
Journal of the American Heart Association

J Am Heart Assoc. 2024;13:e032971. DOI: 10.1161/JAHA.123.032971 1

 

ORIGINAL RESEARCH

Nonsteroidal Mineralocorticoid Receptor 
Antagonist Finerenone Improves Diastolic 
Dysfunction in Preclinical Nondiabetic 
Chronic Kidney Disease
Ixchel Lima Posada , PhD*; Matthieu Soulié , PhD*; Yohan Stephan , PhD; Roberto Palacios Ramirez , PhD; 
Benjamin Bonnard , PhD; Lionel Nicol , PhD; Bertram Pitt , MD, PhD; Peter Kolkhof , PhD;  
Paul Mulder , PhD, PhG; Frederic Jaisser , MD, PhD

BACKGROUND: The mineralocorticoid receptor plays a significant role in the development of chronic kidney disease (CKD) and 
associated cardiovascular complications. Classic steroidal mineralocorticoid receptor antagonists are a therapeutic option, but 
their use in the clinic is limited due to the associated risk of hyperkalemia in patients with CKD. Finerenone is a nonsteroidal 
mineralocorticoid receptor antagonist that has been recently investigated in 2 large phase III clinical trials (FIDELIO- DKD [Finerenone 
in Reducing Kidney Failure and Disease Progression in Diabetic Kidney Disease] and FIGARO- DKD [Finerenone in Reducing 
Cardiovascular Mortality and Morbidity in Diabetic Kidney Disease]), showing reductions in kidney and cardiovascular outcomes.

METHODS AND RESULTS: We tested whether finerenone improves renal and cardiac function in a preclinical nondiabetic CKD 
model. Twelve weeks after 5/6 nephrectomy, the rats showed classic signs of CKD characterized by a reduced glomerular 
filtration rate and increased kidney weight, associated with left ventricular (LV) diastolic dysfunction and decreased LV 
perfusion. These changes were associated with increased cardiac fibrosis and reduced endothelial nitric oxide synthase 
activating phosphorylation (ser 1177). Treatment with finerenone prevented LV diastolic dysfunction and increased LV tissue 
perfusion associated with a reduction in cardiac fibrosis and increased endothelial nitric oxide synthase phosphorylation. 
Curative treatment with finerenone improves nondiabetic CKD- related LV diastolic function associated with a reduction in 
cardiac fibrosis and increased cardiac phosphorylated endothelial nitric oxide synthase independently from changes in 
kidney function. Short- term finerenone treatment decreased LV end- diastolic pressure volume relationship and increased 
phosphorylated endothelial nitric oxide synthase and nitric oxide synthase activity.

CONCLUSIONS: We showed that the nonsteroidal mineralocorticoid receptor antagonist finerenone reduces renal hypertrophy 
and albuminuria, attenuates cardiac diastolic dysfunction and cardiac fibrosis, and improves cardiac perfusion in a preclinical 
nondiabetic CKD model.

Key Words: 5/6 nephrectomy ■ cardiorenal syndrome ■ chronic kidney disease ■ diastolic dysfunction ■ mineralocorticoid antagonist

Chronic kidney disease (CKD) affects 15% to 25% 
of the adult global population.1,2 CKD is charac-
terized by the progressive loss of nephrons and 

thus a decline in the glomerular filtration rate (GFR).3 
Among the diverse adverse outcomes during the 
evolution of the disease, cardiovascular disease is 
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particularly important and relevant because it is the 
leading cause of death in the general population.4–6 
Most patients with CKD and end- stage renal disease 
develop uremic cardiomyopathy, characterized by left 
ventricular (LV) hypertrophy and diastolic dysfunction, 
together with severe fibrosis.4 The pathogenesis of 
these complications is multifactorial and includes alter-
ations in ion homeostasis, hemodynamic overload, in-
sulin resistance, inflammation, oxidative stress, and the 
accumulation of uremic toxins.4 The severity of CKD 
positively correlates with the presence of heart failure 
and the progression of heart failure with preserved 

ejection fraction (HFpEF).7 Conversely, among patients 
with HFpEF, ≈50% have CKD.8

The mineralocorticoid receptor (MR) is expressed 
not only by epithelial renal cells but also by other cell 
types, including cardiomyocytes, endothelial cells, and 
cardiac fibroblasts.9 MR overactivation in the heart is 
proposed to play an important role in the progression 
of cardiovascular disease in the context of CKD by pro-
moting inflammation and fibrosis.10 Several preclinical 
studies have shown that the use of MR antagonists 
(MRAs) has a beneficial effect by delaying the progres-
sion of the disease in both kidney and cardiovascu-
lar disease models.11–14 However, the use of steroidal 
MRAs is restricted in certain patient populations due 
to the risk of hyperkalemia.15

