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Abstract

Aims In post-menopausal women, incidence of heart failure with preserved ejection fraction is higher than in men.
Hormonal replacement therapies did not demonstrate benefits. We tested whether the non-steroidal mineralocorticoid recep-
tor antagonist finerenone limits the progression of heart failure in ovariectomized (OVX) mice with metabolic disorders.
Methods and results Ovariectomy was performed in 4-month-old mice, treated or not at 7 months old for 1 month with
finerenone (Fine) 1 mg/kg/day. Left ventricular (LV) cardiac and coronary endothelial functions were assessed by echocardiog-
raphy, catheterization, and myography. Blood pressure was measured by plethysmography. Insulin and glucose tolerance tests
were performed. Exercise capacity and spontaneous activity were measured on treadmill and in combined indirect calorimet-
ric cages equipped with voluntary running wheel. OVX mice presented LV diastolic dysfunction without modification of
ejection fraction compared with controls (CTL), whereas finerenone improved LV filling pressure (LV end-diastolic pressure,
mmHg: CTL 3.48 ± 0.41, OVX 6.17 ± 0.30**, OVX + Fine 3.65 ± 0.55†, **P < 0.01 vs. CTL, †P < 0.05 vs. OVX) and compliance
(LV end-diastolic pressure–volume relation, mmHg/RVU: CTL 1.65 ± 0.42, OVX 4.77 ± 0.37***, OVX + Fine 2.87 ± 0.26††,
***P < 0.001 vs. CTL, ††P < 0.01 vs. OVX). Acetylcholine-induced endothelial-dependent relaxation of coronary arteries
was impaired in ovariectomized mice and improved by finerenone (relaxation, %: CTL 86 ± 8, OVX 38 ± 3**, OVX + Fine
83 ± 7††, **P < 0.01 vs. CTL, ††P < 0.01 vs. OVX). Finerenone improved decreased ATP production by subsarcolemmal mito-
chondria after ovariectomy. Weight gain, increased blood pressure, and decreased insulin and glucose tolerance in OVX mice
were improved by finerenone. The exercise capacity at race was diminished in untreated OVX mice only. Spontaneous activity
measurements in ovariectomized mice showed decreased horizontal movements, reduced time spent in a running wheel, and
reduced VO2 and VCO2, all parameters improved by finerenone.
Conclusions Finerenone improved cardiovascular dysfunction and exercise capacity after ovariectomy-induced LV diastolic
dysfunction with preserved ejection fraction.
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Introduction

Mineralocorticoid receptor (MR) antagonists (MRAs) have
been shown to reduce mortality in heart failure (HF) with re-
duced ejection fraction (EF) at advanced stages of the
disease1,2 and to slow the progression of mild symptomatic
HF.3 Concerning HF with preserved EF (HFpEF), a sub-study
from the TOPCAT (Treatment of Preserved Cardiac Function
Heart Failure With an Aldosterone Antagonist) trial per-
formed in the Americas, Georgia, and Russia showed efficacy
of the MRA spironolactone in American patients only,4 most
likely because patients from Georgia and Russia were not
appropriately treated.5

In clinical practice, the steroidal MRAs spironolactone and
eplerenone remain underused because of their common risk
of hyperkalemia and because of the risks of gynaecomastia,
erectile dysfunction and menstrual irregularities of
spironolactone that also binds to androgen and progester-
one receptors.6 The novel non-steroidal MRA finerenone
has an over 500-fold higher selectivity vs. the androgen,
progesterone, or glucocorticoid receptors.6 When compared
with spironolactone treatment in patients with chronic HF
with reduced EF and mild to moderate chronic kidney
disease, finerenone led to a smaller mean increase in serum
potassium concentration and to a lower number of patients
with hyperkalaemia or renal failure or impairment.7 More-
over, finerenone was also shown to reduce the composite
clinical endpoint of death from any cause, cardiovascular
hospitalizations, or emergency presentation for worsening
HF in comparison with eplerenone in patients with
worsened HF and type 2 diabetes mellitus and/or chronic
kidney disease.8

Several epidemiological studies agreed to assert that
women represent the majority of patients with HFpEF.
Among proposed mechanisms, clinical and basic research
has implicated an activation of the renin–angiotensin–aldo-
sterone system (RAAS) in the pathogenesis of diastolic
dysfunction after menopause.9 After ovariectomy-induced
post-menopausal conditions, increased expression of cardiac
local RAAS components has been reported in rodents,
including angiotensin II10 in rats and MR in rats11 and
mice,12 with an increase in plasma aldosterone that was
evidenced in rats.10,13 In obese mice, endothelial MR has
been proposed as a player driving sex differences in the
dysfunction of resistance arteries. Indeed, in female mice
with obesity, MR deletion in endothelial cells limits
endothelial dysfunction by increasing nitric oxide (NO)
bioavailability, a mechanism that was not evidenced
in men.14

