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HIGHLIGHTS

� The MCU is upregulated in ANGII-induced

hypertrophic cardiomyocytes inducing

mitochondrial calcium overload, energetic

dysfunction, and mitochondrial ROS-

dependent activation of NFKB.

� ANG II induced MCU upregulation through

activation of calcium-dependent

CREB/CaMKII signaling.

� Targeting the MCU, whether by gene

silencing or pharmacological inhibition,

results in the successful prevention of

cellular hypertrophy and energetic

dysfunction induced by ANG II.

� MCU is upregulated in mouse

hypertrophic hearts and in remodeled

human left ventricles suffering from

nonischemic heart failure.

� MCU expression is reduced in the left

ventricles of patients following the

implantation of a Left Ventricular

Assist Device.
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SUMMARY
AB B
AND ACRONYM S

DJ = mitochondrial membrane

potential

ATP = adenosine triphosphate

Ca2þ = calcium

CAMKII = calcium/calmodulin-

dependent protein kinase II

CM = cardiomyopathy

CRC = calcium retention

capacity

CREB = cyclic adenosine

monophosphate response

element-binding protein

HF = heart failure
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The role of the mitochondrial calcium uniporter (MCU) in energy dysfunction and hypertrophy in heart failure

(HF) remains unknown. In angiotensin II (ANGII)–induced hypertrophic cardiac cells we have shown that

hypertrophic cells overexpress MCU and present bioenergetic dysfunction. However, by silencing MCU, cell

hypertrophy and mitochondrial dysfunction are prevented by blocking mitochondrial calcium overload, increase

mitochondrial reactive oxygen species, and activation of nuclear factor kappa B–dependent hypertrophic and

proinflammatory signaling. Moreover, we identified a calcium/calmodulin–independent protein kinase II/cyclic

adenosine monophosphate response element–binding protein signaling modulating MCU upregulation by

ANGII. Additionally, we found upregulation of MCU in ANGII-induced left ventricular HF in mice, and in the LV of

HF patients, which was correlated with pathological remodeling. Following left ventricular assist device

implantation, MCU expression decreased, suggesting tissue plasticity to modulate MCU expression.

(J Am Coll Cardiol Basic Trans Science 2024;9:496–518) © 2024 The Authors. Published by Elsevier on behalf

of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

left ventricle

= left ventricle assist
LV =

LVAD
device implantation

MCU = mitochondrial calcium

uniporter

mPTP = mitochondrial

permeability transition pore

mROS = mitochondrial

reactive oxygen species

NADH = nicotinamide adenine

dinucleotide hydrogen

Ru360 = ruthenium 360
C ardiac function is driven by calcium (Ca2þ)
cycling and excitation–contraction coupling,
which requires a dynamic energy supply sys-

tem.1 Ca2þ has been recognized as a second
messenger that coordinates changes in cytosolic
workload with mitochondrial energy metabolism in
cardiomyocytes. Under physiological conditions,
mitochondrial Ca2þ (mCa2þ) handling serves as a
signal to regulate mitochondrial energy output and
link cardiac energy supply to contractile demand.2,3

However, in the failing heart, mCa2þ mishandling is
one of the major contributors responsible for mito-
chondrial dysfunction, impaired bioenergetics, and
cell survival.4,5 The major pathway for mCa2þ uptake
is through the mitochondrial Ca2þ uniporter (MCU)
complex. Recent developments in its identification
have increased speculation about its role in the path-
ophysiology of heart failure (HF). This transmem-
brane protein is composed of 2 transmembrane
domains that have a selective Ca2þ affinity that facil-
itates the voltage-dependent transport of Ca2þ across
the mitochondrial inner membrane.6

The MCU complex is composed at the inner mito-
chondrial membrane by the MCU pore and by
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Upon stimulation, the sarcoplasmic
reticulum releases Ca2þ, which is sensed by

the MCU complex in proximity, and, depending on its
cooperativity, may activate Ca2þ uptake into the
mitochondria.8,9 The rise in mCa2þ activates Ca2þ-
dependent dehydrogenases from the Krebs cycle,
increasing the capacity to produce nicotinamide
adenine dinucleotide hydrogen (NADH).8,9 The res-
piratory chain then oxidizes NADH, increasing
myocardial volume oxygen (MVO2) consumption to
establish the proton gradient to produce adenosine
triphosphate (ATP) by oxidative phosphorylation.8,9

ATP is removed from the mitochondria through a
creatine kinase system.8,9
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pore and decreases b-adrenoceptor response, uncou-
pling the production of energetic metabolites with
workload. This provides the first evidence that
workload and energy supply coupling are dependent
on mCa2þ influx.10,11 Later studies using animal
models of heart-specific deletion of MCU have since
corroborated the importance of mCa2þ handling in
modulating Ca2þ-dependent metabolism during
stress as well as demonstrated the potential role of
MCU in protecting against myocardial injury and cell
fate.8,12

Nevertheless, there has been no clarity on the role
of the mCa2þ dynamics in cardiomyocyte plasticity in
response to acute and chronic increases in workload.
Recent evidence points to an increase in the
transcript and protein levels of MCU in response to
maladaptive cardiac hypertrophy generated by the
chronic increase of workload following transaortic
constriction surgery, suggesting this as a potential
mechanism for the progression of HF.13

In this study, we hypothesized and demonstrated
that, in the failing human heart, increased energy
demand triggers mCa2þ overload through upregula-
tion of the MCU, promoting energetic dysfunction.
For the first time, we showed that this mechanism is a
determinant in the onset of pathologic hypertrophy.