Finerenone is a new selective nonsteroidal MRA as-
sociated with a minimal risk of hyperkalemia that has 
been recently studied in 2 large clinical outcome trials in 
patients with CKD and type 2 diabetes: FIDELIO- DKD 
(Finerenone in Reducing Kidney Failure and Disease 
Progression in Diabetic Kidney Disease) and FIGARO- 
DKD (Finerenone in Reducing Cardiovascular Mortality 
and Morbidity in Diabetic Kidney Disease).16,17 In the 
FIDELIO- DKD trial, which included 5734 patients with 
advanced CKD and type 2 diabetes, finerenone sig-
nificantly reduced CKD progression by 18% and death 
from cardiovascular causes by 14% relative to placebo 
after a mean follow- up of 2.6 years.16 FIGARO- DKD 
included 7437 patients with type 2 diabetes and less 
advanced CKD. Finerenone significantly decreased 
the primary outcome, which was a composite of death 
from cardiovascular causes, nonfatal myocardial in-
farction, nonfatal stroke, or hospitalization for heart 
failure by 13% and showed a trend toward less CKD 
progression relative to placebo after a mean follow- up 
of 3.4 years.17 We recently reported the beneficial ef-
fect of MR blockade by finerenone in the Zucker fatty/
spontaneously hypertensive rat, a model associating 
hypertension and features of HFpEF such as diastolic 
dysfunction, cardiac fibrosis, and reduced exercise 
capacity in a context of obesity and type 2 diabetes. 
Finerenone improved diastolic function and cardiac 
perfusion with reduced cardiac fibrosis in the Zucker 
fatty/spontaneously hypertensive rats.18 The aim of this 
study was to test whether finerenone improves cardiac 
and renal function in a preclinical model of CKD in-
duced by 5/6 nephrectomy in the absence of meta-
bolic disease.

METHODS
The data generated or analyzed during the current 
study are available from the corresponding author 
upon reasonable request. All animal studies were 
conducted in accordance with the National Institutes 
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of Health Guide and European Community directives 
for the Care and Use of Laboratory Animals (European 
Directive 2010/63/UE), approved by the local animal 
ethics committee (APAFIS No. 18317–20 190 104 115 
86 046 v5), and conducted according to the French 
National Institute of Health and Medical Research ani-
mal care and use committee guidelines.

Experimental Design
Experiments were approved by the Darwin Ethics 
Committee of Sorbonne University (APAFIS No. 18317- 
20 190 104 115 86 046 v5) and conducted accord-
ing to French National Institute of Health and Medical 
Research animal care and use committee guidelines. 
Fifty- three 6- week- old male Sprague Dawley rats were 
purchased from Charles River, and 3 separate proto-
cols were performed (Figure  1). In protocol 1, sham 
(n=8) and CKD (n=7) animals were included to charac-
terize the cardiac complications 1 month after surgery 
(Figure  1). In protocol 2, the impact of curative finer-
enone treatment in CKD rats was evaluated using sham 
animals (n=8), CKD animals without treatment (n=9), 
and CKD animals treated (n=7) with finerenone in the 
food (10 mg/kg per day). Finerenone treatment started 
1 month after 5/6 nephrectomy and lasted for 2 months 
before analysis (Figure 1). In protocol 3, the early im-
pact of curative finerenone treatment in CKD rats was 
evaluated using CKD animals without treatment (n=6) 

and CKD animals treated (n=8) with finerenone in the 
food (10 mg/kg per day). Finerenone treatment started 
83 days after 5/6 nephrectomy for 7 days at the end of 
the experimental period (Figure 1). The dose of finer-
enone we used (10 mg/kg per day) was in accordance 
with our previous study in Zucker fatty/spontaneously 
hypertensive model18 and Lattenist et al.19 The dose of 
10 mg/kg per day was previously shown to be a maxi-
mum efficacious dose in cardiorenal rat models.20

CKD was induced by 5/6 nephrectomy in 6- week- old  
male rats. Surgeries were performed under ketamine/
xylazine anesthesia (100 mg/kg) with the animals placed 
on a heating pad to maintain a body temperature at 37 
°C. The left kidney was exposed and clamped, and 
two- thirds (upper and lower poles) tied and cut with 
a polyglycolic acid suture line, and absorbable hemo-
stat (Surgicel, Johnson and Johnson Medical, Saint 
Priest, France) was applied before clamp removal. 
After the muscle and skin were sutured, the animals 
were returned to their cages and observed until they 
recovered. Sham surgery was carried out on anesthe-
tized rats in which the left kidney was exposed for the 
same amount of time as that of the nephrectomized 
rats without tying the poles. The muscle and skin were 
then sutured and the animals returned to their cages 
and observed until they recovered. Seven days after 
recovery from the first surgery, the right kidney was 
removed. Time 0 was defined as the day of the second 
surgery.

Figure 1. Schematic presentation of experimental protocols.
Protocol 1: Early CKD, Fine: finerenone effect, Protocol 2: finerenone treatment long- term effect, Protocol 3: finerenone treatment 
short- term effect. CKD indicates chronic kidney disease.
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The animals were followed for 12 weeks and housed 
in a climate- controlled facility with a 12- hour light/12- 
hour dark cycle and provided free access to water and 
food. The welfare of the rats was monitored through-
out the study. Physiological analyses were performed 
between 11 and 12 weeks of follow- up. Animals were 
euthanized at the end of the study. Tissues were col-
lected, weighed, and rinsed in ice- cold Dulbecco’s 
phosphate buffered saline (Thermo Fisher, Waltham, 
MA). The kidney and heart were cut into 2 parts, one 
for histology and the other for molecular analysis, for 
which the tissue was frozen in liquid nitrogen and 
stored at −80 °C.

Biochemical Studies
Twenty- four- hour urine collection was performed using 
metabolic cages for all studied groups at the end of 
each study. We determined the plasma urea and cre-
atinine and urinary albumin levels using an automatic 
analyzer (Catalyst One; IDEXX, Westbrook, ME).

