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Abstract: Aldosterone excess plays a major role in the progression of cardiac dysfunction and
remodeling in clinical diseases such as primary aldosteronism and heart failure. However, the effect
of aldosterone excess on cardiac mitochondria is unclear. In this study, we investigated the effect of
aldosterone excess on cardiac mitochondrial dysfunction and its mechanisms in vitro and in vivo.
We used H9c2 cardiomyocytes to investigate the effect and mechanism of aldosterone excess on
cardiac mitochondria, and further investigated them in an aldosterone-infused ICR mice model. The
results of the cell study showed that aldosterone excess decreased mitochondrial DNA, COX IV
and SOD2 protein expressions, and mitochondria ATP production. These effects were abolished or
attenuated by treatment with a mineralocorticoid receptor (MR) antagonist and antioxidant. With
regard to the signal transduction pathway, aldosterone suppressed cardiac mitochondria through
an MR/MAPK/p38/reactive oxygen species pathway. In the mouse model, aldosterone infusion
decreased the amount of cardiac mitochondrial DNA and COX IV protein, and the effects were also
attenuated by treatment with an MR antagonist and antioxidant. In conclusion, aldosterone excess
induced a decrease in mitochondria and mitochondrial dysfunction via MRs and oxidative stress
in vitro and in vivo.

Keywords: aldosterone; mitochondrial dysfunction; primary aldosteronism; heart failure; oxida-
tive stress
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1. Introduction

Aldosterone excess plays a major role in the progression of cardiac dysfunction and
remodeling in clinical diseases such as heart failure and primary aldosteronism (PA). Ac-
tivation of the renin–angiotensin–aldosterone system (RAAS) and increased aldosterone
production has been shown to play a major role in the progression of heart failure, partic-
ularly in patients with systolic dysfunction [1,2]. Aldosterone promotes cardiomyocyte
inflammation and participates in the progression of cardiac remodeling [3–5]. In addi-
tion, the excessive endogenous aldosterone production in PA, which is unresponsive to
renin regulation induces cardiac remodeling including fibrosis and hypertrophy and it is
associated with worse cardiovascular outcomes [3,6].

Mitochondria are double-membrane intracellular organelles involved in cellular en-
ergy generation, reactive oxygen species (ROS) regulation and apoptosis [7]. Mitochondria
are especially important in cardiomyocytes which have high bioenergetic demands, and
more than 90% of ATP is generated from mitochondria [8,9]. Mitochondria are not only
a major source of ROS but also a major target for ROS damage. The accumulation of
ROS is significantly enhanced in failing myocardium and is associated with mitochondrial
dysfunction [10]. Previous studies have shown that aldosterone and mineralocorticoid
receptor (MR) activation are also important sources of ROS generation [5]. In addition,
mitochondrial dysfunction has been strongly associated with the development and further
progression of cardiac remodeling and heart failure [11–13]. However, the impact of aldos-
terone on cardiac mitochondria and its molecular mechanisms are unclear. Therefore, the
aim of this study was to investigate the effect of aldosterone excess on cardiac mitochondria
and its mechanisms.

2. Materials and Methods
2.1. Preparation of Rat Ventricular H9c2 Cells, Mouse Primary Cardiomyocytes, and Human
AC16 Cardiomyocytes

The rat embryonic cardiomyocyte H9c2 cell line was purchased from ATCC (ATCC,
Manassas, VA, USA) and maintained in ATCC formulated Dulbecco’s modified Eagle’s
medium (Catalog No. 30 2002) containing 10% fetal bovine serum (Gibco™ Fetal Bovine
Serum, Waltham, MA, USA). The cells were cultured in a humidified atmosphere of 95%
air and 5% CO2 at 37 ◦C.

Eight–week–old C57BL/6 male mice were euthanized by inhalation of CO2. This
animal study protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) of the College of Medicine and College of Public Health, National Taiwan Uni-
versity. The hearts were dissected and kept in ice cold normal saline. The mouse primary
cardiomyocytes were purified using the method described in [14]. Cells were cultured at
37 ◦C in an incubator containing 5% CO2 until use in experiments.

Human AC16 cardiomyocytes Cell Line (SCC109) were purchased from Sigma–Aldrich
and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with
10% fetal bovine serum (FBS; Gibco) at 37 ◦C in an atmosphere containing 5% CO2.