METHODS

PATIENT RECRUITMENT AND LEFT VENTRICULAR

TISSUE COLLECTION. Myocardial tissue samples
collected during cardiac transplantation, or left
ventricle assist device (LVAD) implantation, and
which did not have a primary diagnosis of myocar-
ditis as defined by the Dallas criteria, postpartum
cardiomyopathy (CM), congenital CM, hypertrophic
CM, and Adriamycin-induced CM were collected from
2000 to 2010 at the Methodist Hospital, Houston
Texas. Tissue samples were obtained from the left
ventricular (LV) apex or LV-free wall without adipose
tissue and avoiding scar tissue. The investigation
conforms with the principles outlined in the Decla-
ration of Helsinki.14 All samples were collected under
an institutional review board–approved protocol (IRB
(3N) 0511-0100). A waiver of consent was obtained
due to the collection of normally discarded tissues
coded at the time of collection with no identi-
fying information.

ANGIOTENSIN II–INDUCED HF MOUSE MODEL. All
animal experiments were reviewed and approved by
the Institutional Animal Care and Use Committee in
accordance with the official Mexican Legislation
NOM-062-ZOO-1999. HF was induced in male C57BL/6
mice purchased from Bioinvert. After 1 week of ad
libitum administration of 1% sodium chloride (NaCl)
and 0.01% of N-nitro L-arginine methyl ester in the
drinking water, a micro-osmotic pump was surgically
implanted in the subdermal dorsal area diffusing
angiotensin II (ANGII) at a rate of 0.7 mg/kg/d.15 The
control group received the same manipulation
without the implantation of the pump. Animals were
maintained at 25 �C with a 12-hour light/dark cycle.
Water and food were given ad libitum.

Euthanasia and tissue collection were performed
after 28 days. Euthanasia was performed by car-
diotomy under anesthesia with sevoflurane 4%,
500 mL/min O2. The heart was weighed and LV was
dissected and apex subsection was dissected from
LV tissue and frozen immediately in liquid nitrogen
for further polymerase chain reaction (PCR) analysis
or protein expression analysis through Western blot.
The remaining LV tissue was collected in a Histo-
sette and placed in paraformaldehyde (PFA) for
histopathologic analysis. LV hemodynamics were
assessed in vivo through pressure-volume (PV)
analysis performed as previously described16 using
an open-heart configuration and a 1.2-Fr PV catheter
with the ADV500 PV measurement system (Tran-
sonic Scisense).

LV MICROGRAFT ANALYSIS OF FIBROSIS AND

HYPERTROPHY. The tissue remained in PFA 4%
(wt/vol) in phosphate-buffered saline (PBS) for
24 hours at room temperature. The tissue was pro-
cessed into a paraffin-embedded block and 3-mm sli-
ces were stained. Micrografts were acquired using a
bright field microscope (Imager Z.1 Zeiss microscope,
with AxioCa HRm). Images were analyzed with
AxioVision software.

Fibrosis was assessed using Masson’s Trichrome
staining, and images were acquired of whole tissue at
1.25 times and 5 times original magnification. Heart
hypertrophy was assessed by normalizing heart
weight to tibia length, and by analyzing hematoxylin
and eosin (HE) staining in sliced tissues. Only cells
with a nucleus at the center were considered. At least
20 cells per image were selected. The diameter was
measured using Image J software (v1.53t, NIH).

CARDIOMYOCYTE ISOLATION AND CULTURE. All
animal-use procedures were in accordance with
guidelines approved by the Bioethical Committee at
the Facultad de Medicina, Universidad de Chile. Pri-
mary neonatal rat cardiomyocytes were purified from
hearts of 3-day-old Sprague-Dawley rats, following
the protocol previously reported.17 Purity of the pri-
mary culture was at least 95%. The cardiomyocytes
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were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM):M-199 (4:1) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin–streptomycin
and 10 mM bromodeoxyuridine to prevent over-
growth of fibroblasts and smooth muscle cells.

CARDIOMYOCYTE TRANSFECTION. Small interfer-
ence RNA (siRNA) to MCU (siMCU) was designed as
previously described.18 They designed siRNA-MCU
calcium 1, sense strand sequence: 50-CGGCUUAC-
CUGGUGGGAAU-30. The nontargeting scramble siRNA
sequence is the MISSION siRNA Universal Negative
Control #1 (SIC001). After 24 hours of culture, cells
grown on 60-mm dishes were transfected with siMCU
(50 nM) using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions and pre-
vious reports from our lab.18

CARDIOMYOCYTE HYPERTROPHY ASSESSMENT:

SARCOMERIZATION AND CELL AREA MEASUREMENT.

To evaluate hypertrophy in cardiomyocytes exposed
to ANGII, indirect immunofluorescence against the
sarcomeric protein a-actinin was performed as
described previously to evaluate the complexity
grade of sarcomerization produced by hypertrophy.19

Briefly, confocal z-stacks were acquired and analyzed
from the wider range of not-branched myotubes. To
quantify cell area, cardiomyocytes were incubated
with the vital fluorescent dye cell tracker green (Mo-
lecular Probes) for 45 minutes and fluorescent images
were acquired (LSM Pascal 5, Zeiss) and analyzed as
described previously.20

H9C2 CELL CULTURE. H9C2 cells (ATCC) passage 4
were seeded and expanded in T75 cm2 culture flasks
in DMEM-high glucose medium (Sigma Aldrish-Merck
KGaA), supplemented with 10% of FBS (Biowest
Nuaillé), and Penicillin/Streptomycin (100 U/mL
penicillin, 100 pg/mL streptomycin) (GE Healthcare
Life Sciences, PGH). The cells were cultured at 37 �C
under a 5% CO2 and 95% air-humidified atmosphere.
For expansion, cells were passed when they reached a
confluency of 80%. Briefly, cells were harvested using
trypsin-EDTA 0.25% (BioWest) at 37 �C, washed with
PBS, and centrifuged at 1,300 rpm/5 min/room tem-
perature (RT). Cells were resuspended in culture
media, and after calculating cell concentration using
trypan-blue staining and hemocytometer, cells were
seeded at the desired amount.