Glomerular Filtration Rate
GFR was measured by transdermal analysis using the 
fluorescein isothiocyanate–sinistrin method.21 Briefly, 
animals under anesthesia were shaved on the dorsal 
side and the optical device (Transdermal Mini GFR 
Monitor, MediBeacon) attached to measure fluores-
cein isothiocyanate–sinistrin clearance as an estimate 
of GFR, as described below. Background readings 
were recorded for 3 minutes before administration of 
the sinistrin (7 mg/100 g bodyweight bolus). The fluo-
rescence emitted by the fluorescein isothiocyanate–
sinistrin was measured through the skin by the optical 
device for 1.5 hours and the measurements recorded. 
The data were analyzed using MB_Studio2 software 
(MediBeacon, St. Louis, MO).

Echocardiography
Transthoracic Doppler echocardiographic studies were 
performed on anesthetized rats at the end of the study 
using isoflurane (3% for induction, 2% for maintenance; 
ISO- VET, Loughrea, Ireland) and an echocardiographic 
system (VIVID 7, GE Healthcare, Chicago, IL) equipped 
with an 8 to 5 MHz transducer. Briefly, a 2- dimensional 
short- axis view of the left ventricle was obtained at the 
level of the papillary muscle to record M- mode trac-
ings. Left ventricular (LV) diameters were measured 
following the American Society of Echocardiology’s 
leading- edge method from at least 3 consecutive car-
diac cycles. The LV outflow velocity was measured by 
pulsed- wave Doppler and cardiac output was calcu-
lated as CO=aortic VTI · [π · (left ventricular outflow 
diameter/2)2] · heart rate, where VTI is the velocity–
time integral.22 Echocardiography was done in blinded 
manner and the same day for all animals.

Magnetic Resonance Imaging
LV tissue perfusion was measured in anesthetized 
animals (Brietal, 50 mg/kg IP) at the end of the study 
by magnetic resonance imaging (Biospec 4.7 Tesla; 
Bruker Corp., Billerica, MA) using the arterial spin labe-
ling technique. Perfusion images were analyzed using 
ParaVision 5.0 software (Bruker AG Germany).23

Hemodynamic Studies
Hemodynamic studies were performed in the left ven-
tricle. LV hemodynamics were determined by meas-
uring the LV pressure–volume curves at the end of 
the study. The right carotid artery of anesthetized 
rats (Brietal; 50 mg·kg−1 IP) was cannulated with a 
micromanometer- tipped catheter (SPR 838, Millar 
Instruments, Houston, TX). The heart rate and arterial 
blood pressure were recorded and the LV pressure by 
introduction of the catheter into the LV. We gently oc-
cluded the abdominal aorta with a cotton swab to ob-
tain LV pressure–volume loops at baseline and during 
loading. Data were stored and analyzed using Millar 
conductance data acquisition and analysis software 
(IOX; EMKA, Velbert, Germany). Finally, we measured 
or calculated the LV end- systolic pressure (LVESP) and 
LV end- diastolic pressure (LVEDP), dP/dtmax per min-
ute, LV relaxation constant τ, and the slopes of the 
LV end- systolic and end- diastolic pressure–volume 
relationships.

Histology
The LV tissue and kidney sections were collected 
and immersed in paraformaldehyde fixative solution 
(Sigma- Aldrich, St. Louis, MO). After fixation, the sec-
tions were dehydrated and embedded in paraffin. 
From these sections, 5- μm thick histological slices 
were obtained and stained with Sirius red for collagen 
determination in the kidney and heart and with Masson 
Trichrome for kidney structure. For the measurement 
of kidney fibrosis and structure, slides were examined 
and 10 microphotographs per sample were obtained 
under a microscope (Zeiss, Oberkochen, Germany) at 
20× magnification. Injured tubules and glomeruli were 
counted using ZEN 3.1 software (Zeiss). A semiquanti-
tative score of 0 to 4 was given. Renal and LV fibrosis 
was calculated as the percentage of the area contain-
ing collagen to the total area of the image of the stain-
ing. All analyses were blinded.

Western Blot Analysis and Antibodies
Heart samples were homogenized in lysis buffer 
with complete proteases and phosphatase inhibitor 
cocktail (Roche, Basel, Switzerland). Extracts were 
centrifuged at 13 000 rpm for 10 minutes at 4 °C, and 
the protein concentration in the supernatant was 
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determined via the Lowry method. Total protein (40 μg) 
was loaded into 8% to 15% SDS- PAGE gels and 
transferred to nitrocellulose membranes. Blocking was 
performed with 5% albumin. Primary antibodies were 
incubated at 4 °C overnight, and secondary antibodies 
were incubated for 90 minutes at room temperature. 
Membranes were stripped after the detection of 
the phosphorylated protein to detect total proteins. 
Antibodies and dilutions were used as follows: 
phospho- Ser1177 endothelial nitric oxide synthase 
(eNOS; Cell Signaling, 1:1000), eNOS (1:3000; BD 
Transduction Laboratories; BD Biosciences, San Jose, 
CA). Total protein loading controls were done using 
strain- free straining, and the amount of protein was 
detected using a chemiluminescence kit (Millipore, St. 
Louis, MO) with a ChemiDoc image analyzer (Bio- Rad 
Laboratories, Hercules, CA). Relative densitometry was 
performed using Image Lab (Bio- Rad Laboratories) 
software. Protein normalization was performed using 
stain- free imaging technology (Bio- Rad Laboratories).

