisol,
which it does by metabolizing cortisol to corti-
sone (cortisone which has no affinity for the
MR), and thus keeps the MR free for aldoste-
rone binding.23 The aldosterone-MR system
plays a major role in the following: (1) control
of BP and extracellular volume homeostasis by
stimulating renal sodium reabsorption; and (2)
the control of serum potassium by regulating
potassium excretion. The mechanism of action
of aldosterone in relation to its role in regu-
lating potassium excretion is to first, increase
the intracellular potassium levels by stimu-
lating the activity of sodium-potassium adeno-
sine triphosphate [ATP] ases in the basolateral
membrane. Second, it stimulates sodium reab-
sorption across the luminal membrane,
thereby increasing electronegativity of the
lumen, which increases the electrical
gradient-favoring potassium excretion. Third,
it has a direct effect on the luminal membrane,
thereby increasing potassium permeability.24

Hyperkalemia can occur in states of aldoste-
rone deficiency or RAS blockade.25,26 Aldoste-
rone binds to and activates the MR, resulting
Mayo Clin Proc Inn Qual Out n December 2022
in the transcriptional activation of genes
involved in electrolyte homeostasis in health.
When abnormally elevated over a long-term,
the aldosterone-MR complex also activates
proinflammatory and profibrotic genes
through hormone response elements in their
promoters.27 In epithelial tissues, including
the kidney, MR activates the expression of
ionic transporters in the cellular membrane
that controls salt and water homeostasis. In
nonepithelial tissues, including the heart, the
aldosterone-MR complex up-regulates genes
involved in cell proliferation, fibrosis, vascular
injury, and tissue inflammation.28 In addition
to these genomic MR effects, its expression in
immune cells appears to contribute to the
inflammation process through DNA
bindingeindependent signaling in macro-
phages as well as T-cell activation, as summa-
rized in a recent review by Barrera-Chimal
et al.29

Early clinical results revealed that the
magnitude of plasma aldosterone increase
correlated with the degree of renal insuffi-
ciency,30,31 and preclinical results suggested
that administration of aldosterone resulted in
renal and cardiac injury.32,33Administration
of an MRA in rat models of CVD and kidney
disease reduced proteinuria and tissue inflam-
mation, fibrosis, and end-organ lesions.33,34

These findings suggest that the suppression
of aldosterone at an early stage in patients
with DM may prevent organ damage,
including CKD.

ALDOSTERONE BREAKTHROUGH DURING
TREATMENT WITH RAS BLOCKERS
Over the past 2 decades, hypertension and
albuminuria have been managed in patients
with T2DM and CKD with RAS blockers,
which lower plasma aldosterone levels.14

Although clinical studies found that the use
of ACEis/ARBs in patients with diabetes and
CKD slows the progression of CKD, neither
an ACEi nor ARB alone completely prevents
CKD progression.35 This is, in part, due to
persistently elevated aldosterone levels during
long-term RAS blockade with either ACEi or
ARB, also known as aldosterone break-
through.36,37 Aldosterone breakthrough has
been shown to occur in approximately 50%
of patients treated with RAS blockers.36,38
;6(6):536-551 n https://doi.org/10.1016/j.mayocpiqo.2022.09.002
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TABLE 1. Differences Among Spironolactone, Eplerenone, and Finerenone

Spironolactone Eplerenone Finerenone

Structural aspects Flat (steroidal)66 Bulky, passive antagonist
(nonsteroidal)59,66

MRA structure Steroidal Steroidal Nonsteroidal

Metabolites Multiple, active metabolites48 No active metabolites48 No active metabolites57

Half-life Spironolactone: <2 hours
Active metabolites: >12-24

hours48,50

4 hours55 2-3 hours57,58

Tissue distribution Heart < kidney51 Heart < kidney51 Heart z kidney61

Affinity to MR Finerenone > spironolactone >> eplerenone54,56

Affinity to AR, GR, and PR Spironolactone >> eplerenone z finerenone54

Inhibitory effect on
aldosterone-dependent
gene activation

Finerenone > spironolactone60

Sexual side effects Observed51-53 Low frequency67 Not observed or rare64,65

Effect on SBP Spironolactone > finerenone49

Spironolactone > eplerenone68

Eplerenone z finerenone62

Effect on inflammation and
fibrosis in animals

Eplerenone < finerenone61,63

Risk of hyperkalemia Eplerenone z finerenone62

Spironolactone > finerenone49

AR, androgen receptor; GR, glucocorticoid receptor; MR, mineralocorticoid receptor; MRA, mineralocorticoid receptor antagonist; PR, progesterone receptor; SBP, systolic
blood pressure.