Ageing women tend to have more coronary microvascular
endothelial dysfunction than men.15 Endothelial dysfunction
per se leads to hypertension that increases the risk of HF
three-fold in women compared with two-fold in men.16

Moreover, hypertension is a primary risk factor for diastolic

dysfunction, and after menopause, more women than men
become hypertensive.17 The risk of HF increases with
obesity and with diabetes mellitus by five-fold in women
compared with 2.4-fold in men.18 Interestingly, MR blockade
with spironolactone prevents diet-induced diastolic
dysfunction and arterial stiffening19 in female mice fed with
a high-fat/high-sucrose diet that induces obesity and insulin
resistance. The metabolic syndrome (MetS) whose
frequency increases by 60% after menopause,20 with central
obesity as the main cause, hypertension as a criteria, and
diabetes as co-morbidity, is associated with a three-fold
increase in cardiovascular mortality.21

To date, there is no approved treatment for HFpEF, the
most frequent type of HF in women. Interestingly, it has been
previously reported that MRAs are more efficacious as a
cardiovascular therapy in women compared with men.22

Emphasizing RAAS as a major target in HFpEF, a recent trial
concluded that sacubitril–valsartan (combination of neprilysin
inhibitor with angiotensin II receptor antagonist) compared
with valsartan alone seemed to reduce the risk of HF hospital-
ization more in old women (aged 74 ± 8) than in old men
(aged 72 ± 9).23 Recently, a post hoc analysis of the TOPCAT
trial suggested a reduction in the secondary outcome of
all-cause mortality in women, with significant interaction
between sex and MRA treatment.24 These trials highlight the
need for more preclinical evaluations for the treatment of
HFpEF in women. Therefore, we tested whether finerenone
can improve left ventricular (LV) diastolic dysfunction with
preserved EF in mice with ovariectomy and global metabolism
disorders.

Methods

Detailed methods are available in the Supporting Information.

Animals

Experiments conformed to the 2010-63 European Union
Directive, the national Institutional Ethics Committee
(No. 0335402), and the Guide for the Care and Use of
Laboratory Animals of the US National Institutes of Health
(No. 85-23). Wild-type (Janvier, Le Genest-Saint-Isle, France)
mice on B6D2 background were housed five per cage on
light–dark cycle 12–12 h at room temperature 22 ± 2°C, with
access to food (A3 SAFE, France) and water ad libitum. Mice
aged 4 months were ovariectomized (OVX), treated or
not when aged 7 months for 1 month with finerenone
(1 mg/kg/day) (OVX + Fine) mixed in food, and compared with
age-matched controls (CTL).
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Statistics

Data are expressed as mean ± standard error of the mean and
analysed with GraphPad Prism 7.04. D’Agostino–Pearson test
was used to verify normal distribution. Before finerenone
treatment and for comparison of the same parameters after
treatment, unpaired Student’s t-test test was used. After
finerenone treatment, one-way ANOVA followed by Tukey’s
post hoc test was used, and repeated measures ANOVA was
used for kinetic and dose–response curves. The differences
between experimental groups were considered to be statisti-
cally significant from values of P < 0.05. Spontaneous activity
and flow-mediated dilatation data were assessed by multivar-
iate analysis using generalized linear modelling with R 3.1.4
using R 3.1.4 software package (The R Foundation for Statis-
tical Computing, http://www.r-project.org). Differences be-
tween groups were assessed using likelihood ratio tests and
Wald test. Distributions of residuals were checked as follows:
(i) no outliers with the minimum and maximum values of

standardized residual within [�3, +3] values, (ii) normal dis-
tribution with mean = 0 and a constant variance, and (iii)
graphically by mean of QQplot. Multi-collinearity was tested
using collinearity statistics (variance inflation factor).

Results

Finerenone improves diastolic function in mice
with ovariectomy

We tested the efficacy of 1 month finerenone treatment
(1 mg/kg/day) after 3 months of ovariectomy in wild-type
OVX mice aged 8 months. At the cardiac level, ultrasound in
OVX mice without or with finerenone treatment
(OVX + Fine) compared with age-matched controls (CTL)
showed no difference in LV diameter at both end-systole
and end-diastole nor in the resulting fractional shortening
(FS) (Table 1), that is, the ultrasound index of LVEF.