2.2. Flow Cytometry for Annexin-V

The status of apoptosis of cardiomyocytes was determined by quantifying Annexin
V/PI staining. With the FACS scanner and Cell Quest software (Becton Dickinson Immuno-
cytometry Systems, San Jose, CA, USA) according to manufacturer’s instructions from
the Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis Kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

2.3. Mitochondrial DNA Copy Number Determined by Quantitative Polymerase Chain
Reaction (qPCR)

Total DNA from the H9c2 cells or mouse cardiac tissue was extracted using a DNeasy
Blood & Tissue Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instruc-
tions. Fifty nanograms of DNA was used for real–time qPCR. The relative mitochondrial
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DNA copy number was measured by qPCR with primer sets against mitochondrial DNA–
encoded d–Loop: 5′–ATCCTCCGTGAAATCAACAA–3′ and 5′–CAGGACTTTGTGCTGA
CCTT–3′. This was corrected by simultaneous measurements of nuclear DNA with the β–
tubulin gene using the following primers: forward, 5′–GTTTTGGGAGGTCATCAGTG–3′

and reverse, 5′–CCAGTTATTTCCTGCACCAC–3′ [15].

2.4. Reagents and Chemical Inhibitors

Aldosterone, eplerenone (an MR blocker), SB203580 (an MAPK/p38 inhibitor), PD98059
(an MEK/ERK inhibitor), LY294002 (a PI3K/ AKT inhibitor) and NAC (an antioxidant)
were purchased from Sigma (St. Louis, MO, USA). Aldosterone, eplerenone and the other
chemical inhibitors were dissolved in dimethyl sulfoxide (DMSO). NAC was dissolved in
ddH2O (double–distilled water).

2.5. Immune Fluorescence Staining for Mitochondria COX IV Protein and Mitochondrial
Dynamics Assessments

A coverslip was placed in a 6-cm culture dish onto which H9c2 cells, AC16 or primary
mouse cardiomyocytes (1 × 105 cells/well) were seeded. After experimental treatment, the
H9c2 cells were fixed in 4% paraformaldehyde/phosphate-buffered saline (PBS) for 15 min.
The cells were then blocked with 5% non-fat milk/PBS for 30 min at room temperature.
The slides were incubated with anti-mitochondrial cytochrome c oxidase (COX) subunits,
complex IV (COX IV) antibody (sc–58348, Santa Cruz Biotechnology, Inc.; Santa Cruz, CA,
USA), anti-dynamin-related protein 1 (Drp1) antibody (sc–271583, Santa Cruz Biotechnol-
ogy, Inc.) or anti-mitofusin-2 (Mfn2) antibody (sc–515647, Santa Cruz Biotechnology, Inc.)
for 16 h at 4◦C. The fluorescence-conjugated secondary antibody was incubated for 1 h at
room temperature. The slides were then washed three times with PBS containing 1% bovine
serum albumin (BSA), incubated with 4′,6–diamidino–2–phenylindole (DAPI) (Sigma; St.
Louis, MO, USA) for 30 min, washed a further three times with PBS containing 1% BSA,
wet-mounted in Prolong™ antifade (Molecular Probes Inc., Eugene, OR, USA), and sealed
with nail varnish. Cells were photographed under a fluorescence microscope. On the
other hand, cardiomyocytes were also seeded into a 96-well plate (1 × 104 cells/well)
for treatment. Intensity of fluorescence was measured using a Beckman Coulter DTX
880 Multimode Detector.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

The superoxide dismutase 2 (SOD2) level in cell lysates was determined using a
SOD2 DuoSet IC ELISA kit (DYC3419–2; R&D Systems, Minneapolis, MN, USA). The
cytosolic cytochrome c in cell lysates was determined using a Rat/Mouse Cytochrome c
Quantikine ELISA Kit (MCTC0; R&D Systems, Minneapolis, MN, USA). Cytosolic protein
was purified after experimental treatment according to the manufacturer′s instructions. The
concentration of cytosolic proteins was quantified using a Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Hercules, CA, USA).

2.7. Detection of ATP Production

The level of H9c2 cellular ATP was determined using a Seahorse Extracellular Flux
Analyzer via a Luminescent ATP Detection Assay Kit (North Billerica, MA, USA), according
to the manufacturer’s instructions.