MRAS IN THE TREATMENT OF T2DM-ASSOCIATED CKD
The clinical implication of aldosterone break-
through in kidney disease progression was
examined in patients treated with an ARB,
demonstrating that higher levels of aldoste-
rone were associated with a higher rate of
eGFR decline than lower aldosterone levels.39

Although dual RAS blockade with ACEis/
ARBs was examined in clinical studies, results
demonstrated not only the lack of additional
efficacy with respect to the progression of
CKD but also an increased incidence of acute
kidney injury, hypotension, and hyperkale-
mia.40-42 Dual RAS blockade with an ACEi
or ARB and aliskiren (a direct renin inhibitor
[DRI]) did not benefit patients with DM and
CVD either. Although aliskiren lowers BP,
both as monotherapy and combination ther-
apy,43,44 and may not allow aldosterone
breakthrough,37 patients treated with aliskiren
and ARB or ACEi have shown a greater risk of
developing hyperkalemia and renal impair-
ment.45,46 Clinical guidelines from the Amer-
ican Diabetes Association47and KDIGO
202014 recommend the use of either an
ACEi or an ARB alone, but not dual RAS
Mayo Clin Proc Inn Qual Out n December 2022;6(6):536-551 n http
www.mcpiqojournal.org
blockade or the combination of ACEi or ARB
with a DRI, for the treatment of hypertension.
Strategies aimed at blocking the deleterious ef-
fects of aldosterone breakthrough, other than
the use of combinations of ACEi/ARB and
DRI, may be advantageous.

STEROIDAL MRAS: SPIRONOLACTONE AND
EPLERENONE
Spironolactone was the first steroidal MRA,
initially launched as a diuretic and natriuretic
drug for the control of hypertension and pri-
mary aldosteronism and later for the treatment
of HF.15,48 Spironolactone can be regarded as
a prodrug with a short half-life (<2 hours)
that generates 3 active metabolites with longer
half-lives (>12-24 hours) (Table 1).48-68 Spi-
ronolactone may cause gynecomastia and
impotence in males through its binding with
the androgen receptor (AR) as an antagonist
and menstrual irregularities and breast tender-
ness in women through its binding with the
progesterone receptor (PR) as an
agonist.48,51-53,69 Research programs aimed at
identifying more receptor-specific steroidal
s://doi.org/10.1016/j.mayocpiqo.2022.09.002 539
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TABLE 2. In Vitro Selectivity of MRAs in Functional Cell-Based Steroid Hormone Receptor Assays

Spironolactone Eplerenone Finerenone

MR IC50, nM 24.2 990 17.8

AR IC50, nM 77.1 �21,240 �10,000

GR IC50, nM 2410 �21,980 �10,000

PR EC50, nM 740 �31,210 �10,000

AR, androgen receptor; EC50, concentration of ligand required to achieve 50% activation of the receptor; GR, glucocorticoid receptor;
IC50, concentration of antagonist required to inhibit 50% activation of receptor; MR, mineralocorticoid receptor; MRA, mineralocorticoid
receptor antagonist; PR, progesterone receptor.

Adapted from Eur J Heart Fail and J Biol Chem.54,71

Higher and lower IC50 values are correlated with lower and higher affinities, respectively, between MRAs and steroid hormone receptors.
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MRAs to decrease these side effects, led to the
discovery of eplerenone. Differences in molec-
ular structure and MRA activity underpin the
distinct effects of spironolactone and eplere-
none observed in preclinical and clinical
studies (Table 1).48-68

Eplerenone is a second-generation MRA
for the treatment of hypertension and HF.22

In a steroid hormone receptor binding assay,
eplerenone was found to be considerably
more selective for the MR, but less potent
than spironolactone (Table 2).54,70,71 Eplere-
none has no active metabolites, and its half-
life of 4 hours is longer than that of spirono-
lactone but much shorter than spironolac-
tone’s active metabolites.48,55 The Eplerenone
Post-Acute Myocardial Infarction Heart Failure
Efficacy and Survival Study (EPHESUS),72 a
multicenter, international, randomized,
double-blind, placebo-controlled phase 3
study in patients with acute myocardial infarc-
tion complicated by left ventricular dysfunc-
tion and HF, demonstrated a significant
reduction in morbidity and mortality among
patients treated with eplerenone as compared
with placebo, but with a significant increase
in severe hyperkalemia (serum potassium con-
centration �6.0 mmol/L). Although still rec-
ommended, in particular for patients who
have intolerable sex hormoneemediated side
effects associated with the use of spironolac-
tone, hyperkalemia and cost have limited the
broad utilization of eplerenone in patients
with HF.73