Table 1 Cardiac parameters and arterial pressure

CTL OVX OVX + Fine

Echocardiography
LVEDD (mm) 3.3 ± 0.1 (n = 8) 3.5 ± 0.1 (n = 9) 3.5 ± 0.1 (n = 10)
LVESD (mm) 1.7 ± 0.1 (n = 8) 1.9 ± 0.1 (n = 9) 1.8 ± 0.1 (n = 10)
FS (%) 49 ± 2 (n = 8) 47 ± 3 (n = 9) 49 ± 2 (n = 10)
SV (mL per beat) 0.063 ± 0.002 (n = 8) 0.065 ± 0.002 (n = 9) 0.063 ± 0.003 (n = 10)
CO (mL/min) 35.8 ± 1.8 (n = 8) 37.2 ± 1.6 (n = 9) 35.4 ± 1.8 (n = 10)
LV haemodynamics
dP/dtmin 8486 ± 1464 (n = 4) 5813 ± 723 (n = 7) 5121 ± 735 (n = 6)
Tau 6.89 ± 0.54 (n = 4) 9.13 ± 0.65 (n = 7) 9.68 ± 1.46 (n = 6)
Organ weights
HW (mg) 119 ± 7 (n = 8) 121 ± 5 (n = 11) 114 ± 3 (n = 15)
HW/TL (mg/mm) 6.4 ± 0.4 (n = 8) 6.6 ± 0.3 (n = 11) 6.2 ± 0.2 (n = 15)
LVW (mg) 90 ± 5 (n = 8) 90 ± 2 (n = 11) 88 ± 2 (n = 15)
LVW/TL (mg/mm) 4.9 ± 0.3 (n = 8) 4.9 ± 0.1 (n = 11) 4.74 ± 0.1 (n = 15)
Histology and immunolabelling
MCSA (μm2) 294 ± 12 (n = 8) 342 ± 8 (n = 8)* 321 ± 11 (n = 11)
Capillary density 1.20 ± 0.03 (n = 8) 1.15 ± 0.03 (n = 10) 1.13 ± 0.02 (n = 10)
PECAM-1+ vessels (nb per field) 86 ± 4 (n = 8) 86 ± 4 (n = 10) 90 ± 4 (n = 10)
Coll-I (% per field) 15.3 ± 1.0 (n = 7) 13.8 ± 1.1 (n = 9) 14.8 ± 0.8 (n = 10)
Coll-III (% per field) 2.9 ± 0.3 (n = 7) 2.2 ± 0.4 (n = 9) 2.6 ± 0.3 (n = 10)
Plethysmography
SBP (mmHg) 135 ± 6 (n = 9) 158 ± 5 (n = 7)* 137 ± 5 (n = 8)†

DBP (mmHg) 96 ± 7 (n = 9) 120 ± 5 (n = 7)* 97 ± 7 (n = 8)
Oxidative stress
LV ROS 370.7 ± 15.8 (n = 15) 336.5 ± 9.7 (n = 11) 356.0 ± 18.6 (n = 9)
IFM ROS 5650 ± 697 (n = 10) 6158 ± 1467 (n = 7) 6027 ± 645 (n = 10)
SSM ROS 7047 ± 1123 (n = 10) 7644 ± 1312 (n = 7) 7581 ± 1052 (n = 10)
A/F ratio 0.369 ± 0.038 (n = 10) 0.358 ± 0.016 (n = 8) 0.369 ± 0.016 (n = 6)

Echocardiography: left ventricular (LV) end-diastolic diameter (LVEDD); LV end-systolic diameter (LVESD); fractional shortening (FS); stroke
volume (SV); cardiac output (CO). LV haemodynamics: dP/dtmin rate of LV pressure decrease and relaxation constant Tau (Weiss method).
Organ weights: heart and LV weights (HW and LVW) and ratios on tibia length (HW/TL and LVW/TL). Histology and immunolabelling:
cardiomyocytes mean cross-sectional area (MCSA) after wheat germ agglutinin (WGA) staining for contouring cardiomyocytes; capillary
density as the ratio of the number of capillaries [platelet and endothelial cellular adhesion molecule-1 (PECAM-1) immunolabelled endo-
thelial cells] to the number of cardiomyocytes (WGA) (×20); percentage per field of immunolabelled collagen type I and III (Coll-I and Coll-
III) (×20). Plethysmography: systolic and diastolic blood pressure (SBP and DBP). Oxidative stress: electron paramagnetic resonance for the
measurement of reactive oxygen species (ROS) (AU/mg of protein) in all left ventricles and in interfibrillar or subsarcolemmal mitochondria
(IFM and SSM); ratio of aconitase/fumarase activities (A/F).
*P < 0.05 vs. CTL.
†P < 0.05 vs. OVX.
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Furthermore, ovariectomy did not lead to alterations in LV
stroke volume or cardiac output (Table 1). Concerning heart
remodelling and infiltration, 3 months of ovariectomy did
not induce increased LV weight (Table 1) despite a significant
increase in cardiomyocytes mean cross-sectional area in
untreated OVX mice only (Table 1) and did not increased
significantly the number of macrophages infiltrated in the
myocardium (Supporting Information, Table S1). Further-
more, ovariectomy did not affect the amount of
immunolabelled platelet and endothelial cellular adhesion
molecule-1 (PECAM-1) and the related LV capillary density
nor the amount of immunolabelled interstitial collagen types
I and III (Table 1 and Supporting Information, Figure S1).