H9C2 CELLS TRANSFECTION. Between approxi-
mately 5 � 104 and 10 � 104 H9C2 cells were seeded in
24- or 12-well culture plates, respectively, and trans-
fected using a short hairpin RNA (shRNA) plasmid
(GeneCopoeia) with the target sequence designed for
MCU (GCCAGAGACAGACAATACT) inserted in a
plasmid, with flanked restriction sites for BamH1 and
EcoR1, and under a U6 promoter. The construct also
contained an enhanced green fluorescent protein
(EGFP) coding sequence under a cytomegalovirus
promoter to function as a transfection fluorescent
reporter and a PuroRcoding sequence to confer pu-
romycin resistance to cells, allowing purification by
an imposed selection of the transfected culture. The
transfection was performed for 72 hours using 1 to
2.5 ug of coding (shMCU) or non-coding (shMock)
DNA, Lipofectamine 3000 and Opti-ME (Thermo-
Fisher), according to the manufacturer’s instructions.
Finally, cell transfection efficiency and culture puri-
fication were assessed as cell EGFP fluorescent cell by
total cell (nuclei staining using DRA staining), using
confocal microscopy. For EGFP, excitation was
induced using a 488-nm laser, and the emission was
detected at 517 nm with a bandwidth of 10 nm. For
Draq, the 633-nm laser was used for excitation, and
emission was detected at 683 nm, with a bandwidth
of 33 nm.

IN VITRO INDUCTION OF CELL HYPERTROPHY AND

CELL CULTURE TREATMENTS. ANGII was used to
induce cell hypertrophy in H9C2 cells. Twenty-four
hours following cell seeding, cells were starved off
by reducing the amount of FBS supplemented to 1%;
this concentration was maintained for the rest of the
experiment. Twenty-four hours after starving, 1 mM
ANGII (TOCRIS, R&D) was supplemented to medium
every 24 hours for 2 days. Additionally, to explore the
underlying mechanisms, cells were exposed to spe-
cific MCU inhibitor Ru360 1 mM, 48 hours; mitochon-
drial Naþ/Ca2þ exchanger (NCLX) inhibitor, CGP37157,
5 mM, 48 hours; mitochondrial reactive oxygen spe-
cies (mROS) antioxidant, specific scavenger of mito-
chondrial superoxide, MitoTEMPO, 10 mM, 48 hours;
Ca2þ chelator, BAPTA-AM, 5 mM, 24 hours; Ca2þ/
calmodulin kinase II (CAMKII) inhibitor, KN93, 5 mM,
48 hours; and cyclic adenosine monophosphate
response element-binding protein (CREB) inhibitor,
66615 1 mM, 48 hours.

LIVE CELL HYPERTROPHY IMAGING. Cell hypertro-
phy was assessed by fluorescence using confocal mi-
croscopy. Briefly, live cells were seeded in coverslips
and loaded with 1 mM calcein-AM (Invitrogen, C34852)
for 30 minutes at 37 �C in Tyrode solution and 10 mM
of nuclei-staining probe Draq (Thermo Scientific,
62251) immediately before acquiring fluorescent im-
ages. Afterwards, coverslips were mounted in a
perfusion chamber. Fluorescent XY images were
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acquired using a Leica TCS SP5 confocal microscope
equipped with a D-apochromatic 40X, 1.2 NA, oil
objective (Leica Microsystems). Calcein excitation
was induced using a 488-nm laser, and the emission
was detected at 517 nm with a bandwidth of 10 nm.
For Draq, the 633-nm laser was used to induce
excitation and emission was detected at 683 nm with
a bandwidth of 33 nm. The area of positive Calcein
fluorescence was determined for each cell as a
surrogate of cell area. Area quantification was
assessed using ImageJ software (NIH).

MCU IMMUNOHISTOCHEMISTRY. Human LV tissue
samples were fixed in 4% (wt/vol) PFA in PBS for at
least 24 hours at RT, desiccated, embedded in
paraffin, and sliced. Following rehydration and mi-
crowave antigen retrieval, tissue slices were incu-
bated with MCU antibodies (14997S, CST) at 4 �C
overnight and incubated with secondary antibodies at
37 �C for 30 minutes. Bright field microphotographs
were acquired using an Imager Z.1 Zeiss microscope
with an AxioCam HRm and processed with the Axio-
Vision software.

MCU IMMUNOFLUORESCENCE. To assess the immu-
nofluorescent staining of MCU in transfected shMCU
and shMock H9C2 cells, briefly, cells seeded in a
multiwell coverglass (Nun Lab-Te, ThermoFisher)
were fixed for 20 minutes at 4 �C using PFA 4%. After
washing with PBS, cells were permeabilized with a
0.1% Triton X-100-PBS solution for 15 minutes at RT.
Then, the cells were once more washed in PBS and
then incubated in 0.01% Triton X-100-3% bovine
serum albumin (BSA)–PBS blocking solution for
20 minutes at RT. Following this, the cells were
incubated with a 1:200 dilution of the primary rabbit
antibody against MCU (Cell Signaling) in 0.01% Triton
X-100-3% BSA-PBS solution overnight at 4 �C on a
rotating table. They were then washed with PBS (4 �
30 minutes) and then incubated with a 1:200 dilution
of Alexa Fluo 532 goat anti-rabbit immunoglobulin G
(ThermoFisher) for 18 hours at 4 �C, on a rotating
table. Finally, cells were mounted with VectaShield
mounting medium (Vector Laboratories). Fluorescent
images of positive EGFP cells and MCU fluorescence
were acquired using confocal microscopy as
described previously (see the previous section on
Live Cell Hypertrophy Imaging). For MCU-Alexa Fluo
555, excitation was induced using a 535-nm laser and
emission was detected at 554 nm with a bandwidth
of 20 nm.