TREATMENT WITH STEROIDAL MRAS IN
COMBINATION WITH ACEI/ARB
Several systematic reviews have suggested that
the addition of a steroidal MRA to a regimen
Mayo Clin Proc Inn Qual Out n December 2022
including an ACEi or ARB can improve organ
protection for patients with CKD or DN but
increase the risk of hyperkalemia. A Cochrane
systematic review published in 2020 (44
studies with a duration of 1-36 months
involving 5745 patients with CKD treated
with MRAs)74 confirmed conclusions made
in 200975 and 2014.76 Mineralocorticoid re-
ceptor antagonists may reduce proteinuria
and systolic BP in adults who have mild-to-
moderate CKD but probably increase the risk
of hyperkalemia, acute kidney injury, and gy-
necomastia when combined with ACEi/ARB
treatment.74 Evidence for the effect of MRAs
on the progression of CKD, cardiovascular
(CV) events, and death is inconclusive, and
data for treatment effects of nonsteroidal
MRAs were not sufficient for precise estimates
and meta-analysis. An increased incidence of
hyperkalemia in patients receiving treatment
with steroidal MRAs in addition to ACEi/ARB
as compared with ACEi/ARB alone was also re-
ported in an analyses of 8 studies involving
patients with DN.77 Similar findings were re-
ported in a meta-analysis of 19 studies
involving 1646 patients with stage 1-5 CKD,
treated with MRAs (14 spironolactone and 5
eplerenone) and ACEi/ARB, in which MRAs
were shown to reduce BP and albuminuria,
but with a threefold higher risk of patients
withdrawing from the study because of hyper-
kalemia than those receiving ACEi/ARB
alone.78 In another systematic review of 18
randomized, controlled studies (duration: 5
weeks-18 months), involving 1786 patients
with DN treated with MRAs (15 spironolac-
tone, 2 eplerenone, and 1 finerenone), signifi-
cant reductions in urinary albumin excretion
and BP and improvement in the urinary
;6(6):536-551 n https://doi.org/10.1016/j.mayocpiqo.2022.09.002
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TABLE 3. Clinical Studies for Finerenone

Study Phase N Patients Study drug Control
Duration,

wk Key findings

ARTS (NCT01345656)49 2 457 HFrEF with LVEF and
milda-to-moderateb

CKD

Finerenone Placebo/
spironolactone>

4 Finerenone was as effective as spironolactone in reducing hemodynamic stress and was
associated with lower incidences of hyperkalemia with a smaller increase in serum
potassium concentration and less worsening renal function than spironolactone.
Hormone side effects were not examined because of its short duration and small
number of patients.

ARTS-HF
(NCT01807221)62

2b 1066 Worsening HFrEF
with T2DM and/or

CKDc

Finerenone Eplerenone 12.9 The safety profile of finerenone was comparable to that of eplerenone. Death from any
cause, CV hospitalization, or emergency presentation of worsening HF was lower in most
of the finerenone dose groups than the eplerenone group. Whereas incidences of
hyperkalemia were similar between the finerenone and eplerenone groups, mean
changes from baseline in serum potassium concentration were lower in the finerenone
dose groups than the eplerenone group.

ARTS-HF Japan
(NCT01955694)86

2b 72 Worsening HFrEF
with T2DM and/or

CKDc

Finerenone Eplerenone 12.9 Because of the small number of individuals per treatment group, no robust conclusions
were drawn.

ARTS-DN
(NCT01874431)83

2b 823 DN (T2DM)d Finerenone þ
ACEi/ARB

Placebo þ
ACEi/ARB

12.9 Finerenone in combination with an ACEi/ARB showed a dose-dependent reduction in
UACR compared with the placebo. No hyperkalemia leading to discontinuation was
observed in the finerenone 10 mg/d group.

ARTS-DN Japan
(NCT01968668)87

2b 96 DN (T2DM)d Finerenone þ
ACEi/ARB

Placebo þ
ACEi/ARB

12.9 Finerenone reduced albuminuria without adverse effects on serum potassium levels or renal
function in Japanese patients with T2DM and DN.

FIDELIO-DKD
(NCT02540993)64,84,88

3 5734 T2DM with CKDe Finerenonef Placebo 135.6 Finerenone demonstrated lower risks of CKD progression and CV events than placebo.
Discontinuation because of hyperkalemia was infrequent in patients who received
finerenone (2.3%) and placebo (0.9%). Gynecomastia was rare and was comparable to
placebo (0.2% vs 0.2%).

FIGARO-DKD
(NCT02545049)65,85,89

3 7352 T2DM with CKDg Finerenonef Placebo 176.8 Finerenone improved CV outcomes compared with placebo with lower incidence of
hospitalization for HR. Finerenone reduced new-onset HF and improved other HF
outcomes. The incidence of hyperkalemia-related discontinuation was higher with
finerenone (1.2%) than placebo (0.4%). Gynecomastia was rare and was comparable to
placebo (0.1% vs 0.1%).

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ARTS, minerAlocorticoid Receptor Antagonist Tolerability Study; CKD, chronic kidney disease; CV, cardiovascular; DN, diabetic nephropathy;
eGFR, estimated glomerular filtration rate; FIDELIO-DKD, Finerenone in Reducing Kidney Failure and Disease Progression in Diabetic Kidney Disease; FIGARO-DKD, Finerenone in Reducing Cardiovascular Mortality and Morbidity
in Diabetic Kidney Disease; HF, heart failure; HFrEF, heart failure with reduced ejection fraction; LVEF, left ventricular ejection fraction; T2DM, type 2 diabetes mellitus; UACR, urinary albumin-creatine ratio; wk, weeks.
aeGFR: 60 <90 mL/min per 1.73 m2.
beGFR: 30 <60 mL/min per 1.73 m2.
ceGFR: >30 mL/min per 1.73 m2 in patients with T2DM; 30-60 mL/min per 1.73 m2 in patients without T2DM.
dUACR: �30 mg/g and eGFR >30 mL/min per 1.73 m2.
eUACR: 30 to <300 mg/g and eGFR 25 to <60 mL/min per 1.73 m2 or UACR �300 mg/g and eGFR �25 to <75 mL/min per 1.73 m2.
fAll patients were treated with either ACEi or ARB at maximum tolerated labeled dose that did not have unacceptable side effects.
gUACR: 30 to <300 mg/g and eGFR 25 to �90 mL/min per 1.73 m2 or UACR �300 mg/g and eGFR �60 mL/min per 1.73 m2.
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albumin-creatine ratio (UACR) were observed,
without a decrease in eGFR in patients treated
with MRAs in combination with ACEi/ARB as
compared with those receiving ACEi/ARB
alone; however, the incidence of hyperkalemia
was significantly higher in the former group.79