Analysis of NOS Activity
We estimated global Nitric Oxide Synthase Activity 
Assay Kit (ab211083; Abcam, Cambridge, UK) with or 
without inducible nitric oxide synthase (NOS) inhibition 
(1400W 10 μmol/L; Sigma- Aldrich).

Statistical Analysis
The results are presented as the mean±SEM. 
Differences in the means between 2 groups for non-
repeated variables were compared by Student’s t test 
(protocols 1 and 3) and 1- way repeated- measures 
ANOVA (protocol 2) to compare 3 groups. All compari-
sons passed the normality test (Shapiro–Wilk normality 
test, in Prism 7.04 [GraphPad Software, La Jolla, CA]). 
The analysis was performed using GraphPad Prism 
7.4. Results were considered significant at a P value 
<0.05.

RESULTS
CKD by 5/6 Nephrectomy Induces 
Cardiovascular Alterations After 1 Month
CKD was induced by 5/6 nephrectomy in male 
Sprague Dawley rats. CKD induced renal alterations 
from the first month after induction of the disease, 
as determined by an increase in blood urea nitrogen, 
without a significant change in serum creatinine levels 
(Table 1). We observed no changes in systolic blood 
pressure 1 month after the induction of CKD (Table 1). 
There were also no differences in the LVESP, dP/dtmax, 
or LV end- systolic pressure–volume relationship be-
tween the sham and CKD groups (Table 1). There was 
a trend toward an increase in LVEDP in the CKD group 

relative to the sham group (P=0.08 versus sham), and 
the dP/dtmin and LV end- diastolic pressure–volume re-
lationship (LVEDPVR) were significantly higher in CKD 
than sham rats, but not the relaxation time constant τ 
(Table 1). There were no differences in heart rate be-
tween the 2 groups (Table 1). These results suggest 
impaired LV contractility and diastolic dysfunction in 
CKD relative to sham animals as early as 1 month after 
CKD induction.

Impact of Finerenone on Renal 
Parameters in Nondiabetic CKD Rats
We evaluated the impact of 2 months of finerenone 
treatment in CKD rats starting 1 month after CKD in-
duction. CKD rats showed renal hypertrophy of the 
remanent kidney relative to the left kidney of sham 
rats (Figure  2A), decreased measured GFR (−57%) 
(Figure 2B), and increased 24- hour albuminuria (+46%) 
(Figure 2C). Finerenone treatment prevented renal hy-
pertrophy and showed a trend toward decreased al-
buminuria (−22%) (P=0.145 versus CKD) but did not 
change GFR (Figure 2A through 2C). Interstitial kidney 
fibrosis (Figure 2D and 2E) was significantly higher in 
CKD than sham rats (+206%), and finerenone treatment 
reduced renal fibrosis to sham levels (−57%), although 
the reduction was not statistically significant (P=0.095 
versus CKD) (Figure 2D and 2E). Tubular (Figure 2F and 
2G) and glomerular damage (Figure 2F and 2H) was 
higher in CKD than sham rats and finerenone did not 
reduce such damage (Figure 2F and 2H).

Overall, these results show that finerenone reduced 
renal hypertrophy, albuminuria, and renal fibrosis, 

Table 1. CKD by 5/6 Nephrectomy Induces Cardiovascular 
Alterations After 1 Month (Protocol 1)

Sham (n=8) CKD (n=7)

BUN, mg/dL 17±0.9 36±1.8*

Creatinine, μmol/L 0.55±0.03 0.61±0.03

SBP, mm Hg 139±3 156±9

LVESP, mm Hg 128±5 154±12

dP/dtmax, mm Hg/s 9653±456 10 819±716

LVESPVR, RVU/mm Hg 24±1.0 25±2.0

LVEDP, mm Hg 5.3±0.4 7.4±0.9

dP/dtmin, mm Hg/s 10 545±437 13735±730*

τ, ms 9.2±0.1 9±0.3

LVEDPVR, RVU/mm Hg 1.5±0.2 2.6±0.2*

HR, bpm 359±9 364±12

Data are presented as the mean±SEM; n=7–8. Student’s t test was used 
for statistical analysis. BUN indicates blood urea nitrogen; CKD, chronic 
kidney disease; HR, heart rate; LVEDP, left ventricular end- diastolic pressure; 
LVEDPVR, left ventricular end- diastolic pressure–volume relationship; 
LVESP, left ventricular end- systolic pressure; LVESPVR, left ventricular end- 
systolic pressure volume relationship; SBP, systolic blood pressure; and τ, 
time constant of relaxation.

*P<0.05 vs sham.
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without altering the GFR or renal damage after 2 months  
of treatment.