mCA2D TRANSPORT RATE AND CA2D RETENTION

CAPACITY. Ca2þ retention capacity (CRC) is a func-
tional test to quantitatively assess the sensitivity for
the mitochondrial permeability transition pore
(mPTP) opening due to Ca2þ overload. The CRC pro-
tocol used by Chapoy-Villanueva et al21 was imple-
mented in permeabilized cells. In a 48-well plate, 1 �
106 cells were resuspended in 500 mL of respiration
buffer with 40 mM ethylene glycol-bis(2-amino-
ethylether)-N,N,N0,N0-tetraacetic acid (EGTA) con-
taining 40 mM digitonin, 2 mg/mL Rotenone, and
0.3 mM Ca2þ green-5N (CG-5N), a Ca2þ reporter. CG-5N
fluorescence (lex485 nm/lem528 nm) was registered
at 25 �C at baseline conditions for 5 minutes. After
5 minutes of signal stabilization, to measure mCa2þ

transport, 1 bolus of 40 mM Ca2þ was added to deter-
mine mCa2þ transport, followed by the addition of
12.5 mM succinate after signal stabilization to pro-
mote mitochondrial Ca2þ influx. For CRC, 10 mM Ca2þ

bolus every 6 minutes was used until mPTP opening.
Fluorescence was recorded at 488 nm excitation and
528 nm emission. CRC was determined as the amount
of Ca2þ boluses buffered by the mitochondria until
the opening of the mPTP. In contrast, the Ca2þ influx
rate was assessed using the same protocol but adding
1 mM Cyclosporin A (CSA) in the respiration media.
Influx rate was determined using the derivative of a
second-order polynomial regression adjusted to the
fluorescence signal decay.

REACTIVE OXYGEN SPECIES QUANTIFICATION BY

FLOW CYTOMETRY. mROS content was assessed by
flow cytometry using MitoSox (ThermoFisher) as the
mitochondrial superoxide indicator. Cells were
resuspended in 500 mL of Tyrode with 5 mM MitoSOX,
incubated for 10 minutes at 37 �C, and analyzed by
flow cytometry measuring fluorescence. At least
20,000 events per sample were analyzed in a
FACSCanto II cytometer (BD Biosciences), and tripli-
cates were performed for each set. We performed
doublet exclusion for each analysis and analyzed the
median fluorescence intensity (MFI) expression of the
whole population of MitoSOX (Phycoerythrin [PE]
channel) and dichlorofluorescin diacetate (DCFDA)
(Fluorescein isothiocyanate [FITC] channel). Data
were analyzed using FlowJo V10.

mCa2D CONTENT. To assess mCa2þ content, 2 � 106

cells were detached with 2 mL trypsin, washed in
15-mL tubes with 10 mL DMEMþ1% FBS to inactivate
the trypsin, centrifuged 600 g for 10 minutes, and
washed again with 10 mL of Tyrode (no Ca2þ added).
The cell pellet was suspended in 0.110 mL of
respiratory medium (potassium gluconate 0.14 mM,
potassium phosphate 0.005 mM, and digitonin
0.04 mM, Fluo-4 0.001 mM, hepes 0.02 pH 7.1). For the
final free Ca2þ measurement, 0.1 mL was transferred
into p96 wells to register the extramitochondrial
free Ca2þ (F0 value) using the Synergy HT
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microplate reader (lex490 nm/lem530 nm).
The intramitochondrial Ca2þ content was released
by uncoupling with 1 mM carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) (F value),
and the free Ca2þ signal was calibrated with 100 mM
CaCl2 and 1 mM EGTA to obtain the Fmax or Fmin
values, respectively. The intramitochondrial free
Ca2þ content was calculated using the equation:

�
Ca2þ

� ¼ KðF e FminÞ�ðFmax e FÞ

where K is the Kd value for the Fluo-4 potassium salt
(335 nM). Total protein was determined using the
Lowry method with the remaining sample (10 uL),
and all data were finally expressed as [Ca2þ].

MITOCHONDRIAL DENSITY. Cells were seeded in
coverslips and loaded with 1 mM calcein-AM for
30 minutes at 37 �C in Tyrode solution (TS), washed
with PBS, then loaded with tetramethylrhodamine
ethyl ester perchlorate (TMRE) 300 nM (Thermo
Fisher Scientific) during 30 minutes at RT and dark-
ness. Afterward, cells were rinsed with fluorophore-
free TS and placed in a recording chamber. CSA 1 mM
was added to prevent mitochondrial membrane de-
polarization and loss of TMRE fluorescent signal, as
TMRE is a dynamic fluorescent reporter for mem-
brane potential (DJ) in metabolic active mitochon-
dria. Carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) 0.8mM was added at the end of each experi-
ment as a negative control for TMRE staining as it
depolarizes the mitochondrial membrane and induces
loss of TMRE fluorescent signal.

Fluorescent XY images were acquired using a
Leica TCS SP5 confocal microscope equipped with a
D-apochromatic 40X, 1.2 NA, oil objective. Calcein
excitation was induced using a 488-nm laser, and
the emission was detected at 517 nm with a band-
width of 10 nm. TMRE excitation was induced using
a 543-nm laser, and emission was acquired at
580 nm with a bandwidth of 20 nm. Acquired images
for calcein and TMRE staining were processed and
analyzed using ImageJ software (NIH). Calcein
staining was used to assess cell area and TMRE
staining was converted into a binary image to assess
mitochondrial density.