These analyses also noted several common
limitations. First, for most of the studies,
treatment duration was too short to evaluate
surrogate end points (eg, proteinuria), and
patient-centered outcomes (eg, death and kid-
ney or cardiac failure) were absent or sparse.
Second, patients with severe CKD were rarely
included. Third, quality of reporting study
methods and outcomes was inconsistent, and
study design and duration were variable.
Finally, data were extracted almost exclusively
from studies with steroidal MRAs.

NONSTEROIDAL MRAS: APARARENONE,
ESAXERENONE, AND FINERENONE
Evidence suggesting that MR blockade with
steroidal MRAs combined with ACEi/ARB is
associated with an increased risk of hyperkale-
mia prompted the development of nonste-
roidal MRAs with novel physicochemical
properties that may reduce electrolyte and
hormonal complications.48 Several pharma-
ceutical companies have identified numerous
novel nonsteroidal MRA compounds,
including Eli Lilly’s LY2623091, Mitsubishi
Tanabe Pharma Corporation’s MT-3995 (apar-
arenone), AstraZeneca’s AZD 9977, Pfizer’s
PF-03882845, Daiichi Sankyo’s CS-3150
(esaxerenone), KBP Biosciences’s KBP5074,
Dainippon Sumitomo Pharma’s SM-368229
and DSR-71167, and Bayer’s BR-4628 and
BAY 94-8862 (finerenone).27,48,80,81

Finerenone is currently the most studied
first-generation nonsteroidal MRA. Finerenone
showed higher selectivity towards MR than
spironolactone and a higher affinity for MR
than eplerenone. Its affinity for AR, glucocor-
ticoid receptor (GR), and PR is lower than
that of spironolactone and is comparable to
that of eplerenone (Table 2).54,56,70,71 The
plasma half-life is w2 hours in healthy sub-
jects57 and 2-3 hours in patients with kidney
failure.58 In healthy rats, spironolactone and
eplerenone accumulate more in the kidneys
than in the heart, whereas, finerenone is
distributed evenly between the 2 organs.51

Finerenone acts as an MR antagonist, whereas
Mayo Clin Proc Inn Qual Out n December 2022
spironolactone possesses at least partial
aldosterone-like activity.59,82

Furthermore, RNA sequencing analyses
showed that approximately 20% of transcripts
induced by aldosterone were antagonized by
finerenone, whereas, only 5% were antago-
nized by spironolactone.60 Chromatin immu-
noprecipitation assays in the SCNN1A
promoters suggest that although finerenone
prevents the basal recruitment of the MR and
steroid receptor coactivator 1 (SRC-1), spiro-
nolactone mildly promotes basal recruitment
of these 2 regulators (aldosterone-dependent
recruitment of the MR, SRC-1, and RNA poly-
merase II was also prevented by finerenone).59

These results suggest that finerenone confers a
more profound antagonistic effect on mineral-
ocorticoid target genes than spironolactone.