Impact of Finerenone on Cardiac 
Parameters in Nondiabetic CKD Rats
We performed echocardiography 12 weeks after 
the beginning of the experimental period (includ-
ing 2 months of finerenone treatment). CKD rats had 

similar LV end- diastolic diameters (Figure 3A) and LV 
end- systolic diameters as sham rats (Figure  3B) but 
showed reduced fractional shortening (−11%; P=0.05 
versus sham) (Figure  3C), a reduced stroke volume 
(−12%) (Figure 3D), and reduced cardiac output (−15%) 
(Figure  3E). Finerenone showed a trend toward re-
ducing LV end- diastolic diameter (Figure 3A) and nor-
malized the LV end- systolic diameter (Figure  3B). It 

Figure 2. Renal injury that develops in CKD rats after 12 weeks is partially improved by finerenone.
Kidney weight (A); GFR (B); and albuminuria (C). Representative light microphotographs (20× magnification) of rat kidney sections 
stained with Sirius red (D) and quantification of kidney fibrosis (E). Representative light microphotographs (20× magnification) of 
rat kidney sections stained with Masson Trichrome (F); quantification of tubular (G) and glomerular injury (H). ANOVA was used 
for statistical analysis, n=7–9. *P<0.05, **P<0.001, ***P<0.0001. CKD indicates chronic kidney disease; Fine, finerenone; and GFR, 
glomerular filtration rate.



J Am Heart Assoc. 2024;13:e032971. DOI: 10.1161/JAHA.123.032971 7

Lima Posada et al Finerenone Improves Diastolic Dysfunction in CKD

increased fractional shortening (+16%) (Figure 3C) rela-
tive to that in CKD rats, without modifying the stroke 
volume (Figure 3D) or cardiac output (Figure 3E). The 
cardiac/bodyweight ratio is not altered by nephrec-
tomy or by finerenone treatment (Figure S1).

Hemodynamic studies were performed at the end 
of the 12- week experimental period after 2 months 
of finerenone treatment. There was no statistical 
difference in the systolic blood pressure between 
CKD, Sham, and finerenone- treated rats. However, 
there is a trend for CKD to increase blood pressure 
while finerenone normalized it close to sham levels 
(Figure  4A). LV pressure volume curves showed no 
differences in the LVESP (Figure  4B) or LVESP vol-
ume relationship between groups (Figure  4C). The 

LV end- diastolic pressure (LVEDP) was higher in the 
CKD than sham rats (+77%) but no longer different 
from that of the sham rats for the rats treated with 
finerenone (Not Significant versus sham) (Figure 4D). 
The LVEDPVR was higher in the CKD than sham rats 
(+300%) but was normalized by finerenone treat-
ment (−55% versus CKD) (Figure 4E). The relaxation 
time constant τ was higher in the CKD than sham 
rats (+16%), but the effect was blunted by finerenone 
(−18% versus CKD) (Figure 4F). There was no differ-
ence in the heart rate, dP/dtmax, or dP/dtmin between 
the groups (Figure  S2). These results indicate im-
paired LV contractility and compliance in nondiabetic 
CKD rats relative to sham animals that was improved 
by finerenone treatment.

Figure 3. Echocardiographic parameters in CKD rats are improved by finerenone.
LVEDD, (A); LVESD (B); fractional shortening (C); stroke volume (D); and cardiac output (E) (Protocol 2). ANOVA was used for statistical 
analysis, n=7–9. *P<0.05, **P<0.001, ***P<0.0001. CKD indicates chronic kidney disease; Fine, finerenone; LVEDD, left ventricular end- 
diastolic diameter; and LVESD, left ventricular end- systolic diameter.
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Worsening of LV diastolic function was associated 
with myocardial interstitial fibrosis in the CKD rats rel-
ative to the sham animals (+57%) (Figure 4G and 4H). 

Myocardial perfusion was assessed by magnetic res-
onance imaging, showing lower perfusion of the left 
ventricle in the CKD than sham rats (+14%) (Figure 4I). 
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Two months of finerenone treatment normalized car-
diac fibrosis (−27%) (Figure 4H) and perfusion (−20% 
versus CKD) (Figure 4I) to sham levels.

Overall, these results show that the LV diastolic 
dysfunction (ie, increase in LVEDP, LVEDPVR, and τ 
parameters) associated with CKD was improved by 
2 moths of finerenone treatment. CKD is associated 
with a reduction in cardiac perfusion that could con-
tribute to the development of fibrosis and diastolic 
dysfunction seen in nondiabetic CKD rats. Finerenone 
improved cardiac perfusion and reduced interstitial 
fibrosis. Protocol 2 results for GFR, albuminuria, and 
cardiac function are also summarized in Table 2.

Impact of Short- Term Finerenone 
Treatment
We next assessed the early regulation by short- term 
finerenone treatment administered for 7 days in un-
treated CKD rats. We observed no changes in systolic 
blood pressure after 7 days of finerenone treatment 
(Table 3). There was no difference in LVESP or dP/dtmax 
between the CKD and CKD+finerenone 7 days groups, 
but, interestingly, the LV end- systolic pressure–volume 
relationship was increased by finerenone treatment 
(Table 3). There was no difference in LVEDP or dP/dtmin 
between groups, whereas the τ and LVEDPVR were 
significantly higher in CKD than CKD+finerenone 7- day 
rats (Table 3). There were no differences in heart rate 

between groups (Table 3). There was a trend toward 
higher perfusion in the LV tissue in CKD rats treated 
with finerenone than in untreated CKD rats (P=0.08 
versus CKD). These results suggest an early effect of 
finerenone treatment on the LV contractility and dias-
tolic dysfunction observed in CKD. Cardiac fibrosis 
was estimated by Sirius red staining. No difference was 
observed between CKD and CKD rats treated with fi-
nerenone for 7 days (mean±SEM, %; CKD: 4.1±0.1; 
CKD+finerenone 7 days: 4.2±0.2; n=6–8; CKD versus 
CKD+finerenone 7 days; P=0.9).