2.8. Western Blot for Mitochondria, Cytosolic and Mitochondrial Dynamics Related Protein Assessments

The total proteins of H9c2 cells or cardiac ventricle tissue (homogenization of tissues
by grinding on liquid nitrogen) were extracted using a total protein extraction kit (Merck
Millipore, Billerica, MA, USA), and the protein concentrations were measured using a
Bio-Rad protein assay. Protein samples (30 µg) were separated using 10% SDS–PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis) and then transferred onto
PVDF (polyvinylidene difluoride, Merck Millipore Durapore™) membranes. The mem-
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branes were blocked with 5% non-fat milk for the non-phosphorylated form of protein,
or with 5% BSA for the phosphorylated form of protein for 30 min. The membranes were
then immunoblotted with the following primary antibodies for 1 h at room temperature:
glyceraldehyde–3–phosphate dehydrogenase (GAPDH), α–Tubulin, COX IV, Drp1 and
Mfn2 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The bound antibod-
ies on the membranes were detected using peroxidase-coupled secondary antibodies for
30 min. Signals were detected by adding commercial chemiluminescent detection reagents
(Thermo Fisher Scientific, Waltham, MA, USA). A digital imaging system (Bio Pioneer
Tech Co., New Taipei City, Taiwan) was used to detect the signals, which were further
analyzed using ImageJ® software. Furthermore, the membranes on which COX IV, Drp1 or
Mfn2 were first detected as described above were stripped, and levels of GAPDH protein
were determined. Membrane stripping was carried out by incubating the membranes in
stripping buffer (37.5 mM Tris, pH 6.8, 2% SDS, 1% β–mercaptoethanol at 56 ◦C for 20 min.
The stripped membranes were washed three times with PBS with Tween (10 mM Tris, pH
7.5, 150 mM NaCl, 0.05% Tween 20).

2.9. Drp1 and Mfn2 Real-Time Quantitative RT-PCR

Total RNA was isolated from cardiomyocytes using a RNAzol B reagent (Biotecx Lab-
oratories, Houston, TX, USA) according to the manufacturer’s instructions, and then cDNA
was prepared from 2 µg of the total RNA with random hexamer primers according to the
cDNA synthesis ImProm–II protocol (Promega, Madison, WI, USA). The specific oligonu-
cleotide primer pairs for mouse Drp1: forward primer ATGCCAGCAAGTCCACAGAA, re-
verse primer TGTTCTCGGGCAGACAGTTT. Mfn2: forward primer TGCACCGCCATATA-
GAGGAAG, reverse primer TCTGCAGTGAACTGGCAATG, Beta–actin forward primer
AGAAGCTGTGCTATGTTGCTCTA, reverse primer TCAGGCAGCTCATAGCTCTTC [16].
The cycle threshold (CT) values of all candidate genes were normalized to β–actin as a
reference gene, and the ∆CT values were calculated. The results were plotted as fold
changes relative to the vehicle group.

2.10. ROS Detection

ROS formation in the H9c2 cells was determined using the fluorescent dye 2′,7′–
dichlorofluorescin diacetate (DCF–DA, Sigma). Two days before the experiments, H9c2
cells were seeded into a six-well plate (5 × 104 cells/well). The cells were incubated
with DCF-DA (5 mM) for 30 min at 37 ◦C and then washed with PBS prior to incubation
at the experimental conditions. ROS accumulation was measured using a fluorescence
microscope. The DCF–DA fluorescent emission was measured using a Beckman Coulter
DTX 880 Multimode Detector at a wavelength of 530 nm, with excitation at a wavelength
of 488 nm.

2.11. Animal Model

Eight-week-old ICR male mice were purchased from the Animal Center of the Medical
College of National Taiwan University and kept in standard animal housing conditions.
The protocol of this experiment was approved by the Animal Care and Use Committee of
the Medical College of National Taiwan University. All animal experiments conformed
to the NIH guidelines (Guide for the Care and Use of Laboratory Animals). Mice with a
similar body weight (25–30 g) were used in the treatment groups (vehicle, aldosterone,
aldosterone with eplerenone (50 mg/kg/day), aldosterone with NAC (1000 mg/kg/day)
and aldosterone with PBS as vehicle.

In the aldosterone treatment group, the mice were processed with right nephrectomy.
After 1 week, a 21-day continuous aldosterone release pellet (Innovative Research of
America, Sarasota, FL, USA, 0.25 mg/pellet, 0.11 mg/day) was implanted subcutaneously,
and 1% sodium chloride was given in the drinking water. In the control group, a placebo
pellet (vehicle only) was implanted. For the continuous aldosterone infusion model, the
pellets were changed every 20 days. During implantation of the pellets, the mice were
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anesthetized with inhaled 5% isoflurane. The mice were sacrificed after 2, 4 or 6 weeks
by carbon dioxide inhalation. Briefly, the mice were placed into a chamber without pre-
charging. A fill rate of about 10% to 30% of the chamber volume per minute with 100%
CO2 was used, and the mice were unconscious within 2 to 3 min. We maintained the CO2
flow for a minimum of 1 min after respiration had ceased. Then we removed the mice from
the chamber and performed the experiments. The heart tissue was dissected; part of the
ventricles tissue was processed for immunohistochemical staining, part of the ventricles
tissue was processed for western blotting as described above.