Providing greater precision, the recordings of pressure-
volume curves after LV catheterization allowed revealing
diastolic dysfunction in OVX mice. Indeed, if ovariectomy
did not alter the LV ejection pressure in systole (LV
end-systolic pressure) (Figure 1A), it increased the LV filling
pressure in diastole (LV end-diastolic pressure), which was re-
duced by finerenone to the average value of CTL (Figure 1B).
The load-independent assessment of LV systolic contractility
(LV end-systolic pressure–volume relation) indicated that it

remained unchanged in OVX compared with CTL mice
(Figure 1C). However, the assessment of LV diastolic
compliance (LV end-diastolic pressure–volume relation) indi-
cated that the LV relaxation was altered in OVX compared
with CTL mice and again improved by finerenone treatment
(Figure 1D).

In summary, finerenone treatment improved LV filling
pressure and LV compliance in the context of ovariectomy-
induced LV diastolic dysfunction with preserved FS/EF.

Finerenone improves peripheral and coronary
arterial function in mice with ovariectomy

Compared with age-matched CTL, only untreated OVX mice
had increased blood pressure (Table 1). Moreover, ultrasound
assessments of temperature-induced vasodilation, and multi-
variate analyses adjusted to wall shear stress, indicated that
the increases in blood flow induced smaller increases in di-
ameter of peripheral femoral artery in OVX mice compared
with both CTL and OVX + Fine mice (Supporting Information,
Figure S2).

Figure 1 Finerenone treatment improved ovariectomy-induced left ventricular (LV) diastolic dysfunction and improved oxidative stress-related impair-
ment of endothelium-dependent relaxation of coronary arteries. (A–D) LV invasive haemodynamics in control mice (CTL, black circles, n = 4) and in
mice after 4 months of ovariectomy (OVX, red squares, n = 7) without or with 1 month finerenone treatment (OVX + Fine, green triangles, n = 6).
(A) LV end-systolic pressure (LVESP). (B) LV end-diastolic pressure (LVEDP), that is, LV filling pressure. (C) LV end-systolic pressure–volume relation
(LVESPVR), that is, LV contractility. (D) LV end-diastolic pressure–volume relation (LVEDPVR), that is, LV compliance. (E–H) Relaxation of isolated cor-
onary arteries from control mice (CTL, black circles, n = 5) and from mice after 4 months of ovariectomy (OVX, red squares, n = 6) without or with
1 month finerenone treatment (OVX + Fine, green triangles, n = 5). Relaxation induced (E) by acetylcholine (Ach), (F) by Ach in the presence of the
NO synthase inhibitor L-NG-nitro-arginine (L-NNA) 10

�4
mol/L, (G) by the NO donor sodium nitroprusside (SNP), and (H) by Ach after addition of

apocynin 10�4 mol/L. Data are mean ± standard error of the mean. Statistics: one-way ANOVA plus Tukey, **P < 0.01 and ***P < 0.001 vs. CTL;
†P < 0.05 and ††P < 0.01 vs. OVX.
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Focusing on coronary arteries, the acetylcholine (Ach)-
induced endothelium-dependent relaxation was impaired in
arteries isolated from OVX but not in those isolated from
OVX + Fine mice, when compared with arteries from CTL mice
(Figure 1E). All the observed vasodilator responses relied on
NO production by the endothelium, because pre-incubation
with the NO synthase inhibitor L-NG-nitro-arginine abolished
the Ach-induced relaxation in all groups (Figure 1F). The NO is
known to be responsible for the relaxation of vascular
smooth muscle cells, which responded similarly in all groups
after pre-incubation of isolated arteries with the NO donor
sodium nitroprusside allowing bypassing its endothelial pro-
duction (Figure 1G).

To assess the hypothesis that impaired coronary function
in OVX mice was at least partly related to an excess of
superoxide generation, which would be responsible for an
endothelial dysfunction by reducing the NO bioavailability,
arteries from all groups were pre-incubated with the NADPH
oxidase inhibitor apocynin prior to Ach. Apocynin allowed
improving the Ach-induced relaxation of coronary arteries
from OVX mice, which was no longer different of that
of arteries from CTL mice or from OVX + Fine mice
(Figure 1H), indicating that finerenone was efficient to re-
duce superoxide-mediated endothelial dysfunction. Suggest-
ing that the oxidative stress was mostly limited to the
vasculature, quantification by electron paramagnetic

resonance of reactive oxygen species (ROS) in the entire LV
(Table 1) or in isolated myocardial mitochondria (Table 1)
did not show any difference between groups nor the
evaluation of mitochondrial oxidative stress via the ratio of
fumarase over aconitase enzymatic activities (Table 1).
Thus, in this post-menopausal ovariectomized mouse
model, finerenone treatment repealed superoxide-mediated
endothelial dysfunction at the level of coronary arteries
(Table 1 and Figure 1H).