Impact of Finerenone on Cardiac eNOS 
Activation
We evaluated the cardiac levels of eNOS and its acti-
vating phosphorylation (peNOS ser 1177) to identify the 
mechanism involved in the cardioprotection conferred 
by finerenone in nondiabetic CKD rats. The peNOS ser 
1177 protein levels were not modified by CKD but were 
markedly increased by 2 months of finerenone (+360% 
versus CKD) (Figure 5A and 5B). Total eNOS protein 
levels were lower in CKD than sham rats but were re-
stored by finerenone treatment (Figure 5A and 5C). The 
peNOS ser 1177/total eNOS ratio was also higher in the 
finerenone group than in the CKD and sham groups 
(+175% versus CKD) (Figure 5D).

The activating eNOS phosphorylation at residue ser 
1177 was estimated in CKD rats treated with finerenone 

Figure 4. Hemodynamic parameters, fibrosis, and cardiac tissue perfusion in CKD rats are improved by finerenone after 
12 weeks.
SBP (A); LVESP (B); LVESPVR (C); LVEDP (D); LVEDPVR (E); and tau (F). Representative light microphotographs (20× magnification) 
of rat kidney sections stained with Sirius red (G) and kidney fibrosis (H). Septum tissue perfusion (I) (Protocol 2). ANOVA was used 
for statistical analysis, n=7–9. *P<0.05, **P<0.001, ***P<0.0001. CKD indicates chronic kidney disease; Fine, finerenone; LVEDP, left 
ventricular end- diastolic pressure; LVEDPVR, left ventricular end- diastolic pressure–volume relationship; LVESP, left ventricular end- 
systolic pressure; LVESPVR, left ventricular end- systolic pressure–volume relationship; and SBP, systolic blood pressure.

Table 2. CKD by 5/6 Nephrectomy Induces Cardiovascular Alterations After 3 Months (Protocol 2)

Sham (n=8) CKD (n=9) CKD+finerenone (n=7)

GFR, mL/min per 100 g of body weight 1.07±0.08 0.46±0.07* 0.54±0.08

Albuminuria, mg/24 h 305±19 446±39* 346±44

SBP, mm Hg 150±3 168±8 146±6

LVESP, mm Hg 135±5 144±8 141±6

dP/dtmax, mm Hg/s 10 535±658 10 501±421 10.106±781

LVESPVR, RVU/mm Hg 26.3±0.6 27.9±1.0* 26.4±1.1†

LVEDP, mm Hg 5.1±0.4 9.0±0.9* 7.1±0.4

dP/dtmin, mm Hg/s 11 148±559 12178±1410* 13 358±1236

τ, ms 9.6±0.3 11.1±0.5 9.2±0.6†

LVEDPVR, RVU/mm Hg 1.1±0.1 4.4±0.4* 1.9±0.2†

HR, bpm 368±6 364±10 371±7

ANOVA was used for statical analysis, Data are presented as the mean±SEM; n=7–9. CKD indicates chronic kidney disease; GFR, glomerular filtration rate; 
HR, heart rate; LVEDP, left ventricular end- diastolic pressure; LVEDPVR, left ventricular end- diastolic pressure volume relationship; LVESP, left ventricular end- 
systolic pressure; LVESPVR, left ventricle end- systolic pressure volume relationship; SBP, systolic blood pressure; and τ, time constant of relaxation.

*P<0.05 vs sham.
†P<0.05 vs CKD.



J Am Heart Assoc. 2024;13:e032971. DOI: 10.1161/JAHA.123.032971 10

Lima Posada et al Finerenone Improves Diastolic Dysfunction in CKD

for 7 days and compared with nontreated CKD rats. 
We observed an increase of both peNOS ser 1177 and 
total eNOS levels (+50% and +58%, respectively, versus 
CKD) but the ratio was unchanged (Figure 5E through 
5H). To analyze whether the increase in peNOS ser 1177 
resulted in increased activity, we estimated global NOS 
activity with or without inducible NOS inhibition. We 
showed that 7 days of finerenone treatment increased 
total NOS activity. (mean±SEM, pmol/min per μg; CKD: 
0.34±0.03; CKD+finerenone 7 days: 0.45±0.09; n=6–8; 
t test CKD versus CKD+ 7 days; P=0.018) with no effect 
of inducible NOS inhibition (1400 W), suggesting an in-
crease of eNOS activity (mean±SEM, pmol/min per μg; 
CKD+finerenone 7 days: 0.79±0.03; CKD+finerenone 
7 days +1400 W: 0.92±0.06; n=6–8; t test CKD+ 7 days 
versus CKD+ 7 days +1400 W; P=0.07).

DISCUSSION
Our results show that finerenone treatment improves 
cardiac diastolic function and perfusion, together with 
reducing cardiac fibrosis, in nondiabetic CKD rats.