2.12. Immunohistochemical Staining of Mouse Myocardium

Mouse heart tissue sections were deparaffinized, rehydrated, and microwaved in
0.01 M citrate buffer (pH 6.0) for antigen retrieval. The sections were then blocked with goat
serum and incubated with anti-rat COX IV antibodies (sc–58348, Santa Cruz Biotechnology,
Inc.). Immunoreactivity was visualized using an ABC staining system (Vector Laboratories,
Burlington, CA, USA), according to the manufacturer’s instructions. The sections were
counterstained with Mayer’s hematoxylin.

2.13. Statistical Analysis

Data were expressed as mean ± SD or number (percentage). Each cell experiment was
performed in triplicate. In the animal experiments, each group contained six mice. The data
were examined with a two-tailed t test for two independent groups. The significance level
was set at p < 0.05. Statistical analysis was performed using SPSS version 25 for Windows
(SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Aldosterone Treatment Decreased Mitochondrial DNA and Protein in H9c2 Cells

H9c2 cells were treated with different concentrations of aldosterone (10−10, 10−9,
10−8 and 10−7 M) for 72 h. Mitochondrial DNA copy number significantly decreased
after 72 h of treatment with 10−8 and 10−7 M aldosterone (Figure 1A). We then used
10−7 M aldosterone to examine the timing of this decrease in mitochondrial DNA copy
number and found that the mitochondrial DNA copy number started to significantly
decrease at 48 h and 72 h (Figure 1B). To evaluate the expression of the mitochondria-
specific antioxidant enzyme SOD2, H9c2 cells were treated with different concentrations
of aldosterone (10−10, 10−9, 10−8, and 10−7 M) for 72 h, and the concentration of SOD2
was measured using ELISA (Figure 1C). The results of ELISA showed that treatment with
10−8 and 10−7 M aldosterone resulted in significant decreases in SOD2 concentration
(Figure 1C). We then stained the mitochondria-specific protein COX IV using different
concentrations of aldosterone (vehicle, 10−10, 10−9, 10−8 and 10−7 M) in H9c2 cells for 72 h.
The results showed that the fluorescence intensity of COX IV was significantly decreased
after 72 h of treatment with 10−8 and 10−7 M aldosterone (Figure 1D,E). After 72 h of
treatment with different concentrations of aldosterone (vehicle, 10−10 and 10−7 M), there
was no significant difference in the amounts of annexin-V measured via flow cytometry and
cytosolic cytochrome c measured via ELISA among different aldosterone concentrations
(Figure S1A,B).

3.2. Aldosterone Treatment Mainly Decreased Mitochondria-Specific Protein but not
Cytosolic Protein

H9c2 cells were treated with different concentrations of aldosterone (10−10, 10−9, 10−8

and 10−7 M) for 72 h and the mitochondria-specific protein (COX IV) and cytosolic protein
(GAPDH and α–Tubulin) were measured via Western blot. Aldosterone (10−7 M) only
significantly decreased COX IV protein but not the GAPDH or α–Tubulin (Figure 1F).
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Figure 1. Aldosterone suppressed mitochondrial DNA and protein in a dose-dependent manner.
(A) The effects of different dosages of aldosterone on H9c2 cells. H9c2 cells were treated with
different concentrations of aldosterone (10−10, 10−9, 10−8 and 10−7 M) and vehicle (equal volume
of DMSO) for 72 h. The mitochondrial DNA copy number was quantified by qPCR. (B) The effects
of different durations of aldosterone treatment on H9c2 cells. H9c2 cells were treated with 10−7 M
aldosterone and the mitochondrial copy number was quantified by qPCR at 0, 8, 24, 48 and 72 h.
(C) The effects of different durations of aldosterone treatment on SOD2. H9c2 cells were treated with
10−7 M aldosterone, and the expression of SOD2 was determined by ELISA. (D) The dose effect of
aldosterone on mitochondrial COX IV protein. H9c2 cells were treated with different concentrations
of aldosterone (vehicle, 10−10, 10−9, 10−8 and 10−7 M) for 72 h. COX IV was stained with anti-COX
IV antibodies. The fluorescence intensity of COX IV was measured using a fluorescence microscope.
(E) H9c2 cells were treated with different concentrations of aldosterone (10−10, 10−9, 10−8 and
10−7 M) for 72 h. COX IV was stained with anti-COX IV antibodies (red), and nuclear DNA was
stained with DAPI (blue). The representative images were captured using a fluorescence microscope;
magnification ×400. (F) The effects of aldosterone on mitochondria (COX IV) and cytosolic (α-
Tubulin and GAPDH) protein in H9c2 cells. H9c2 cells were treated with different concentrations of
aldosterone (vehicle, 10−10, 10−9, 10−8 and 10−7 M) for 72 h. COX IV, α–Tubulin and GAPDH were
determined using Western blot analysis. # p < 0.05 and * p < 0.01, compared between the two groups
indicated by the line underneath.
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3.3. Aldosterone Treatment Decreased Mitochondrial DNA and Protein in Mouse Primary
Cardiomyocytes and Human AC16 Cardiomyocytes