Both preclinical and clinical studies have
suggested that finerenone offers end-organ
protection and lower or similar incidence of
hyperkalemia as compared with steroidal
MRAs (Tables 1 and 3).49,62,64,83-89 In preclin-
ical studies, finerenone provided greater
reduction in proteinuria and end-organ dam-
age than eplerenone when they were
compared in equinatriuretic doses (finerenone
1 mg/kg vs eplerenone 30 mg/kg; finerenone
10 mg/kg vs 100 mg/kg), determined in rats
based on the equivalent natriuretic responses
achieved by both MRAs.61 In the multicenter,
randomized, double-blind, placebo-
controlled, phase 2 minerAlocorticoid Recep-
tor Antagonist Tolerability Study (ARTS,
NCT01345656),54 in HF patients with
reduced ejection fraction (HFrEF; left ventric-
ular ejection fraction [LVEF] �40%) and mild
CKD, finerenone reduced the levels of cardiac
biomarkers of hemodynamic stress (B-type
natriuretic peptide and N-terminal pro-
hormone B-type natriuretic peptide) and albu-
minuria as effectively as spironolactone. Finer-
enone was associated with a lower incidence of
hyperkalemia, a smaller increase in serum po-
tassium concentration, and a lower incidence
of worsening kidney function (defined as in-
crease in serum creatinine by �0.3 mg/dL
from baseline and/or decrease in eGFR by
�25% from baseline) as compared with spiro-
nolactone. Hormone side effects, such as gy-
necomastia, were not examined because of
the short duration of the study and a small
number of patients.49 Results from ARTS-HF
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(NCT01807221), a phase 2b study involving
1066 patients with HFrEF (LVEF �40%)
and concomitant T2DM and/or CKD, showed
that finerenone improved outcomes, including
CV hospitalizations and death, as compared
with eplerenone. Although incidence of hyper-
kalemia was similar between the finerenone
and eplerenone groups, mean changes from
baseline to day 90 in serum potassium concen-
tration were lower in the finerenone dose
groups as compared with the eplerenone
group.62 ARTS-Diabetic Nephropathy (ARTS-
DN, NCT01874431),83 a multicenter, ran-
domized, double-blind, parallel-group, phase
2b study, compared the efficacy and safety of
different once-daily oral doses of finerenone
and placebo in patients with T2DM and
persistent albuminuria (UACR �30 mg/g)
who were receiving ACEi/ARB. The addition
of finerenone to an ACEi or ARB resulted in
a decrease in UACR in a dose-dependent
manner in patients with DN.83 Hyperkalemia
developed in 8 (1.1%) of 727 patients treated
with a finerenone dose used during the study
(1.25-20 mg/d) and 0 of 94 treated with pla-
cebo (relative risk, 2.22; 95% CI, 0.13-
38.13),74 whereas no hyperkalemia leading
to discontinuation was observed in the finere-
none 10 mg/d group.83 Unlike with steroidal
MRAs,76 only a modest reduction in BP was
observed even with the highest dose of finere-
none in ARTS and ARTS-DN.49,83 The differ-
ential effect of steroidal MRAs and
finerenone on BP is attributed to the fact that
steroidal MRAs, unlike finerenone,61 can cross
the blood-brain barrier73,90 and may act cen-
trally on MRs.91 Preclinical studies (rodents)
have suggested that aldosterone is synthesized
in the rodent brain, and that is critical for the
regulation of BP and the development of
sodium-induced hypertension even in the
presence of adrenal aldosterone.21 The mecha-
nism of renal and CV protection with finere-
none appears to be attributable to anti-
inflammatory and antifibrotic effects, as sug-
gested in preclinical studies,61,63,92,93 rather
than hemodynamic ones. Given its high po-
tency and selectivity to MR, safety profiles
with lower serum potassium concentration
and/or hyperkalemia incidence than steroidal
MRAs, and pharmacologic features distinctive
from steroidal MRAs, finerenone emerged as
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a candidate for larger studies among patients
with CKD and CVD associated with T2DM.

Finerenone in Reducing Kidney Failure
and Disease Progression in Diabetic Kidney
Disease (FIDELIO-DKD, NCT02540993) is a
phase 3 study investigating the efficacy of
finerenone on kidney outcomes in patients
with CKD and T2DM, who were treated
with an ACEi/ARB at optimized
doses.64,84,88,94 Treatment with finerenone
resulted in a 31% reduction in UACR from
baseline to month 4 as compared with pla-
cebo, and the effect was maintained thereafter.
Patients treated with finerenone showed a sig-
nificant reduction in the risk of primary com-
posite outcome, ie, kidney failure, sustained
decrease of �40% in eGFR from baseline,
and death from renal causes, as compared
with those who received placebo. Patients
treated with finerenone also demonstrated a
significantly lower risk of achieving key sec-
ondary composite outcome, which included
death from CV causes, nonfatal myocardial
infarction, nonfatal stroke, and hospitalization
for HF, as compared with those who received
placebo. Finerenone was found to be associ-
ated with a higher overall risk of hyperkalemia
than placebo (15.8% vs 7.8%). However,
discontinuation of finerenone because of
hyperkalemia occurred in 2.3% of partici-
pants,64 which was lower than that previously
reported with dual RAS blockade with ACEi/
ARB.41,45 Gynecomastia was found to be rare
and comparable with placebo (0.2% vs
0.2%).64 For a subpopulation at high risk of
kidney and CV events, the benefits of receiving
finerenone were observed after 12 months for
kidney outcomes and 1 month for CV out-
comes, and thereafter the effect persisted
throughout the study.64

FIDELIO-DKD is the first study demon-
strating that dual-renineangiotensine
aldosterone system (RAAS) blockade with an
MRA and an ACEi/ARB is beneficial for renal
and CV composite outcomes.64,95 In another
phase 3 study, Finerenone in Reducing
Cardiovascular Mortality and Morbidity in
Diabetic Kidney Disease (FIGARO-DKD,
ClinicalTrials.gov identifier: NCT0
2545049),65,85,89,94 finerenone reduced the
composite risk of time to the first occurrence
of CV death and nonfatal CV events in patients
s://doi.org/10.1016/j.mayocpiqo.2022.09.002 543
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with T2DM and CKD who were treated with
ACEi/ARB. Hyperkalemia leading to perma-
nent discontinuation occurred in 1.2% and
0.4% of participants in the finerenone and pla-
cebo groups, respectively. Gynecomastia was
rare and was comparable to placebo (0.1%
vs 0.1%). On July 9, 2021, the US Food and
Drug Administration approved finerenone for
the treatment of patients with T2DM-
associated CKD.82 A prespecified efficacy and
safety analysis in the FIDELITY study (pooled
analysis of FIDELIO-DKD and FIGARO-DKD
studies) found that as compared with placebo,
finerenone reduced the risk of clinically
important kidney and CV outcomes in pa-
tients with T2DM and a broad spectrum of
CKD stages.96

