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Abstract

Aldosterone exerts deleterious effects on the cardiovascular system and promotes adipose tissue expansion via mineralo-
corticoid receptor (MR) activation. We previously demonstrated that administration of steroidal mineralocorticoid receptor
antagonists (MRA) in mice fed a moderate high-fat diet is able to reduce white adipose tissue (WAT) expansion, stimulate
browning of WAT and activate interscapular brown adipose tissue (iBAT). Here, we aimed to compare the metabolic and
adipose tissue-specific effects of the novel non-steroidal MRA finerenone (Fine) and spironolactone (Spiro) in a mouse model
of very high-fat diet (HFD)-induced obesity. C57BL/6 J male mice were fed a 60% HFD containing or not Spiro or Fine for
12 weeks. WAT and iBAT morphology and adipose tissue gene expression analysis were assessed. After 12 weeks, both
groups of mice showed similar weight gain compared to the HFD group. Histological and molecular analyses of WAT did
not show significant differences among all experimental groups; differently, iBAT histological analysis revealed that Fine
was able to increase recruitment of brown adipocytes in this depot, whereas mice treated with Spiro failed to elicit any iBAT
response, as indicated by no changes in lipid droplets size and iBAT density, compared to HFD. Increased iBAT recruitment
could explain, at least in part, the improved insulin resistance observed in mice treated with Fine, as shown by a significant
reduction in homeostasis model assessment of insulin resistance (HOMA) index. These findings were confirmed by gene
expression analysis of ucp-1, pgcl-a, and beta-3 adrenoreceptor (Adrb3) in iBAT, revealing significantly higher expres-
sion of these thermogenic genes in HFD + Fine group compared to HFD, whereas Spiro did not modify their expression. In
summary, we demonstrated that, differently from Fine, Spiro did not induce iBAT recruitment. Our current study suggests
that Fine, through its direct effects on iBAT, represents a promising pharmacologic tool to treat human metabolic diseases
associated with adipose tissue dysfunctions.
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Introduction

Obesity and its related comorbidities have become major
public health concerns, particularly during the COVID-19
pandemic. Aldosterone (Aldo), besides its well-known renal
effects, exerts deleterious actions on the cardiovascular sys-
tem and increases cardiovascular risk [1]. Likewise, elevated

< M. Caprio
massimiliano.caprio@sanraffaele.it

' Laboratory of Cardiovascular Endocrinology, San Raffaele circulating Aldo levels correlate with obesity, suggesting
Research Institute, IRCCS San Raffacle Roma, Via di Val a causal relationship between increasing body weight and
Cannuta, 247, 00166 Rome, Italy Aldo production [1]. Aldo acts through mineralocorticoid

*  Department of Human Sciences and Promotion receptor (MR), a cytosolic transcription factor which, upon

of the Quality of Life, San Raffaele Roma Open University,
Rome, Italy

3 Laboratory of Cellular and Molecular Pathology, IRCCS San
Raffaele Roma, Rome, Italy

activation, translocates to the nucleus to activate transcrip-
tion of specific genes. It has been well established a key role
for MR in white adipose tissue (WAT) and brown adipose
tissue (BAT) functions [1]. Indeed, we and others dem-
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administration in mice fed a moderately high fat diet (42%
kcal from fat) was able to reduce WAT expansion, induce
interscapular BAT (iBAT) activation and stimulate brown-
ing of WAT [2]. Importantly, we recently showed that treat-
ment of a mouse model of very high-fat diet-induced obe-
sity (HFD, 60% kcal from fat) with the novel non-steroidal
MRA finerenone (Fine) led to increased multilocularity and
expression of thermogenic markers at the level of iBAT
with concomitant improvement in glucose tolerance, with-
out affecting WAT mass and white adipogenic marker gene
expression, demonstrating that Fine induces BAT-specific
effects [3]. The aim of the present study was to compare the
metabolic and adipose tissue-specific effects of the classi-
cal steroidal MRA spironolactone (Spiro) versus the novel
non-steroidal MRA Fine in a mouse model of HFD-induced
obesity.