Metabolic improvements by finerenone
treatment of mice with ovariectomy

Before starting treatment with finerenone, OVX mice had
increased body weight compared with age-matched CTL,
encompassing increased fat and reduced lean mass as
measured by echo-magnetic resonance imaging (Table 2).
Consistent with weight gain, plasma leptin was increased in
OVX mice (Table 2). A 1 month finerenone treatment allowed
reducing body weight of OVX mice (Table 2). There was no in-
crease in total triglycerides or total cholesterol in OVX mice
(Table 2). Nevertheless, compared with CTL mice, fasting
glycaemia was increased in OVX mice before finerenone
treatment and not different after treatment (Table 2). Fur-
thermore, OVX mice had decreased tolerance to oral glucose

Table 2 Global metabolism

CTL OVX OVX + Fine

Before finerenone treatment
Body weight (g) 30.2 ± 1.2 (n = 15) 36.1 ± 0.8 (n = 21)***
Fasting glycaemia (mmol/L) 6.5 ± 0.3 (n = 13) 7.6 ± 0.3 (n = 19)*
Echo-MRI before finerenone
Body weight (g) 28.2 ± 1.3 (n = 9) 36.5 ± 0.8 (n = 18)***
Fat mass (%) 15.5 ± 1.8 (n = 9) 39.2 ± 1.0 (n = 18)***
Lean mass (%) 81.7 ± 1.7 (n = 9) 59.2 ± 0.9 (n = 18)***
Water in lean tissue (%) 75.1 ± 1.6 (n = 9) 53.2 ± 0.7 (n = 18)***
After finerenone treatment
Body weight (g) 28.4 ± 0.8 (n = 15) 33.4 ± 0.8 (n = 12)*** 30.2 ± 1.1 (n = 9)†

Food consumption (g per 48 h) 3.47 ± 0.66 (n = 8) 2.94 ± 0.53 (n = 8) 3.94 ± 0.53 (n = 8)
Water consumption (mL per 48 h) 3.30 ± 0.94 (n = 8) 3.43 ± 0.33 (n = 8) 3.81 ± 0.52 (n = 8)
Leptinaemia (pg/mL) 3.6 ± 1.1 (n = 7) 48.5 ± 6.6 (n = 11)*** 36.0 ± 7.6 (n = 11)
Plasma triglycerides (mmol/L) 1.23 ± 0.14 (n = 6) 1.12 ± 0.12 (n = 9) 0.96 ± 0.13 (n = 7)
Plasma cholesterol (mmol/L) 1.33 ± 0.28 (n = 6) 1.54 ± 0.08 (n = 9) 1.48 ± 0.18 (n = 8)
Fasting glycaemia (mmol/L) 6.5 ± 0.5 (n = 15) 7.7 ± 0.1 (n = 12)1 6.5 ± 0.4 (n = 9)††

Echo-MRI after finerenone
Body weight (g) 28.4 ± 0.8 (n = 14) 33.4 ± 0.8 (n = 12)*** 30.2 ± 1.1 (n = 9)†

Fat mass (%) 18.6 ± 2.3 (n = 14) 31.4 ± 1.4 (n = 12)*** 26.3 ± 1.7 (n = 9)†

Lean mass (%) 79.6 ± 2.0 (n = 14) 66.2 ± 1.3 (n = 12)*** 71.1 ± 1.6 (n = 9)†

Water in lean tissue (%) 72.6 ± 1.9 (n = 14) 60.4 ± 1.2 (n = 12)*** 64.6 ± 1.5 (n = 9)†

MRI, magnetic resonance imaging.
1P = 0.0520.
*P < 0.05.
**P < 0.01.
***P < 0.001 vs. CTL.
†P < 0.05.
††P < 0.05 vs. OVX.
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compared with CTL mice (Figure 2A), which was not the case
of OVX + Fine mice (Figure 2A). Moreover, OVX mice had
decreased insulin sensitivity compared with both CTL and
OVX + Fine mice (Figure 2B). Finally, in isolated cardiac
subsarcolemmal mitochondria known to be impacted by type
2 diabetes25 and ovariectomy,26 a decrease in ATP production
was evidenced in those isolated from OVX but not from
OVX + Fine mice (Figure 2C).

Taken together, these data suggest that finerenone
treatment of OVX mice improved ovariectomy-induced
weight gain, impaired insulin sensitivity and impaired glucose
tolerance, and LV mitochondrial dysfunction.