Cardiovascular complications are common in the 
context of CKD. Approximately 40% of patients with 
CKD show LV hypertrophy, increasing to 75% for pa-
tients with kidney failure.5,24 The severity of CKD is 
associated with the presence of heart failure and the 
progression of HFpEF,7 which is the most prevalent 
marker of cardiovascular risk of patients with CKD. 
LV hypertrophy develops as an adaptive process to 
regulate the vascular stress associated with CKD in 
response to hypertension or hypervolemia. However, 
it results in a pathological process that leads to car-
diomyocyte hypertrophy and eventually cardiomyocyte 
loss by apoptosis and cardiac fibrosis.4 Cardiomyocyte 
loss in CKD contributes to heart failure that, together 
with cardiac fibrosis, leads to the development of dia-
stolic dysfunction.4,25,26 The rodent 5/6 nephrectomy 
model presents diastolic dysfunction with a decreased 
early/late (atrial) diastolic transmitral flow velocity ratio, 
altered endothelial function, and increased cardiac 
fibrosis,27–31 indicating that this CKD model is ap-
propriate for studying nondiabetic CKD- associated 
cardiovascular disease and testing our hypothesis. A 
number of preclinical studies have shown MR overac-
tivation in cardiac dysfunction.32–35

The mechanisms involved in the therapeutic effect 
of MR blockade are mainly related to a reduction in 
inflammation, oxidative stress, and fibrosis, which have 
a beneficial impact on cardiorenal disease.36 MR an-
tagonism by the steroidal MRAs spironolactone and 
eplerenone has been assessed in HFpEF in several 
clinical studies.37–41 The cardiac benefits observed 
following finerenone treatment in Zucker fatty/spon-
taneously hypertensive rats18 are consistent with the 
results documented in 2 recent large clinical outcome 
studies: FIDELIO- DKD and FIGARO- DKD. Both stud-
ies showed that finerenone improves cardiovascular 
outcomes relative to placebo in patients with diabetes 
with CKD.16,17 However, studies in patients with CKD 
without diabetes are needed, as nondiabetic CKD rep-
resents ≈50% of patients with CKD. Preclinical stud-
ies in nondiabetic CKD models have been performed 
using steroidal MRAs. In a 5/6 nephrectomized model, 
spironolactone has been shown to reduce endothe-
lial dysfunction through inhibition of the advanced 
glycation end- products (AGE)/AGE receptor axis and 
the reduction of intracellular oxidative stress42 and to 

Table 3. Finerenone Induces Early Amelioration of Cardiac 
Function in CKD (Protocol 3)

CKD (n=6)
CKD+finerenone 
7 days (n=8)

SBP, mm Hg 145±12.5 131±9

LVESP, mm Hg 142±12 126±9

dP/dtmax, mm Hg/s 9133±814 9051±1042

LVESPVR, RVU/mm Hg 23.2±1.6 26.9±0.8*

LVEDP, mm Hg 7.5±0.6 6.4±0.4

dP/dtmin, mm Hg/s 12 364±1360 11 848±1440

τ, ms 11±0.5 8.5±0.3*

LVEDPVR, RVU/mm Hg 3.9±0.2 2.9±0.3*

HR, bpm 346±15 374±5

Septum tissue perfusion, 
(mL/min)

5.3±0.7 7.2±0.7

Data are presented as the mean±SEM, n=6–8. Student’s t test was used 
for statistical analysis. CKD indicates chronic kidney disease; HR, heart rate; 
LVEDP, left ventricular end- diastolic pressure; LVEDPVR, left ventricular 
end- diastolic pressure volume relationship; LVESP, left ventricular end- 
systolic pressure; LVESPVR, left ventricular end- systolic pressure volume 
relationship; SBP, systolic blood pressure; and τ, time constant of relaxation.

*P<0.05 vs CKD.

Figure 5. Amelioration of diastolic dysfunction, myocardial perfusion, and fibrosis are associated with increased levels of 
eNOS and its activating phosphorylation.
LV tissue levels of peNOS ser 1177 by Western blot analysis (A, upper part), densitometric analysis of peNOS ser 1177 levels (B), LV 
tissue levels of total eNOS by Western blot analysis (A lower part), densitometric analysis of eNOS levels (C), and the peNOS ser 1177/
eNOS total ratio (D) from long- term treatment (Protocol 2). LV tissue levels of peNOS ser 1177 by Western blot analysis (E, upper part), 
densitometric analysis of peNOS ser 1177 levels (F), LV tissue levels of total eNOS by Western blot analysis (E, lower part), densitometric 
analysis of eNOS levels (G), and the peNOS ser 1177/eNOS total ratio (H) from short- term treatment (Protocol 3). ANOVA was used for 
statistical analysis of long- term treatment and Student’s t test for short- term treatment, n=7–9. *P<0.05, **P<0.001, ***P<0.0001. CKD 
indicates chronic kidney disease; eNOS, endothelial nitric oxide synthase; Fine, finerenone; LV, left ventricular; and peNOS ser 1177, 
endothelial nitric oxide synthase and its activating phosphorylation.
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attenuate cardiovascular hypertrophy and fibrosis.43 In 
rats with unilateral ureteral obstruction–induced CKD, 
eplerenone significantly attenuates MR activation and 

cardiac fibrosis.44 The nonsteroidal MRA finerenone 
was shown to reduce endothelial dysfunction in the 
Munich Wistar Frömter rat, a CKD model, through 
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enhancement of nitric oxide bioavailability.45 However, 
these studies did not assess the impact on diastolic 
dysfunction. As reported in the present study, 5/6 ne-
phrectomy CKD rats develop characteristics shared 
with HFpEF, such as decreased stroke volume and 
cardiac output and increased LVEDP, LVEDPVR, and 
τ, features that have been previously reported in var-
ious preclinical rodent HFpEF models.27–31,46 Here, 
we show that MR blockade with finerenone in 5/6 ne-
phrectomy CKD rats improves LVEDP, LVEDPVR, and 
τ parameters.