Materials and methods
Animal model

Animal procedures were approved by the Italian National
Institutes of Health Care and Use Committees (approval
number 493/2016-PR). Male 10-week old C57BL/6 J mice
(Charles River Laboratories, Calco, Italy) were fed a very
high-fat diet (HFD) (60% kcal as fat; D12492; Research
Diets) or HFD (D12492) containing Spiro (0,165 gr /Kg
of diet) or Fine (100 ppm, i.e. 0.1 g of Fine/kg of diet) for
12 weeks. Mice were divided into 3 groups (n=10) as fol-
lows: mice fed a HFD (HFD group); mice fed a HFD plus
Spiro (HFD group + Spiro group); mice fed a HFD plus Fine
(HFD + Fine group).

Gene expression analysis

Total RNA was isolated from snap-frozen iBAT and WAT
(inguinal and gonadal fat) depots using RNeasy lipid tissue
mini kit (Qiagen, Milan, Italy) following the manufacturer’s
instructions. The purity, integrity and yield of RNA were
analyzed by Agilent Technologies 2001bioanalyzer using
the RNA 6000 LabChip kit. Total RNA (1 ug) was treated
with RNase-Free DNase 1 (Qiagen) and reverse transcribed
using High-Capacity cDNA Reverse Transcription System
(Applied Biosystems (Thermo Fisher Scientific), Milan,
Italy) according to the manufacturer’s instructions. Quanti-
tative real-time-PCR (qQRT-PCR) assays were performed in
96-well optical plates using Mx3000P LightCycler instru-
ment (Stratagene, Milan, Italy). Each cDNA sample was
analyzed in duplicates using gene-specific primers spanning
intron/exon boundaries for gene expression quantification
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and Fast SYBR green Master Mix (Applied Biosystems
(Thermo Fisher Scientific), Milan, Italy). Quantitative nor-
malization of cDNA in each sample was performed using
TATA-box binding protein as an internal control. Relative
quantification was calculated using the 2722¢T method.

Histological and immunostaining analyses of fat
depots

Dissected iBAT and WAT depots were fixed overnight in
10% formaldehyde at 4 °C and rinsed with 0.1 M phosphate
buffer, pH 7.4, before being embedded in paraffin. Each par-
affin-embedded depot was cut (7 um thick) and the cutting
plane corresponded to the largest surface used for histologi-
cal examination and morphometry evaluated by hematoxy-
lin—eosin (H&E) staining. 10 fields at 20-fold magnification
for each slide were analyzed to determine the mean adipo-
cyte area (for WAT) and lipid droplet size (for iBAT) using
a digital image system (Adiposoft — ImageJ, open-source
software). iBAT density (the percentage of adipocyte area
positive for eosin staining) was determined using ImagePro
Premier software (Media Cybernetics). Immunohistochem-
istry of iBAT for uncoupling protein-1 (UCP-1) was carried
out on tissue sections fixed as above described. Slides were
processed on the Autostainer Link 48 (Agilent Technologies,
Santa Clara, CA) and prepared using EnVision FLEX Target
Retrieval Solution, Low pH (Dako, Glostrup, Denmark). Six
fields at 20-folds magnification for each slide were analyzed
to determine UCP-1 positive staining area using ImagePro
Premier software (Media Cybernetics).

Insulin resistance assessment and serum analysis

At the time of kill, peripheral blood samples were collected
via retroorbital bleeding. Fasting serum samples were
assayed for total cholesterol, triglycerides, free fatty acid
(data not shown), glucose and insulin by colorimetric assay
(Plaisant Srl, Rome, Italy). The HOMA-IR (homeostasis
model assessment of insulin resistance) index was calculated
as [fasting serum glucose concentration (mg/100 ml) X fast-
ing serum insulin concentration (mIU/L) / 405] to assess
insulin resistance [4].