Finerenone improves the exercise capacity of
mice with ovariectomy

Because cardiovascular function was improved by MR block-
ade under post-menopausal conditions, we tested the ability
of mice to perform forced or spontaneous exercise. On two
distinct protocols on treadmill, (i) a 1 h endurance running
and (ii) an acceleration test at race, the mean total distance
(Figure 3A and 3B) was significantly diminished in the OVX
group only but not in OVX + Fine mice compared with CTL

mice. Furthermore, none of the OVX mice were able to
complete the acceleration test in contrast to 50% of CTL and
21.4% of OVX + Fine mice. To refine the assessment of
exercise capacity, mice were placed for 2 days in a combined
indirect calorimetry system equipped with a voluntary
running wheel and locomotor activity sensor frames. In OVX
vs. CTL mice, data showed decreased spontaneous horizontal
activity (Figure 3C) and reduced time spent in the wheel
(Figure 3D), associated with reduced VO2 (Figure 3E), VCO2

(Figure 3F), and energy expenditure (Figure 3G). In
OVX + Fine vs. OVX mice, all the previously mentioned param-
eters were improved (Figure 3C–3G), demonstrating benefi-
cial effect of finerenone treatment.

Discussion

Invasive haemodynamics indicated that OVX mice had dia-
stolic dysfunction, as revealed by increased LV filling pressure
and decreased LV compliance, which were both improved af-
ter finerenone treatment. OVX mice were considered to have
isolated diastolic dysfunction because there was no reduction
in LV FS as shown by echocardiography. Diastolic dysfunction

Figure 2 Finerenone treatment allowed improving ovariectomy-induced reduction in glucose and insulin tolerance and reduction in myocardial ATP
production. Assessments in control mice (CTL, black circles) and in mice after 4 months of ovariectomy (OVX, red squares) without or with 1 month
finerenone treatment (OVX + Fine, green triangles). (A) Oral glucose tolerance test (OGTT) (n = 11, 9, 9). (B) Insulin tolerance test (ITT) (n = 13, 12, 9).
(C) ATP production of subsarcolemmal mitochondria (n = 9, 9, 10). Data are mean ± standard error of the mean. Statistics: one-way ANOVA plus Tukey,
*P < 0.05 vs. CTL; †P < 0.05 vs. OVX.
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in 8-month-old OVX mice occurred without increase in LV in-
terstitial collagen type I and III deposits, suggesting that it
mainly depended on cardiomyocyte and on coronary func-
tions, rather than in extracellular matrix stiffening at this
age. We previously showed that in mice with subtotal
nephrectomy-induced chronic kidney disease, finerenone
treatment increased the phosphorylation of Ca2+–calmodu-
lin-dependent kinase-II (p-CaMKII), with subsequent increase

in the phosphorylation of the phospholamban at Thr17, which
allows diminishing its inhibitory effect on the
sarcoendoplasmic reticulum Ca2+-ATPase (SERCA) pump, re-
sponsible for Ca2+ recapture in the sarcoplasm in diastole.27

In cardiomyocytes isolated from ovariectomized rats,
Bupha-Intr et al. measured reduced Ca2+ reuptake, due to re-
duced SERCA activity and expression, together with an in-
crease in the supra-inhibitory monomeric form of the

Figure 3 Finerenone treatment improved ovariectomy-induced decreased ability to exercise. Assessments in control mice (CTL, black circles) and in
mice after 4 months of ovariectomy (OVX, red squares) without or with 1 month finerenone treatment (OVX + Fine, green triangles). (A) Run distance
during an endurance (n = 8, 12, 9) or (B) an acceleration (n = 10, 11, 13) test at race. (C–G) Spontaneous activity (n = 8, 8, 8), each x-axis point being the
integration per 2 h interval according to a 24 h clock, in cages with free access to an exercise wheel and indirect calorimetry measurements: (C) spon-
taneous horizontal activity, (D) time spent in the wheel, (E) VO2, (F) VCO2, and (G) energy expenditure. Data are mean ± standard error of the mean.
Statistics: (A, B) one-way ANOVA plus Tukey and (C–G) multivariate analysis, *P < 0.05 and **P < 0.01 vs. CTL;

††
P < 0.01 and

†††
P < 0.001 vs. OVX.
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SERCA-associated protein phospholamban.28 In mice,
Rouet-Benzineb et al. showed that preserved FS after
2 months of ovariectomy concealed increased expressions of
proteins involved in Ca2+ reuptake, that is, phosphorylated
Thr17 phospholamban (p-CaMKII) and the phosphatase
calcineurin.12 Moreover, regarding myocardial stiffness, Farré
et al. proposed that a reduction measured in LV strips after
6 months of ovariectomy in mice aged 9 months was due to
cardiomyocytes rather than extracellular matrix, because the
difference between OVX and controls disappeared in
decellularized strips.29 These publications argue in favour of
the importance of the intracellular component in
ovariectomy-induced diastolic dysfunction that we showed
to be ameliorated in OVX mice treated with finerenone.