PROTEIN PURIFICATION AND WESTERN BLOT. Cells
were detached and lysed in radioimmunoprecipitation
assay (RIPA) buffer (Tris 50 mM, pH 7.5, EDTA 5 mM,
NaCl 150 mM, Triton X-100 1%, sodium dodecyl sul-
fate 0.1%, sodium fluoride10 mM, sodium deoxy-
cholate 0.5%) supplemented with phosphatase and
protease inhibitor cocktails (Roche). Lysates were
frozen and thawed twice in 3 cycles. Then, the
homogenate was centrifuged (2,000 rpm, 10 minutes
at 4 �C), and the protein was recovered and quanti-
fied by the Lowry method. BSA was used as standard.
All protein extracts were stored at –80 �C
until analysis.

Proteins were resolved on sodium dodecyl sulfate –

polyacrylamide gel electrophoresis, and transferred
onto a polyvinyl difluoride membrane. After incuba-
tion with primary antibody O/N at 4 �C on a rotating
table, the membrane was washed 3 times for
10 minutes with PBS Tween20 0.5%. A horseradish
peroxidase–conjugated secondary antibody was
incubated for 2 hours at 25 �C; after washing 3 times
with PBS 0.5% Tween 20 for 10 minutes, the chem-
iluminescence signal was detected using EC detection
(ThermoFisher) as reagent, and by BioSpectrum
415 Image Acquisi-tion System (UVP). Chem-
iluminescence was analyzed using Image J software
1.50a (see Supplemental Table 1 for antibody
information)

QUANTITATIVE REVERSE TRANSCRIPTASE PCR.

Total RNA was obtained after treatment using
TRIzol Reagent (15596026, Invitrogen). The purity
of all samples was confirmed by measuring their
260/280-nm absorbance ratio using a Take3 multi-
volume plate in a Synergy HT microplate reader
(BioTek Instruments). RNA integrity was evaluated
on a denaturing agarose gel. The cDNA was reverse-
transcribed from 1 mg of total RNA using the Sensi-
FAST cDNA Synthesis Kit (BIO-65053, Bioline). The
quantitative PCR reaction was performed using the
SensiFAST SYBR Lo-ROX Kit (BIO-94020, Bioline) in a
QuantStudio 3 System (Thermo Fisher Scientific), and
the data were analyzed by the Delta-Delta CT method
to estimate each gene’s mRNA expression. The
primers were synthesized by T4 Oligo. All primer
sequences for B-type natriuretic peptide (Nppb),
collagen I (Col1a1), transforming growth factor b

(Tgfb1), interleukin 6 (Il6), troponin C, MCU, MICU1,
MICU2, EMRE, and hypoxanthine-guanine phos-
phoribosyltransferase (Hprt) as housekeeping are
detailed in Supplemental Table 2.

STATEMENT OF ETHICS. Subjects provided written
informed consent. The study protocol has been
approved by the research institute’s committee on
human research (protocol number IRB(3N)0511-0100).

STATISTICAL ANALYSIS. Statistical data are pre-
sented as mean � SEM. Comparisons between
2 groups were made using Mann-Whitney U or Stu-
dent’s t-test, while Kruskal-Wallis or one-way anal-
ysis of variance (ANOVA) followed by a Dunn’s post
hoc test for multiple pairwise comparisons was used
when comparing >2 groups dependent on data dis-
tribution. Two-way ANOVA followed by a Sidak post
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hoc test was used to compare 2 or more variables
between groups; and repeated measurements ANOVA
was used to analyze longitudinal data. Comparisons
within group were performed using a paired t-test.
The Shapiro–Wilk test was used to determine the
normal distribution of data. Nonparametric, 2-tailed
Spearman r test with a 95% CI was used to analyze
correlations. A nonparametric Friedman’s ANOVA
test was used to analyze repeated measurement
in time.

Differences were considered significant when
P < 0.05. For the normalized fibrotic index and
myocyte size, the data were normalized compared to
the control’s mean. Data processing, graphs, and
statistical analysis were performed with GraphPad
Prism (V.8).

RESULTS

SILENCING MCU PREVENTS PATHOLOGIC HYPERTROPHY.

Studies using animal models to assess the involve-
ment of MCU in acute and chronic conditions of
increased workload and pathologic hypertrophy
revealed the importance of MCU for cardiac adapta-
tion upon physiological stress.8,13,22 To elucidate the
role of MCU in the underlying mechanisms of ener-
getic dysfunction and hypertrophy in cardiac disease,
we studied a widely used model of ANGII-induced
mitochondrial dysfunction and hypertrophy in rat
cardiac ventricle myocyte H9C2 cells23 with
silenced MCU.

The silencing strategy resulted in a partially
downregulated MCU, 46% (P ¼ 0.037) at the protein
level (Supplemental Figure 1A). This was also vali-
dated by immunofluorescence analysis of transfected
cells’ green fluorescent protein (GFP) expression
(transfection fluorescent reporter) and MCU expres-
sion (Supplemental Figure 1B). A deeper analysis
revealed no MCU positive staining within GFP-
positive cells (P # 0.001) (Supplemental Figure 1C).
Silenced cells (shMCU) were characterized by a
decreased mCa2þ uptake (64% decreased; P ¼ 0.023)
when compared with cells transfected with a non-
coding plasmid (shMock) (Supplemental Figures 1C
and 1D). Consequently, the reduced Ca2þ entry rate
also reflected a reduced mCa2þ content (P ¼ 0.001)
(Supplemental Figure 1E); however, this reduction
did not impair ATP content, oxidative phosphoryla-
tion, or cell viability (Supplemental Figures 1G to 1I).