Mouse primary cardiomyocytes were treated with different concentrations of aldos-
terone (vehicle, 10−10 and 10−7 M) for 72 h. Mitochondrial DNA copy number significantly
decreased with 10−7 M aldosterone after 72 h of treatment (Figure S1C). We then stained
the mitochondria-specific protein COX IV using different concentrations of aldosterone
(vehicle, 10−10 and 10−7 M) in mouse primary cardiomyocytes for 72 h. The results showed
that the fluorescence intensity of COX IV was significantly decreased after 72 h of treatment
with 10−7 M aldosterone (Figure S1E).

Human AC16 cardiomyocytes were also treated with different concentrations of
aldosterone (vehicle, 10−10 and 10−7 M) for 72 h. Mitochondrial DNA copy number
significantly decreased with 10−7 M aldosterone after 72 h of treatment (Figure S1D). The
mitochondria-specific protein COX IV was stained after we treated different concentrations
of aldosterone (vehicle, 10−10 and 10−7 M) in human AC16 cardiomyocytes for 72 h. The
results showed that the fluorescence intensity of COX IV was significantly decreased after
72 h of treatment with 10−7 M aldosterone (Figure S1F).

3.4. Aldosterone Treatment Decreased Mitochondrial DNA and Protein Via MR and
MAPK/P38 Pathways

We then investigated the mechanism underling aldosterone-induced mitochondrial
dysfunction in H9c2 cells. Eplerenone (an MR blocker) significantly inhibited the effects of
10−7 M aldosterone on decreasing mitochondrial DNA copy number and SOD2 protein,
but mifepristone (a glucocorticoid receptor blocker) did not. In addition, the effects of
aldosterone on decreasing mitochondrial DNA copy number and SOD2 protein were
inhibited by SB203580 (an MAPK/p38 inhibitor), but not by PD98059 (an MEK/ERK
inhibitor) or LY294002 (a PI3K/ AKT inhibitor) (Figure 2A–D).

3.5. Aldosterone-Induced ROS Production in H9c2 Cells

H9c2 cells were treated with 10−10 and 10−7 M aldosterone, and ROS generation was
measured by reading the relative fluorescence. The results showed that ROS generation
increased within 1 h after 10−7 M aldosterone treatment. In addition, the rate of ROS
regeneration was significantly higher in the 10−7 M group compared with the 10−10 M
group during 5 h of incubation (Figure 3A). Eplerenone (an MR blocker) and SB203580 (an
MAPK/p38 inhibitor) significantly decreased ROS production (Figure 3B). Furthermore, the
rate of mitochondrial ATP production as measured by Seahorse was significantly decreased
after 10−7 M aldosterone treatment, and NAC significantly restored mitochondrial function
(Figure 3C).

3.6. Aldosterone Decreased Both Mitochondrial Fusion and Fission Proteins but not Their
mRNA Expression

Mitochondrial dynamics are also correlated with mitochondrial function in addition
to the number of mitochondria. H9c2 cells were treated with different concentrations of
aldosterone (10−10, 10−9, 10−8 and 10−7 M) for 72 h and the mitochondria fission (Drp1)
and fusion (Mfn2) protein mRNA were measured via quantitative RT–PCR. There was
no significant change of mRNA levels in H9c2 cells treated with different concentration
of aldosterone (Figure 3D,E). There was a trend of the decreased fluorescence intensity
of Drp1 after 72 h 10−7 M aldosterone treatment but not reaching statistical significance.
The fluorescence intensity of Mfn2 remained stationary after 72 h of treatment with dif-
ferent concentrations of aldosterone (vehicle, 10−10, 10−9, 10−8 and 10−7 M) treatment
(Figure S2A,B). The Drp1 and Mfn2 proteins were measured via Western blot in H9c2 cells
treated with different concentrations of aldosterone (10−10, 10−9, 10−8 and 10−7 M). Both
Drp1 and Mfn2 proteins were significantly decreased after 10−7 M aldosterone treatment
(Figure 3E,F).
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Figure 2. Aldosterone-associated reduction in mitochondrial DNA and protein via MR and
MAPK/P38 pathway. (A,B) Role of MRs and glucocorticoid receptors on mitochondrial DNA
and SOD2 protein. H9c2 cells were treated with 10−7 M eplerenone (an MR antagonist), 10−7 M
mifepristone (a glucocorticoid receptor antagonist) and vehicle (equal volume of DMSO) for 1 h prior
to 10−7 M aldosterone treatment. After 72 h, mitochondrial DNA was determined by qPCR and the
expression of SOD2 was determined by ELISA. (C,D) Role of signaling mediators on mitochondrial
DNA and SOD2. H9c2 cells were treated with 5 µg/mL SB203580 (an MAPK/p38 inhibitor), 50
µg/mL PD98059 (an MEK/ERK inhibitor), 50 µg/mL LY294002 (a PI3K/ AKT inhibitor) or vehicle
(equal volume of DMSO) for 1 h prior to 10−7 M aldosterone treatment. After 72 h, mitochondrial
DNA was determined by qPCR and the expression of SOD2 was determined by ELISA. * p < 0.01,
compared between the two groups indicated by the line underneath.