Statistical analysis

Data are reported as means + standard error of the mean
(SEM). Data points > + 2 standard deviation (SD) from the
mean were considered statistical outliers and were excluded
from all analyses (ROUT method). Statistical comparisons
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were performed by one-way ANOVA tests, followed by Bon-
ferroni multiple comparison post hoc analysis, using Prism
8.0 (GraphPad, San Diego, CA, USA). Values of P <0.05
were considered significant.

Results and discussion

In the present study, wild-type mice were fed a HFD or
HFD containing Spiro or Fine for 12 weeks. HFD + Spiro
group, as well as HFD + Fine group, showed similar weight
gain compared to HFD group (data not shown). Interest-
ingly, we recently demonstrated that Fine exerts a direct
effect on iBAT recruitment, reducing iBAT lipid droplets
size and increasing BAT marker expression, in mice fed a
HFD, as compared to HFD group [3]. To assess whether
Spiro was able to induce comparable effects on iBAT in a
murine model of HFD-induced obesity, we performed his-
tological analysis and molecular characterization of iBAT
depots in all groups of mice. Interestingly, iBAT histologi-
cal examination of mice treated with Spiro showed a lack
of iBAT response in mice fed a very HFD, as indicated by
no changes in lipid droplet size (Fig. 1B) and iBAT density
(Fig. 1C), compared to HFD. Differently, histological analy-
ses showed that Fine was able to increase iBAT recruitment
in mice fed a very HFD diet. Such increase could be respon-
sible, at least in part, for the reduction in insulin resistance
observed in mice treated with Fine, as shown by a signifi-
cant reduction in HOMA-IR index compared to Spiro- and
HFD-groups. (Fig. 1D). Such findings were further sup-
ported by qRT-PCR analyses of thermogenesis-related
genes ucp-1, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (pgcl-a), beta-3 adrenorecep-
tor (Adrb3) and UCP-1 immunostaining in iBAT, reveal-
ing a significantly increased expression of thermogenic
genes (Fig. 1E) and UCP-limmunostaining (Fig. 1G) in
HFD + Fine group compared to HFD (Fig. 1D), whereas
Spiro did not alter the expression of these genes (Fig. 1E),
nor UCP-1 immunostaining (Fig. 1G). Accordingly, qRT-
PCR analysis showed reduced expression of white adipo-
cyte-specific marker genes (leptin and adyc5) in iBAT of
HFD + Fine group, as compared with HFD (Fig. 1F), with
no differences between HFD + Spiro and HFD group, indi-
cating that Fine, but not Spiro, is capable to enhance iBAT
recruitment in our experimental model. To evaluate whether
Spiro and Fine were able to induce browning of WAT, we
performed histological analysis of inguinal and gonadal
depots. Histological analyses revealed that both Spiro and
Fine did not induce any morphological change in both
inguinal and gonadal fat depots, (Fig. 2A and B). Indeed,

HFD + Spiro and HFD + Fine group did not show any dif-
ference in adipocyte size compared to HFD group (Fig. 2A
and Fig. B). In accordance with these data, mRNA levels
of white and brown adipocyte markers did not significantly
differ among all experimental groups (Fig. 2C),