Esaxerenone is a highly potent and selec-
tive nonsteroidal MRA that has shown inhibi-
tion of aldosterone-dependent activation of
human MR in a cell-based assay and higher
potency compared with steroidal MRAs.97,98

In a steroid hormone receptor binding assay,
esaxerenone bound to MR, whereas no detect-
able interaction with GR, PR, and AR was
observed.80,97 Other preclinical studies using
rat models demonstrated that esaxerenone
reduced BP, proteinuria, and renal hypertro-
phy with better outcomes in cardiorenal injury
than steroidal MRAs.97,98 A randomized,
double-blind, placebo-controlled, phase 2
study involving 365 Japanese patients with
T2DM and microalbuminuria reported that
the addition of esaxerenone to an ACEi/ARB,
for 12 weeks, reduced UACR by approxi-
mately 50%, with increasing rates of UACR
remission rate (defined UACR <30 mg/g
creatinine at the end of treatment and �30%
decrease from baseline), in a dose-dependent
manner (JapicCTI-152774, ClinicalTrials.gov
identifier: NCT02345057).99 Incidences of
hyperkalemia observed with up to 2.5 mg/
d of esaxerenone were similar to placebo (up
to 3% vs 1%). Although these results are
promising, larger studies of longer duration
evaluating the efficacy and safety of esaxere-
none are needed.

Apararenone is highly selective nonste-
roidal MRA; results from an in vitro study re-
ported that apararenone has a strong affinity
with human MR while having almost no bind-
ing affinity for the GR, PR, AR, and estrogen
receptor.100 A randomized, double-blind,
Mayo Clin Proc Inn Qual Out n December 2022
placebo-controlled, phase 2 study involving
293 Japanese patients with T2DM and stage
2 DN demonstrated that treatment with apar-
arenone for 24 weeks reduced UACR in a
dose-dependent manner, regardless of
concomitant ACEi/ARB use.101 No cases of
discontinuation because of hyperkalemia
were reported over 52 weeks of treatment.

KBP-5074 is another selective nonsteroidal
MRA that has shown strong MR binding affin-
ity. A study using a steroid hormone receptor
binding assay found that KBP-5074 binds to
human MR, GR, and PR with half-maximal
inhibitory concentration values of 2.7 nM,
2410 nM, and 122 nM, respectively, and no
binding activities were observed between
KBP-5074 and AR (see Table 254,71 and
Chow et al102 for value ranges for other
MRAs). Preclinical results suggested that
KBP-5074 can not only reduce BP but may
also offer renoprotection.102 BLOCK-CKD, a
randomized, double-blind, placebo-
controlled, phase 2b study involving 162 pa-
tients with advanced CKD, demonstrated
that KBP-5074 lowered BP with a comparable
incidence of hyperkalemia, thereby leading to
discontinuation from the study (3.7% vs
3.5% for placebo).81 The rate of hyperkalemia
associated discontinuation (3.7%) in patients
treated with KBP-5074 was comparable to
those treated with finerenone (2.3%) in the
FIDELIO-DKD trial64 and was much lower
than that in an HF subgroup treated with spi-
ronolactone (23%) in the AMBER trial.103 A
larger study of longer duration is ongoing
(CLARION-CKD, ClinicalTrials.gov identifier:
NCT04968184).

MANAGEMENT OF HYPERKALEMIA
Hyperkalemia is a common complication of
treatment with steroidal or nonsteroidal
MRAs. In the FIDELIO-DKD and FIGARO-
DKD trials, 2- to 3-fold more patients treated
with finerenone demonstrated hyperkalemia-
related events than those treated with pla-
cebo.64,65 Moura-Neto and Ronco104 have
suggested that the decision to prescribe finer-
enone may need to be made cautiously, refer-
ring to a substantial rise in the number of
hospital admissions and deaths from iatro-
genic hyperkalemia associated with the signif-
icant increase in the use of spironolactone after
publication of the Randomized Aldactone
;6(6):536-551 n https://doi.org/10.1016/j.mayocpiqo.2022.09.002
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TABLE 4. Subanalyses of Phase 3 Studies Investigating CV and Renal Outcomes in Patients With T2DM and CKD Treated With Finerenone or
Placebo With or Without an SGLT-2i at Baseline.