3.7. Aldosterone Decreased The Number of Mitochondria and Protein Expression in
Cardiomyocytes Isolated from Aldosterone-Infused Mice

In aldosterone-infused ICR mice, the myocardial mitochondrial DNA copy number
was measured using qPCR, and the results showed a significant decrease after 4 weeks
of aldosterone infusion (Figure 4A). Both eplerenone and NAC treatment significantly
reversed the decrease in mitochondrial DNA copy number induced by aldosterone infusion
(Figure 4B). Immunohistochemical staining of mitochondrial COX IV protein showed a
marked decrease in COX IV after 6 weeks of aldosterone infusion (Figure 4C). In addition,
the expression of COX IV protein in heart tissue measured using Western blot was signifi-
cantly reduced after 2 weeks of aldosterone infusion (Figure 4D). Both eplerenone and NAC
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treatment significantly reversed the decrease in COX IV protein induced by 6 weeks of
aldosterone infusion (Figure 4E,F). The possible signaling pathway of aldosterone-induced
cardiac mitochondrial dysfunction is summarized in Figure 5.

Figure 3. The MAPK/p38 signal pathway was associated with ROS production in aldosterone-treated
H9c2 cells. (A) Aldosterone-induced ROS production in H9c2 cells. H9c2 cells were treated with 10−7

and 10−10 M aldosterone, and ROS regeneration was detected by reading the relative fluorescence
from 0 to 5 h. The ROS fluorescence image of H9c2 cells treated with 10−7 and 10−10 M aldosterone
at 45 min. The cell morphology under a light microscope was also examined; magnification ×400.
(B) H9c2 cells were treated with 10−7 M eplerenone, 5 µg/mL SB203580 or vehicle (equal volume
of DMSO) for 1 h prior to 10−7 M aldosterone treatment. After 1 h, ROS regeneration was detected
by reading the relative fluorescence. (C) H9c2 cells were treated with 5 mM NAC (antioxidant, N–
acetyl–L–cysteine) or vehicle (equal volume of ddH2O) for 1 h prior to 10−7 M aldosterone treatment.
After 72 h, the ATP formation capability was determined using a Seahorse XF–24 extracellular flux
analyzer. (D,E) The effects of aldosterone on fission (Drp1) and fusion (Mfn2) mRNA expression in
H9c2 cells. H9c2 cells were treated with different concentrations of aldosterone (vehicle, 10−10, 10−9,
10−8 and 10−7 M) for 72 h. mRNA expression of Drp1 and Mfn2 were determined using quantitative
RT-PCR. (F,G) The effects of aldosterone on fission (Drp1) and fusion (Mfn2) protein in H9c2 cells.
H9c2 cells were treated with different concentrations of aldosterone (vehicle, 10−10, 10−9, 10−8 and
10−7 M) for 72 h. Drp1 and Mfn2 were determined using Western blot analysis. * p < 0.01 compared
between the two groups indicated by the line underneath.
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Figure 4. In vivo effect of aldosterone on mitochondrial DNA and COX IV protein in ICR mice. (A) Time course effect of
aldosterone on heart tissue mitochondrial DNA in the aldosterone-infused ICR mice and controls. (B) Effect of an MR
antagonist (eplerenone) and antioxidant (NAC, N–acetyl–L–cysteine) on cardiac mitochondrial DNA. (C) Immunohisto-
chemical staining of cardiac mitochondrial COX IV protein after 0, 2, 4 and 6 weeks of aldosterone infusion; magnification
×400. (D) Western blot of cardiac COX IV protein and the corresponding quantitative results after 0, 2, 4 and 6 weeks
of aldosterone infusion. (E) Immunohistochemical staining of cardiac mitochondrial COX IV protein after 6 weeks of
aldosterone infusion in control and aldosterone-infused ICR mice treated with eplerenone, NAC and vehicle; magnification
×400. (F) Western blot of cardiac COX IV protein and the corresponding quantitative results after 6 weeks of aldosterone
infusion in control and aldosterone-infused ICR mice treated with eplerenone, NAC and vehicle. # p < 0.05 and * p < 0.01,
compared between the two groups indicated by the line underneath.
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Figure 5. Schematic of the signaling of aldosterone-induced cardiac mitochondrial dysfunction in H9c2 cells. Aldosterone-
induced cardiac mitochondrial dysfunction through MR/MAPK/p38 and ROS pathways. Mitochondrial DNA, SOD2, COX
IV protein and ATP production were suppressed.