In summary, our study demonstrates that only treat-
ment with Fine, not with Spiro, improves insulin resist-
ance in a model of very HFD-induced obesity in mice.
Differently from Fine, the classical MRA Spiro was not
able to induce iBAT recruitment in this experimental
model. Notably, a recent study showed that treatment
of healthy non-obese subjects with Spiro promoted
BAT activation after cold exposure, demonstrating that
MRASs are able to activate BAT also in humans [5]. These
data are in accordance with our previous study, where
Spiro determined increased activity of iBAT in a mouse
model fed a moderately high-fat diet [2], with a con-
comitant reduction in body weight gain and improve-
ment of glucose tolerance. It is important to remark that
in the present study, where mice were fed a 60% HFD,
Spiro could not induce iBAT recruitment nor browning
of WAT, probably due to the increase in the composition
and fat content of the diet. Importantly, in this experi-
mental setting, Fine was still able to affect iBAT mass.
Compared to Spiro, Fine is characterized by a lower
lipophilicity and higher polarity, which might lead to
a different distribution in iBAT (adipose depot rich in
mitochondria and water), potentially explaining a higher
responsiveness of iBAT to Fine exposure. Furthermore,
Fine is known to recruit different cofactors to the MR
[6]. Recruitment of iBAT includes secretion of several
batokines, which are known to promote adipogenesis,
angiogenesis and immune cell interaction, but the influ-
ence of Fine on batokine expression is unknown. This
observation may have relevant therapeutic implications
in humans: in clinical practice, the use of Spiro is limited
due to the risk of hyperkalemia and gynecomastia [6];
therefore, the prolonged use of steroidal MRAs requires
careful monitoring of renal function, especially in
patients with obesity and type 2 diabetes (T2D). Impor-
tantly, the recent clinical outcome trial FIDELIO-DKD
showed that treatment with Fine reduced the progres-
sion of chronic kidney disease (CKD) and cardiovascular
events in patients with CKD and T2D [7, 8], with lower
incidence of hyperkalemia than that observed previously
with the classical steroidal MRA Spiro [7, 8]. Our cur-
rent study suggests that Fine, through its direct effects
on BAT, may contribute to gain a better glycemic control
and prevent cardiovascular and renal complications in
obese diabetic patients. Clinical studies on the metabolic
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Fig.1 Comparison between Spironolactone and Finerenone effects
on iBAT depots of HFD-fed mice (A); H&E staining of iBAT. Rep-
resentative sections (scale bar 50 pm) from iBAT of all groups of
mice (n=6) (B); histological analysis of mean lipid droplets area
(n=6) (C); histological analysis of iBAT relative density (n=06)
(D); HOMA-IR index analysis (serum fasting glucose concentra-
tion (mg/ 100 ml)xserum fasting insulin concentration (mUI/L) /
405 (n=6) (E); qRT-PCR analysis of brown-fat-selective genes in
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HFD  HFD + Spiro HFD * Fine

iBAT (n=10) (F); qRT-PCR analysis of white-fat-selective genes in
iBAT (n=10) (G) UCP-1 immunostaining on iBAT. Representative
sections from iBAT of all groups (n=06). Positive area (UCP-1 stain-
ing) were selected and quantified by Image Pro Premier software.
The quantification represents the average for six fields of each animal
observed under 20-fold magnification. Scale bar=50 pym **P <0.01,
##4P <0.001, ****P<0.0001 vs HFD; ##P<0.01, ###P<0.001,
####P < 0.0001 vs HFD + Fine
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Fig.2 Comparison between Spironolactone and Finerenone effects
on WAT morphology of HFD-fed mice (A); H&E staining on ingui-
nal fat depots. Representative sections from inguinal fat depots of all
groups of mice (n=6, scale bar 50 pm) and histological analysis of
mean adipose cell size (B); H&E staining on gonadal fat depots. Rep-

outcomes of Fine, including BAT activity, in patients
with obesity and/or T2D are deemed necessary to draw
solid conclusions on this promising issue. Nevertheless,
its safety profile, along with the encouraging preclinical

resentative sections from gonadal fat depots of all groups (n=6, scale
bar 50 pm) and histological analysis of mean adipose cell size (C);
qRT-PCR analysis of white fat- and brown fat-specific genes in ingui-
nal and gonadal fat depots (n=10)

data presented in this paper, might qualify Fine for the
treatment of human metabolic diseases associated with
adipose tissue dysfunctions, potentially favouring cardio-
metabolic rehabilitation in this context.
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