Exposure of cells to ANGII resulted in the upregu-
lation of MCU in shMock cells, with 44% increase
(P ¼ 0.034) at the protein level and 61% (P ¼ 0.043) at
the mRNA level (Figures 1A and 1B). However, ANGII
could not shift MCU expression in shMCU cells.
Remarkably, shMCU cells showed incapacity to un-
dergo hypertrophy (P ¼ 0.01) under ANGII exposure,
whereas shMock cells exhibited a 2.3-fold increase
(P ¼ 0.002) in their area (Figures 1C and 1D). This
antihypertrophic feature was also observed in trans-
fected cells exposed to isoproterenol (ISO) (P ¼ 0.039)
(Supplemental Figure 2), where hypertrophy was
prevented in shMCU þ ISO cells, when compared to
shMock þ ISO. In addition, at gene expression level,
hypertrophic markers BNP (P ¼ 0.045) and collagen 1
(P ¼ 0.047), as well as proinflammatory markers TGFb
(P ¼ 0.053) and IL-6 (P ¼ 0.043) (Figure 1E) remain
unaltered in shMCU cells whereas its upregulation
was observed in shMock þ ANGII. In addition, the
findings in ventricular cardiomyoblasts were evalu-
ated in neonatal cardiomyocytes silenced for MCU and
exposed to ANGII (siMCU þ ANGII); after 24 hours of
exposure, the absence of MCU prevented cell hyper-
trophy (P ¼ 0.002) whereas cardiomyocytes trans-
fected with non-targeting siRNA (scramble þ ANGII)
presented a 45% increase in cell area (P ¼ 0.023)
(Figure 1F). Also, cell hypertrophy was assessed by
visualization of sarcomeric organization,24 assessed
by the recording of the fluorescence intensity profile
of sarcomere marker phalloidin Rhodamine
(Figure 1G). Accordingly, the modification of intensi-
fication of fluorescence profiles, which is a trademark
of neonatal cardiomyocyte hypertrophy,24 were
corroborated in scramble þ ANGII and prevented in
siMCU þ ANGII (Figure 1G). These results revealed the
potential role of MCU in the signaling pathway of
ANGII related cardiac pathologic hypertrophy.

SILENCING MCU PREVENTS mCa2D OVERLOAD AND

mROS GENERATION IN CELLS UNDER PATHOLOGIC

HYPERTROPHIC CONDITIONS. We assessed the
mitochondrial CRC of permeabilized cells. We
observed that ANGII induced a reduction in mCa2þ

buffering, leading to an early opening of the mPTP in
shMock cells, whereas shMCU cells showed protected
and increased capacity to retain Ca2þ at 2.7-fold
(P ¼ 0.030) higher than that of shMock cells
(Figures 2A and 2B). We found that ANGII dose-
dependently lowered CRC in shMock cells, whereas
shMCU cells were able to retain more mCa2þ

(P ¼ 0.009) (Figure 2C). These observations can be
explained by the fact that, under the ANGII stimulus,
shMock cells possess upregulated MCU and, there-
fore, an increased mCa2þ content. In fact, shMock
cells stimulated with ANGII presented a 3.3-fold in-
crease in mCa2þ content compared to shMCU cells
(P ¼ 0.0274) (Figure 2D). This suggests that, in

https://doi.org/10.1016/j.jacbts.2024.01.007
https://doi.org/10.1016/j.jacbts.2024.01.007
https://doi.org/10.1016/j.jacbts.2024.01.007
https://doi.org/10.1016/j.jacbts.2024.01.007
https://doi.org/10.1016/j.jacbts.2024.01.007
https://doi.org/10.1016/j.jacbts.2024.01.007
https://doi.org/10.1016/j.jacbts.2024.01.007
https://doi.org/10.1016/j.jacbts.2024.01.007


FIGURE 1 Silencing MCU Prevents Pathologic Hypertrophy

Mitochondrial calcium uniporter (MCU) was downregulated by transfecting H9C2 cells with a short hairpin RNA (shRNA) – green fluorescent protein (GFP) against MCU

(shMCU) but not a nonspecific scramble shRNA-GFP (shMock). ShMCU and shMock were cultured under chronic angiotensin II (ANGII)–induced hypertrophy conditions:

1 mM ANGII for 48 hours. (A) Representative blot image (top) and semiquantification (bottom) of the protein level of MCU assessed by Western blotting in cell lysates

(n ¼ 4). (B) Relative mRNA levels of MCU (n ¼ 3). (C) Representative fluorescent images of hypertrophy. Images acquired with fluorescent confocal microscopy. Cell

hypertrophy was evaluated by assessing cell area using cytoplasmic fluorescent staining by calcein; nuclei were stained using DRAQ5; scale bar 50 mm. (D) Semi-

quantification of cell area as stained by calcein (n ¼ 100 cells � 6 experiments). (E) Relative gene expression of remodeling gene markers B-type natriuretic peptide

(Nppb gene), collagen type 1 (Col1a1 gene), and proinflammatory gene markers tumor growth factor b 1 (Tgfb1 gene) and interleukin 6 (IL-6) (Il6 gene). (F) Relative

semiquantitative cell area from cardiomyocytes silenced for MCU and stimulated with ANGII determined from fluorescent images acquired with fluorescent confocal

microscopy using cytoplasmic fluorescent calcein staining (n ¼ 4, 35 cells/experiment). (G) Fluorescence densitometric profiles obtained by analyzing a longitudinal

section of the cardiomyocyte stained with Phalloidin Rhodamine. Units are arbitrary units of fluorescence (AUF). Statistics: dots represent individual values, and bars

represent mean � SEM. (A to E) Kruskal-Wallis test with Dunn’s post hoc test for multiple pairwise comparisons. (F) One-way analysis of variance with Dunn’s post hoc.

*P < 0.05. **P < 0.01. ***P < 0.001.
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FIGURE 2 Silencing MCU Prevents mCa2þ Overload and mROS Generation in Cells Under Pathologic Hypertrophic Condition

Continued on the next page
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hypertrophic cardiac cells, increased MCU expression
followed by mCa2þ overload drives mitochondria to-
ward DJ depolarization and opening the mPTP.