4. Discussion

In the present study, aldosterone significantly induced a decrease in mitochondria
and mitochondrial dysfunction in vitro and in vivo, possibly through an MR/MAPK/p38
pathway and by inducing ROS generation. In addition, mitochondrial ATP production
was suppressed after aldosterone treatment. These adverse effects of aldosterone on
mitochondria may play a role in aldosterone-induced cardiac remodeling and dysfunction
in various clinical conditions such as heart failure and PA.

Current management of heart failure focuses on energy-sparing strategies such as
reductions in heart rate, preload and afterload to decrease cardiac workload [9], which
play important roles in reducing myocardial oxygen consumption and maintaining a
balance of energy supply and demand [13]. Mitochondrial dysfunction is also an important
feature of heart failure, and mitochondrial function is a potential therapeutic target [13].
Mitochondria are intracellular double-membraned organelles that are major sources of
energy production. Mitochondrial dysfunction will lead to organ failure, especially in
organs with a high energy demand such as the brain and heart [17]. The heart is the
most metabolically active organ, and mitochondria comprise about 25% of cell volume in
human myocardium [18,19]. The rapid accumulation of mitochondrial DNA mutations was
demonstrated to cause premature aging, cardiac remodeling, and heart failure in a mouse
model [20]. In addition, the accumulation of mitochondrial DNA point mutations with age
has been associated with decreased mitochondrial DNA content, and these mutations may
result in target organ failure [20,21]. Moreover, a decrease in mitochondrial DNA has also
been correlated with mitochondrial dysfunction. In this study, aldosterone, an important



Biomedicines 2021, 9, 946 12 of 15

heart failure-related neuroendocrine hormone, significantly reduced mitochondrial DNA
and mitochondrial ATP production in a dose-dependent manner.

Activation of the RAAS is a hallmark in the pathogenesis of heart failure and the
progression of cardiac remodeling [22]. Aldosterone is the end product of the RAAS, and
it plays a crucial role in electrolyte homeostasis, blood pressure regulation, and tissue
remodeling [23]. The expression of aldosterone has been reported to increase in proportion
to the severity of heart failure, and to be further increased after diuretic treatment [24]. In
the Randomized Aldactone Evaluation Study (RALES) and Eplerenone Post myocardial
infarction Heart failure Efficacy and SUrvival Study (EPHESUS), an aldosterone antagonist
significantly improved cardiovascular outcomes [1,2]. Excess aldosterone has also been
shown to induce cardiac remodeling and heart failure in PA patients [3], and PA patients
have been shown to have worse cardiac hypertrophy and fibrosis independently of hemo-
dynamic effects compared with essential hypertension patients [25]. ROS generation may
contribute to the development of cardiac hypertrophy and fibrosis in patients with heart
failure and PA [26], and increased oxidative stress has been associated with endothelial
dysfunction, atherosclerosis, fibrosis and mitochondrial dysfunction [27]. In the present
study, aldosterone induced ROS generation and resulted in a decrease in mitochondria
and energy generation rate. This may contribute to chronic energy deficits and mechanical
dysfunction of cardiomyocytes in heart failure and PA.

Recent studies have suggested that mitochondrial dysfunction and imbalanced mi-
tochondrial dynamics play important roles in cardiac remodeling and the development
of heart failure. Ibarrola et al. reported that aldosterone induced oxidative stress and
decreased the expression of peroxisome proliferator-activated receptor gamma coactivator
1–alpha (PGC–1α) and the production of mitochondrial DNA in human cardiac fibroblasts.
Mitochondrial DNA and PGC–1α have also been shown to be suppressed in patients
with aortic stenosis [28]. However, we used cardiomyocytes in the present study unlike
Ibarrola’s study, which could provide information on the direct effect of aldosterone on
cardiac structure and function. In addition, we found that the molecular pathway for the
effect of aldosterone on mitochondria was through MR and MAPK and p38 activation.