Study N
Renal outcomes, finerenone
versus placebo HR (95% CI)

CV outcomes, finerenone
versus placebo HR (95% CI)

FIDELIO-DKD118 5674
SGLT-2i: 259

No SGLT-2i: 5415

Primary composite outcome:a

SGLT-2i: 1.38 (0.61-3.10)
No SGLT-2i: 0.82 (0.72-0.92)

P¼.21
Secondary composite outcome:b

SGLT-2i: 0.50 (0.12-1.99)
No SGLT-2i: 0.77 (0.65-0.91)

P¼.54

Composite outcome:c

SGLT-2i: 1.12 (0.55-2.30)
No SGLT-2i: 0.85 (0.74-0.98)

P¼.46

FIDELITY96 13,026
SGLT-2i: 877

No SGLT-2i: 12,149

NR Composite outcome:c

SGLT-2i: 0.63 (0.40-<1.00)
No SGLT-2i: 0.87 (0.79-0.96)

P¼.41

aKidney failure, a sustained decrease of �40% in eGFR from baseline (for �4 wks), or renal death.
bKidney failure, a sustained decrease of �57% in eGFR from baseline (for �4 wks), or renal death.
cCardiovascular death, nonfatal myocardial infarction, nonfatal stroke, or hospitalization for heart failure.

P-values for SGLT-2i use at baseline-by-treatment interaction are shown.

CI, confidence interval; CKD, chronic kidney disease; CV, cardiovascular; eGFR, estimated glomerular filtration rate; FIDELIO-DKD, Finerenone in Reducing Kidney Failure and
Disease Progression in Diabetic Kidney Disease; NR, not reported; SGLT-2i, sodium-glucose cotransporter 2 inhibitor; T2DM, type 2 diabetes mellitus.

MRAS IN THE TREATMENT OF T2DM-ASSOCIATED CKD
Evaluation Study (RALES) in patients with
HF.104

When it develops, hyperkalemia can be
managed by measures, such as avoiding potas-
sium-containing salt substitutes or food prod-
ucts, medications that may impair kidney
excretion of potassium, initiating treatment
with diuretics, and considering concomitant
treatment with potassium binders (com-
pounds that bind potassium in the gastrointes-
tinal tract to prevent its absorption).14,105 In
patients requiring the use of RAS blockers
and MRA who are considered at higher risk
for developing hyperkalemia, these measures
can be instituted prophylactically. Recently, 2
potassium binders, sodium zirconium cyclosi-
licate and patiromer, were approved for the
treatment of hyperkalemia; a review published
by Palmer et al105 gives an overview of the key
clinical trials involving these 2 drugs and their
efficacy in terms of reducing hyperkalemia
when used with RAAS inhibitors. A double-
blind, randomized, phase 2 study involving
patients with CKD and resistant hypertension
(AMBER) demonstrated that patiromer
enabled more patients to continue treatment
with spironolactone, thereby pointing towards
the lower incidence of hyperkalemia.106

Notably, after the previous spironolactone
dose, 75% and 36% of patients who were
Mayo Clin Proc Inn Qual Out n December 2022;6(6):536-551 n http
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treated with and then discontinued spirono-
lactone had detectable metabolites at 2 and 3
weeks, respectively.106 Hyperkalemia may be
managed more easily during treatment with
finerenone than steroidal MRAs via transient
treatment interruption, because of finerenone’s
shorter half-life and lack of active metabolites
(Table 1).27,48,49 Although studies with
patiromer suggest that it might allow long-
term optimization of RAAS inhibition therapy
in patients at risk of hyperkalemia (eg, CKD
and/or HF),107 large, event-driven studies
with it or sodium zirconium cyclosilicate are
being conducted (STABILIZE-CKD,
ClinicalTrials.gov identifier: NCT05056727;
OPRA-HF, ClinicalTrials.gov identifier:
NCT04789239).

FUTURE PERSPECTIVE: COMBINATION
THERAPIES TO REDUCE THE RISK OF CKD
AND/OR CVD
When associated with cardiorenal complica-
tions, treatment of DM requires a comprehen-
sive strategy.14 Although an ACEi/ARB has
been generally recommended as standard ther-
apy for the treatment of DM plus hypertension
and/or albuminuria,14,108 there is lesser
consensus for the optimal second- or third-
line agents for preventing CKD progres-
sion.14,109-111
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SGLT-2is, glucose-lowering agents, have
emerged as first-line treatment for patients
with T2DM and CKD, with not only blood
glucose-lowering benefits, but also reno-
protective and cardio-protective effects
without elevating hyperkalemia risk.14,112-115

The American Diabetes Association guidelines
recommend SGLT-2is for patients with T2DM
and CKD to reduce CKD progression and CV
risk. Finerenone is recommended for patients
who are at increased risk of CV events or
CKD progression or are unable to use an
SGLT-2i.111

GLP-1 RAs, glucose-lowering agents, are
recommended in the KDIGO 2020 guidelines
for patients with CKD and T2DM who fail to
achieve glycemic targets despite the use of
metformin and SGLT-2is or who are unable
to use either drug type.14 GLP-1 RAs offer
both CV and renal benefits, including
reducing BP and albuminuria as well as slow-
ing the rate of eGFR decline. Therefore, they
are also recommended as a first-line therapy
with SGLT-2is in patients with T2D and
CVD116 and as a second-line therapy in pa-
tients with T2D and CKD.14