Another key event driven by mCa2þoverload is the
generation of mROS; previous studies have shown
that mCa2þ influences the production of mROS.25

Thus, we explored whether MCU-mediated mCa2þ

overload upon ANGII exposure affects mROS gener-
ation. As shown in Figure 2E, upregulation of MCU in
shMock increased mROS levels (P ¼ 0.032). We also
observed increased mitochondrial biogenesis, which
could explain the augmented mROS. Here, we found
that MCU-mediated mCa2þ overload induced by
ANGII in shMock cells enhanced the levels of mito-
chondrial transcription factor (TFAM), is considered a
master regulator of mitochondrial biogenesis, and
whose increased levels are directly associated with
increased mitochondrial DNA26,27 (P ¼ 0.027)
(Figure 2F). To corroborate this, we assessed mito-
chondrial density using TMRE staining in the
presence of CSA. The results showed that in
ANGII-induced mCa2þ overload, there was an increase
in the mitochondrial density by more than 3-fold
(P ¼ 0.001), confirming the role of mitochondrial
biogenesis in the mCa2þ-mediated generation of
mROS (Figures 2G and 2H). To further understand the
role of mROS-induced pathologic remodeling, we
reproduced the model by adding mitoTEMPO, an
mROS scavenger. This produced a striking effect, as
mitoTEMPO, similar to shMCU cells, prevented cell
hypertrophy (P ¼ 0.010) and, as expected, mROS
accumulation (P ¼ 0.003) (Supplemental Figures 3A
and 3B), revealing the importance of mROS in the
mechanism of cell remodeling.
FIGURE 2 Continued

ShMCU and shMock were cultured under chronic ANGII-induced hypertr

evaluated fluorometrically with the Ca2þ green 5N (CG5N) dye. Cells su

opening of the mitochondrial permeability pore (mPTP), releasing the mi

shown. (C) Mitochondrial calcium retention captacity (mCRC) in permeab

ANGII concentrations of 1 mM and 5 mM for 48 hours. (D) Free mCa2þ relea

Ca2þ media, followed by exposure to the oxidative phosphorylation unco

Production of mitochondrial reactive oxygen species (mROS) assessed b

Semiquantitative analysis from fluorescence histograms is shown. (F) Mit

using Western blotting in cells (n ¼ 3); representative blot image and sem

of TMRE-positive stained area of each cell, normalized against cell area. C

calcein. Representative fluorescent images acquired with fluorescent con

prohypertrophic and proinflammatory transcription-factor nuclear factor

representative blot image from NF-kB phosphorylation (pNF-kB) and to

SEM; (A,B,D,E,F,G, and I) 1-way analysis of variance (ANOVA) with Dunn’

*P < 0.05. **P < 0.01. ***P < 0.001. FCCP ¼ Carbonyl cyanide-p-trifluo

units; other abbreviations as in Figure 1.
It has been well established that the ROS-activated
nuclear factor kappa B (NF-kB) signaling pathway has
a tremendous impact on the pathophysiology of HF
by promoting the expression of remodeling and
proinflammatory markers.28 In Figure 2I, we show
that NF-kB activation (phosphorylation) was
increased in shMock þ ANGII (P ¼ 0.013), and as ex-
pected, in the absence of MCU, its activation was
decreased (P ¼ 0.050), showing the direct relation-
ship between MCU-mediated mCa2þ overload, mROS
generation, and NF-kB activation in the underlying
mechanism of cell remodeling.

INHIBITING THE MITOCHONDRIAL NAD/CA2D

EXCHANGER INDUCES MITOCHONDRIAL CA2D

OVERLOAD AND REVERTS THE ANTIHYPERTROPHIC

EFFECT OF SILENCING MCU. To further clarify the
importance of mCa2þ overload on the molecular
mechanisms of pathologic remodeling, we promoted
mCa2þ overload in shMCU cells, bypassing the
absence of MCU, by using an inhibitor (CGP37157) of
the NCLX. Naþ/Ca2þ exchange is the primary mecha-
nism for mCa2þ extrusion in cardiac cells, and its in-
hibition thus promotes mCa2þ accumulation.29

Regarding this, blocking NCLX in shMCU cells
exposed to ANGII generated a hypertrophic pheno-
type, with shMCU þ ANGII þ CGP (NCLX inhibitor: 7-
chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-benzothia-
zepin-2(3H)-one) cells presenting an increased cell
area 2.3-fold when compared with nonhypertrophic
shMCU cells (P ¼ 0.002) (Figure 3A). Moreover, these
cells also showed increased mCa2þ content
(P ¼ 0.060) (Figure 3B), followed by a reduced CRC
(P ¼ 0.004) (Figure 3C) and a remarkable increase in
ophy, 1 mM ANGII for 48 hours. (A,B) Mitochondrial calcium (Ca2þ) retention capacity (CRC)

spended in a Ca2þ-free media were periodically stimulated with 10 mM Ca2þ bolus until the

tochondrial Ca2þ (mCa2þ) content. Representative recording (A) and semiquantification (B) are

ilized shMock and shMCU cells previously exposed to the ANGII-induced hypertrophy at the

se by permeabilized transfected cells. Cells were loaded with Fluo-4 and suspended in a free

upler FCCP to induce ultimately mitochondrial membrane disruption and content release. (E)

y flow cytometry analysis of intracellular MitoSO Red fluorescent staining from live cells.

ochondrial biogenesis assessed by the detection of mitochondrial transcription factor (TFAM)

iquantification are shown. (G,H) Mitochondrial density is assessed by fluorescence analysis

ell hypertrophy was evaluated by assessing cell area using cytoplasmic fluorescent staining by

focal microscopy; scale bar 50 mm. (I) Activation of reactive oxygen species (ROS) –dependent

kappa B (NF-kB) assessed by Western blotting in cell lysates from transfected cells (n ¼ 3),

tal NF-kB along with their semiquantitative ratio are shown. Data are presented as mean �
s post hoc test for multiple pairwise comparisons; (C) 2-way ANOVA with Sidak post hoc test.