In the current studies, we first demonstrated that aldosterone activated the MR and
the common downstream second messengers involving the MR signaling were examined
including PI3K/Akt, MAPK/p38 and MEK/ERK. These pathways involved in both ge-
nomic and non-genomic pathways of aldosterone and MR [29]. Only the MAPK/p38
inhibitor could restore the aldosterone-induced mitochondria dysfunction in H9c2 cells.
MAPK and p38 play crucial roles in ROS generation and are associated with cardiomy-
opathy [30]. Kumphun et al. also demonstrated that p38 MAPK inhibition could protect
mitochondrial function after ischemia and reperfusion injury [31]. In the present study, p38
MAPK inhibition almost completely abolished the effects of aldosterone on ROS generation
and mitochondrial DNA and SOD2 protein suppression. In addition, the ROS increased
within 1 h after aldosterone treatment which implies that these effects were through both
genomic and non-genomic pathways. Previous studies showed that the rapid non-genomic
phenomena are guided by three different pathways involving MR activation or by cross-
talk, via c–Src activation, with other receptors such as angiotensin II receptor type 1 (AT1R),
estrogen receptor (GEPR) and epidermal growth factor receptor (EGFR) [29]. Both genomic
and non-genomic pathways contributed to the inflammation and fibrosis. A previous
study showed that ERK was involved in the non-genomic pathway of aldosterone-induced
cardiac inflammation and fibrosis [32]. However, the ERK inhibitor could not abolish the
detrimental effects of aldosterone to cardiomyocytes in current study. Further studies are
needed to examine the role of the non-genomic pathway and its interplay with the genomic
pathway in the aldosterone-induced mitochondria dysfunction.

In the normal physiological condition, corticosteroid and aldosterone shared equally
affinity to the MR but the serum concertation of corticosteroid was much higher. For that
reason, most MRs were occupied by the corticosteroid. 11β–Hydroxysteroid dehydro-
genase type 2 (11β–HSD2) inactivated glucocorticoids and restored the MR selectivity
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for aldosterone. However, the activity of 11β–HSD2 was low in the cardiomyocytes [33]
and the role of corticosteroid on MR remained unclear. In our in vivo model, aldosterone
infusion mice still presented with cardiac mitochondria dysfunction, as previous studies
demonstrated [29]. The possible mechanisms of selective MR activation by aldosterone
including ligand-sensitive transactivation, subcellular compartmentalization or posttrans-
lational modifications of MR. In addition, these mechanisms might be altered in pathophys-
iological situations [34,35]. The role of GR was also important since each steroid could bind
both receptors. Our previous study showed aldosterone increased the tissue inhibitor of
metalloproteinases–1 (TIMP–1) expression via GR resulted in enhanced collagen accumula-
tion via the suppression of matrix metalloproteinase–1 activity in cardiac fibroblasts [36].
However, in the current study, the GR blocker, mifepristone could not abolish the effect of
aldosterone which suggest that the GR was not involved in the pathway.

Mitochondria are highly dynamic organelles that undergo coordinated cycles of fission
and fusion, and the balance of mitochondrial fusion and fission is necessary to support
mitochondrial function. Interestingly, the mitochondria fission protein, Drp1, and fusion
protein, Mfn–2, were both decreased in H9c2 cells after aldosterone treatment but the
mRNA expression of Drp1 and Mfn2 remained stationary. Shen et al. demonstrated that
total Drp1 expression was not suppressed after TNF–α treatment, but that mitochondrial
Drp1 and phosphorated Drp1 were upregulated [37]. In addition, the phosphorylation
status of Drp1 was not a determinant of Drp1 recruitment to mitochondria. In the current
study, it seems that the fission and fusion proteins are not involved in the aldosterone-
induced mitochondria dysfunction. However, the detailed mechanism of mitochondrial
dynamics involved in aldosterone-induced cardiac mitochondrial dysfunction remains
elusive, and further studies are required to explore this issue [38].

There are several limitations to the current study. First, the major findings were based
on cell and mouse studies, and whether they occur in clinical conditions is not known.
However, the present study provides good evidence to support the potential mechanisms
of aldosterone-induced cardiac mitochondrial dysfunction in heart failure and PA patients.
Second, many other factors such as increased inflammation, sympathetic system activation
and elevated angiotensin II are associated with heart failure and may interfere with the
effects of aldosterone on cardiac mitochondria. However, these factors were not explored
in this study.

5. Conclusions

In conclusion, we demonstrated that aldosterone excess induced a decrease in mito-
chondria and mitochondrial dysfunction via MRs and oxidative stress in vitro and in vivo.
There were three major findings. First, aldosterone downregulated mitochondrial DNA,
SOD2 and COX IV protein expressions and mitochondrial function as assessed by ATP
production. Second, aldosterone suppressed mitochondria through an MR/MAPK/p38
pathway and ROS production. Third, we demonstrated a corresponding phenomenon
in an ICR mouse model. We also proposed the mechanisms of aldosterone-induced car-
diac mitochondrial dysfunction, which may provide potential therapeutic targets for
aldosterone-induced cardiac remodeling and dysfunction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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