Because targets of SGLT-2is and GLP-1
RAs are different from those of RAAS
blockade, a combination treatment strategy
using a nonsteroidal MRA and an SGLT-2i
may bring an additive or synergistic effect to
renal and CV outcomes. For SGLT-2is, recent
data from an open-label, crossover trial in pa-
tients with CKD suggested that the combina-
tion of dapagliflozin and eplerenone robustly
lowered albuminuria with a lower frequency
of hyperkalemia events than eplerenone
alone.117 A subgroup analysis of FIDELIO-
DKD suggested that there may be a clinically
relevant improvement in albuminuria by
combining finerenone with an SGLT-2i
(Table 4).96,118 Table 4 also shows the results
of a prespecified subgroup analysis of CV out-
comes in patients receiving SGLT-2i versus no
SGLT-2i at baseline plus finerenone or placebo
in the FIDELITY study (pooled analysis of
FIDELIO-DKD and FIGARO-DKD).96 In the
Dapagliflozin on the Incidence of Worsening
Heart Failure or Cardiovascular Death in Pa-
tients With Chronic Heart Failure study
(DAPA-HF, ClinicalTrials.gov identifier:
NCT03036124), patients with HFrEF treated
with an MRA and dapagliflozin had
Mayo Clin Proc Inn Qual Out n December 2022
significantly reduced risk of moderate-to-
severe hyperkalemia compared with an MRA
alone, suggesting that SGLT-2is help with
limiting hyperkalemia linked to MRA use.119

Indeed, results from a subgroup analysis based
on patients who received finerenone with an
SGLT-2i at baseline, accounting for about
5% of patients in the FIDELIO-DKD study,
showed a 55% lower risk of hyperkalemia vs
the overall group (HR, 0.45; 95% CI, 0.27-
0.75), suggesting the potential benefit of a syn-
ergistic effect and fixed-dose combination.120

It should be noted, however, that when ana-
lyses were conducted for patients who
received an SGLT-2i at any time during the
trial, no significant difference in the risk of
hyperkalemia was observed.118 For GLP-1
RA, although no randomized trials have been
performed in combination with nonsteroidal
MRAs, results from a recent preclinical study
suggest that combination treatment with po-
tassium canrenoate, a steroidal MRA, does
not demonstrate any beneficial effects in ani-
mals with HF.121 A further subgroup analysis
from FIDELIO-DKD demonstrated no addi-
tional benefit of GLP-1 RA use for the primary
renal or secondary CV outcome in patients
treated with finerenone.122

To further elucidate the additional benefits
of SGLT-2is with nonsteroidal MRAs on CKD
associated with T2DM, the ongoing phase 2
CONFIDENCE study (ClinicalTrials.gov iden-
tifier: NCT05254002) will investigate the
efficacy and safety of finerenone plus the
SGLT-2i empagliflozin, versus finerenone, or
empagliflozin alone in patients with T2DM
and CKD. Finerenone effect in nondiabetic
CKD is also being investigated in FIND-CKD
(ClinicalTrials.gov identifier: NCT05047263),
an ongoing phase 3 study of finerenone effi-
cacy and safety (vs placebo) in nondiabetic
patients with CKD.

The ongoing phase 2 MIRACLE study
(ClinicalTrials.gov identifier: NCT04595370)
will assess the efficacy, safety, and tolerability
of the selective MR modulator AZD9977 plus
the SGLT-2i dapagliflozin in patients with
HF (with LVEF <60%) and CKD. In addition,
2 studies are evaluating the effects of a novel
nonsteroidal MRA (KBP-5074) and a novel
aldosterone antagonist (CIN-107) to treat un-
controlled hypertension in patients with
CKDdClarion-CKD (ClinicalTrials.gov
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identifier: NCT04968184), a phase 3 study of
KBP-5074 in patients with severe/moderate
CKD (vs placebo) and a phase 2 study of
CIN-107 (vs placebo) (ClinicalTrials.gov iden-
tifier: NCT05432167).

CONCLUSION
In 2017, Kolkhof and Bärfacker48 summarized
60 years of MRA research with 3 major waves:
(1) identification, shortly after the isolation of
aldosterone, of spironolactone as the first MRA
in the 1950s; (2) identification of receptor-
specific steroidal MRAs like eplerenone in
the late 1980s; and (3) identification of novel
nonsteroidal MRAs with safety and efficacy
for a broader spectrum of diseases than steroi-
dal MRAs since 2010. Over the past 10 years,
remarkable progress has been made in the pre-
clinical and clinical characterization of nonste-
roidal MRAs, including finerenone, which
demonstrated clinical benefits for patients
with T2DM, CKD, and CV risk in FIDELIO-
DKD and FIGARO-DKD. Although more
studies are necessary, other nonsteroidal
MRAs, including KBP5074, apararenone, and
esaxerenone, may also be beneficial for pa-
tients with CKD. Further clinical studies will
help determine the efficacy of nonsteroidal
MRAs in combination with SGLT-2is, GLP-1
RAs, and/or potassium binders in patients
with T2DM and CKD. The application of
nonsteroidal MRAs to other diseases,
including nondiabetic CKD and HF, also
awaits evidence.
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