Adequate heart tissue perfusion is crucial for main-
taining the physiological state in the cardiovascular 
system. Several studies have shown that CKD induces 
microvascular rarefaction47 and endothelial dysfunc-
tion,48 leading to dysfunctional microcirculation, with 
reduced tissue perfusion and hypoxia. Several stud-
ies of animal CKD models have reported that the loss 
of microvasculature precedes fibrosis and that fibro-
sis is closely related to vascular rarefaction.47,49–51 A 
systemic proinflammatory state causes coronary mi-
crovascular endothelial inflammation, which reduces 
nitric oxide bioavailability to adjacent cardiomyocytes, 
favoring the development of hypertrophy and increas-
ing resting blood pressure. Both stiff cardiomyocytes 
and interstitial fibrosis contribute to high diastolic LV 
stiffness and the development of heart failure.52 MR 
overactivation promotes cardiac fibrosis.53 The strong 
reduction in cardiac fibrosis by finerenone treatment 
described in our study is consistent with the results ob-
tained in studies using several other preclinical models, 
which reported a beneficial effect of finerenone due to 
a reduction in the development of fibrotic tissue in the 
heart.54–57

Evidence of low nitric oxide bioavailability and de-
creased cyclic cGMP is present in patients with HFrEF, 
resulting in impaired vasodilation and aerobic exercise 
capacity, as well as decreased muscle power.58 Nitric 
oxide is a paracrine signaling molecule that can dif-
fuse from endothelial cells to vascular smooth muscle 
cells, vessel lumen, or cardiac myocytes; but it can 
also act as an autocrine signal, especially in cardiac 
myocytes.59 Nitric oxide/cGMP signaling therefore has 
a crucial role in relaxation of vascular smooth muscle 
cells and in cardiac contraction and relaxation as well 
as coronary perfusion.60 The beneficial effect of finere-
none treatment on myocardial perfusion reported here 
could be related to the increase in peNOS ser1177 
that was observed at the end of finerenone long- term 
treatment. The relatively rapid impact of short- term 
(7 days) finerenone treatment on the activating eNOS 
ser1177 phosphorylation and NOS activity suggests 
a direct role of the MR blockade by finerenone rather 
than a long- term adaptation. Therefore, one of the 
possible beneficial mechanisms modulated by finere-
none that contributes to the decrease in fibrosis and 

improvement of diastolic function could be improved 
myocardial perfusion and function by enhancing the 
NOS- dependent cardioprotective and vasodilatory 
effects.

The clinical relevance of our findings (which will need 
to be confirmed in a prospective clinical trial) is as fol-
lows: (1) Our data suggest that finerenone will be effec-
tive in patients without diabetes as well as in patients 
with diabetes in reducing cardiovascular outcomes; (2) 
the reduction in cardiac fibrosis and reduction in LV 
hypertrophy suggests an important effect on the pre-
vention of heart failure in patients with CKD, who have 
been shown to have an increase in serum aldoste-
rone levels that predict progression to end- stage renal 
disease61; and (3) the reduction in myocardial fibrosis 
would also predict a reduction in ventricular arrythmias 
and sudden cardiac death, as well as improved exer-
cise performance and quality of life.

A major, yet unsolved, question is whether a com-
bination therapy that associates an MRA and sodium- 
glucose cotransporter 2 inhibitor would be beneficial 
over monotherapy treatment for patients with CKD. A 
meta- analysis of clinical trials reported a decrease in 
the incidence of MRA- induced hyperkalemia for pa-
tients with diabetes treated with both an MRA and 
sodium- glucose cotransporter 2 inhibitor.62 In a non-
diabetic rodent model, a recent study showed an im-
proved survival rate and decreased creatinine levels, 
proteinuria, and blood pressure in hypertensive mice 
treated with the combination, whereas a low dose of 
empagliflozin or finerenone alone had an intermediate 
or no impact.55 The triple renin–angiotensin system/
sodium- glucose cotransporter 2/MR blockade (using 
ramipril, empagliflozin, and finerenone, respectively) 
also improved survival and renal outcomes in a mouse 
model of Alport syndrome with an additive effect of 
the MRA finerenone on interstitial fibrosis over other 
treatment.63 Taken together, these reports suggest a 
benefit of combining an MRA and a sodium- glucose 
cotransporter 2 inhibitor.

CONCLUSIONS
In conclusion, we show that the nonsteroidal MR 
antagonist finerenone reduces renal hypertrophy 
and albuminuria, without changing the GFR, attenu-
ates cardiac diastolic dysfunction and cardiac fibro-
sis, and improves cardiac perfusion associated with 
an increase in activating phosphorylation of eNOS in 
a preclinical nondiabetic CKD model. The ongoing 
FINEARTS- HF (Finerenone Trial to Investigate Efficacy 
and Safety Superior to Placebo in Patients With Heart 
Failure) study is currently evaluating the efficacy and 
safety of finerenone in patients with HF and an LV ejec-
tion fraction ≥40%.64
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