Finerenone prevented the coronary endothelial dysfunc-
tion evidenced in OVX mice. Recently, a 4 week finerenone
treatment has been shown to improve NO bioavailability in
aortic rings and in mesenteric arteries from theMunichWistar
Frömter (MWF) rat model of chronic kidney disease.30,31

Borgo et al. reported that in isolated hearts of ovariectomized
spontaneously hypertensive rats, the endothelium-dependent
vasodilation in response to bradykinin was altered while it
was improved in animals treated with estradiol and further
improved by co-treatment with drospirenone, a progestogen
with anti-aldosterone properties. Moreover, dihydroethidium
fluorescence indicated that both treatments reduced
the ovariectomy-associated increase in oxidative stress in
the coronary wall.32 We previously reported that in chronic
HF after myocardial infarction, impaired Ach-induced
endothelium-dependent vasodilatation of isolated coronary
arteries was improved in mice treated with finerenone, and
we demonstrated that such improvement depended on a
reduction of oxidative stress at the specific level of the
arteries.33 In the present study, ovariectomy-induced
impaired endothelium-dependent vasodilatation was
improved by finerenone, also including oxidative stress reduc-
tion in the coronary wall, because ex vivo NADPH oxidase
inhibition ameliorated dilatation to the same extent in the
arteries of OVX and OVX + Fine mice. These data highlight
again the ability of finerenone to protect coronary function.

Several studies indicated that ovariectomy induces an
increase in arterial pressure in rats and mice,12,34 including
in spontaneously hypertensive rats, in which the pressure
delta was not reduced by oestrogen therapy but only by com-
bining estradiol and drospirenone.32 In our study, MR block-
ade with finerenone reduced the increase in blood pressure
of OVX mice. Regarding vascular distensibility, DeMarco
et al. reported a decrease in femoral arteries of female mice
fed with a high-fat/high-sucrose diet while it was preserved
in case of MR blockade with preventive spironolactone
treatment.19 In our hands, although under anaesthesia with
a non-evaluable degree of vasoplegia, ultrasound assessment
suggested that finerenone allowed improving stiffness of fem-
oral arteries in OVX mice.

Ovariectomy induces weight gain in which aldosterone–MR
has been previously implicated. Indeed, Mook et al. showed
that in ovariectomized rats, adrenalectomy attenuates weight
increase35 likely due to a decrease in aldosterone–MR interac-
tion, because in non-adrenalectomized ovariectomized rats,
Dagnault et al. reported that 3 weeks of treatment with the
MRA RU-28318 limits fat gain unlike treatment with the gluco-
corticoid receptor antagonist RU-38486.36 In our study, a
1 month finerenone treatment limited weight gain of OVX
mice. This increase in body weight of OVX mice was accompa-
nied by increased plasma leptin. Huby et al. showed that lep-
tin induces an increase in adrenal secretion of aldosterone37

and participates in increased blood pressure and endothelial
dysfunction of obese hyperleptinaemic female mice via
aldosterone-dependent mechanisms,38 thus supporting the
idea that MR blockade is as an interesting strategy in the con-
text of obesity-associated cardiovascular disease in women.

In OVX mice, the increases in body weight, blood pressure,
and fasted glycaemia suggested a pre-MetS state that was as-
sociated with decreased insulin sensitivity and decreased glu-
cose tolerance, although we found no increase in plasmatic
levels of triglycerides or total cholesterol in these animals
fed with a standard diet. Ovariectomy in rats and mice has
been used to evaluate many features associated with the
MetS.39In another study, in ovariectomized rats fed with a
standard diet, Olatunji et al. reported increases in plasmatic
triglycerides and total cholesterol (CHO), encompassing
increased low-density and decreased high-density lipopro-
tein-CHO (LDL-CHO and HDL-CHO), which were improved,
except HDL-CHO, by a preventive spironolactone treatment.13

Recently, in mice with high-fat diet-induced obesity and de-
creased insulin sensitivity, Marzolla et al. showed that a pre-
ventive finerenone treatment improved metabolism through
the activation of AMP-activated protein kinase, which, in turn,
stimulated adipose triglyceride lipase activation, with subse-
quent increased expression of uncoupling protein-1 in brown
adipocyte.40 Our data show that a 1 month finerenone treat-
ment, given 3 months after the ovariectomy, allowed improv-
ing previously established parameters of the MetS.

Ovariectomy in rodents and type 2 diabetes in human
and rodents have been associated with myocardial mito-
chondrial dysfunction.25,26 In a study after 2.5 months of
ovariectomy in rats, Rattanosopa et al. evidenced a
decrease in complex I-driven ATP synthesis of isolated mito-
chondria, while basal mitochondrial ROS production was
not affected.41 In the same extent, in the present study,
no change was evidenced concerning mitochondrial ROS
production, but subsarcolemmal mitochondria of OVX mice
showed a decrease in ATP production that was improved
after finerenone treatment.

Concerning the ability to exercise in post-menopausal con-
dition, Machi et al. reported a reduction of the maximal
speed during a running test, 2 months after ovariectomy in
rats aged 24 months, which had diastolic dysfunction without
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EF reduction.34 Moreover, Mook et al. reported a rapid re-
duction of daily spontaneous activity of ovariectomized rats
in a running wheel, during a study period of 5 to 33
post-operative days, with an enhancement of this phenome-
non during the same consecutive period.35 In the same ex-
tent, after 2 months of ovariectomy in mice, Do-Carmo
et al. reported decreases in VO2 and energy expenditure,
with clear tendency for reduced spontaneous activity.42 In
the present study, OVX mice showed reduced exercise capac-
ity during an endurance or an acceleration test at race and re-
duced spontaneous activity. Unfortunately, we were unable
to perform telemetry assessments, as it would be interesting
to record treadmill heart rate and post-run heart rate recov-
ery, because HFpEF is associated with chronotropic
incompetence.43 Nevertheless, when receiving finerenone
treatment, the proportion of OVX mice able to complete
the acceleration test on exertion increased. Furthermore,
data evidenced improvement of spontaneous activity in
OVX mice with finerenone treatment, likely to participate in
the improvements of global metabolism and cardiovascular
function.

Our data show that MR is a relevant target in models of
ovariectomy-induced altered metabolic profile and cardiovas-
cular dysfunction. In the same extent, Olatunji et al. reported
an increase in plasma aldosterone level in OVX rats.13 After
ovariectomy in a model of MetS derived from a cross between
Dahl salt-sensitive and Zucker rats with an inactivating muta-
tion in the leptin receptor (OVX-DS/obese), Murase et al.
measured increased LV mRNA expressions of MR and its tran-
scriptional target Sgk-1 (serum and glucocorticoid-activated
kinase-1).11 Estradiol treatment in these OVX-DS/obese rats
attenuated hypertension and obesity but did not improve
heart function because of exacerbated LV fibrosis and
diastolic dysfunction, probably mediated by MR activation.11

On the other hand, in mice with ovariectomy, Rouet-Benzineb
et al. measured reduced LV protein expression of oestrogen
receptor ER-α and ER-β while showing augmented protein
expression of cardiac MR.12

Although a theoretical enhancement of ER activity could
be hypothesized at least via indirect mechanisms, for
example, counter-regulation of endogenous steroid hor-
mone release by an unselective receptor profile as demon-
strated for spironolactone44 or recruitment of the
transcriptional co-activator steroid receptor coregulatory-1
(Src-1), which is shared by most steroid hormone receptors,
we have no reason to believe that such indirect mechanisms
apply to the benefits of finerenone in the current study.
Indeed, (i) finerenone does not have any detectable affinity
for both ERα and ERβ,45 and (ii) finerenone has been
demonstrated to act as an inverse agonist for Src-1
recruitment (i.e. blocking Src-1 recruitment even in the
absence of aldosterone) in a chromatin immunoprecipitation
assay in a human kidney cell line as well as in rat
cardiomyocytes.46,47

In summary, MR was identified as an important
pharmacological target for the potential treatment of
diastolic dysfunction in post-menopausal women, and it
would be prudent to investigate the novel non-steroidal
MRA finerenone in HFpEF.
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Data S1. Supporting Information
Figure S1. Left Ventricular histology. (A) Representative pho-
tographs of PECAM-1 immunolabeled endothelial cells
(lower photographs) and of Wheat-Germ-Agglutinin (WGA)
staining for contouring cardiomyocytes (upper photographs),
allowing determining: i) the cardiomyocytes mean-crossed
sectional area (MCSA) (data for n = 8 CTL, n = 8 OVX and
n = 11 OVX + Fine mice in Table 1 of the article), and ii)
the ratio of the number of capillaries to the number of
cardiomyocytes (data for n = 9 CTL, n = 9 OVX and n = 11
OVX + Fine mice in Table 1 of the article). (B) Representative
photographs of collagen type-I (Coll-I) (lower photographs)
and collagen type-III (coll-III) (upper-photographs) after co-
immunolabeling, allowing calculating the mean percentage
on interstitial collagen content in each group (data for
n = 7 CTL, n = 9 OVX, and n = 10 OVX + Fine mice in Table
1 of the article).
Figure S2. Finerenone treatment improved ovariectomy-
induced peripheral dysfunction. (A) Echography assessment
of femoral artery diameter in function of the increase in
blood flow (confident interval 95%) related to
temperature-induced vasodilatation during stepwise pro-
gressive heating of the paw (CTL, solid line, n = 10; OVX,
dotted line, n = 5; OVX + Fine, dashed line, n = 12). Statis-
tics: multivariate analysis.
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Table S1. Macrophages density in the myocardium.
Macrophages immuno-labeling: number per field of
immuno-labeled macrophages (Mtotal as CD68+ cells, M1 as

iNOS++CD68+ cells, M2 as CD206
++CD68+ double positive cells,

and M0 as Mtotal – (M1 + M2) cells) (x20). NS.
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