romethoxyphenylhydrazone; MFI ¼ median fluorescence intensity; RFU ¼ relative fluorescence
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FIGURE 3 Inhibiting the Mitochondrial Naþ/Ca2þ Exchanger Induces mCa2þ Overload and Reverts Antihypertrophic Effect in Silenced MCU Cells

shMCU cells exposed to ANGII-induced hypertrophy (1 mM ANGII, 48 hours) were treated simultaneously with the mitochondrial Naþ/Ca2þ exchanger (NCLX) inhibitor

CGP37157 at 5 mM. (A) Relative semiquantitative cell area from cells treated with CGP37157 determined from fluorescent images acquired with fluorescent confocal

microscopy (n ¼ 3). Cell hypertrophy was evaluated by assessing cell area using cytoplasmic fluorescent calcein stain. (B) Free mCa2þ release by permeabilized cells.

Cells were loaded with Fluo-4 and suspended in a free Ca2þ medium, followed by exposure to the OxPhos uncoupler FCCP to induce mitochondrial membrane

disruption and content release (n ¼ 6 to 8). (C) mCRC in permeabilized cells. Relative gene expression of (D) remodeling gene markers B-type natriuretic peptide

(Nppb gene, n ¼ 3) and proinflammatory gene markers (E) TGFb 1 (Tgfb1 gene, n ¼ 3) and (F) IL-6 (Il6 gene, n ¼ 3). Bars represent mean � SEM; Kruskal-Wallis

test with Dunn’s post hoc test for multiple pairwise comparisons. *P < 0.05. **P < 0.01. ***P < 0.001. CGP ¼ CGP37157 a NCLX inhibitor; other abbreviations as in

Figures 1 and 2.
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mROS generation (P ¼ 0.014) (Figure 3D), along with
the upregulation of remodeling marker BNP
(P ¼ 0.035) (Figure 3E) and proinflammatory markers
TGFb (P ¼ 0.038) (Figure 3F) and IL-6 (P ¼ 0.040)
(Figure 3G). These data provide clear evidence that
mCa2þ overload–induced mROS generation drives
pathologic cardiac remodeling. Other attempts were
made to induce mCa2þ overload and associated
cellular hypertrophy in shMCU cells by using MCU
activators Kaempferol and Spermine, 2 organic com-
pounds that are known to increase MCU activity.30

Nevertheless, because of the low expression of
MCU, we could not induce changes in the phenotype
of shMCU cells (data not shown).
INHIBITING MCU WITH RU360 PREVENTS mCa2D

OVERLOAD AND ANGII-INDUCED REMODELING.

Ru360 is a potent MCU inhibitor with relevant results
in preventing cardiac injury10,31 and with potential
application in targeting MCU in HF.11 Therefore, we
studied the ability of Ru360 to prevent MCU-driven
mCa2þ overload and cellular remodeling induced by
ANGII in shMock cells. Results showed notable pre-
vention of cell hypertrophy by Ru360 (P ¼ 0.016)
(Figure 4A), followed by expected prevention of
mCa2þ overload (P ¼ 0.005) (Figure 4B), and conse-
quent reduced mROS generation (P ¼ 0.036)
(Figure 4C). This reveals that MCU inhibition by Ru360

can serve equally to prevent mCa2þ-induced mROS,



FIGURE 4 Inhibiting MCU With Ru360 Prevents Mitochondrial Ca2þ Overload and Angiotensin-Induced Hypertrophy

shMCU cells exposed to ANGII-induced hypertrophy (1 mM ANG II, 48 h) were treated simultaneously with the MCU-specific inhibitor ruthenium 360 (Ru360) at 1 mM. (A)

Relative semiquantitative cell area of cells treated with ANGII and Ru360 determined from fluorescent images acquired with fluorescent confocal microscopy (n ¼ 3).

Cell hypertrophy was evaluated by assessing cell area using cytoplasmic fluorescent calcein stain. (B) Free mCa2þ release by permeabilized cells. Cells were loaded with

Fluo-4 and suspended in a free Ca2þ medium, followed by exposure to the OxPhos uncoupler FCCP to induce mitochondrial membrane disruption and content release

(n ¼ 4). (C) Production of mROS assessed by flow cytometry analysis with intracellular MitoSOX Red fluorescent staining from live cells (n ¼ 3). Relative gene

expression of (D) remodeling gene markers B-type natriuretic peptide (Nppb gene, n ¼ 4) and collagen type 1; (E) (Col1a1 gene, n ¼ 4); and (F) proinflammatory gene

marker IL-6 (Il6 gene, n ¼ 4). (G) Relative semiquantitative cell area from cardiomyocytes exposed to Ru360 and stimulated with ANGII (n ¼ 4, 35 cells/experiment), and

(H) corresponding fluorescence densitometric profiles. Dots represent individual values and bars represent mean � SEM. (A to F) Kruskal-Wallis test with Dunn’s post

hoc test for multiple pairwise comparisons. (G) One-way ANOVA with Dunn’s post hoc test. *P < 0.05. **P < 0.01. ***P < 0.001. Abbreviations as in Figures 1 and 2.
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FIGURE 5 ANGII Induces MCU Upregulation Through a Ca2þ-Dependent CAMKII/CREB Activation Signaling

Continued on the next page
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as previously seen with shMCU cells. Because of this
effect, we also observed downregulation of remodel-
ing markers BNP (P ¼ 0.041) (Figure 4D) and collagen
1 (P ¼ 0.043) (Figure 4E), along with reduced proin-
flammatory marker IL-6 (P ¼ 0.049) (Figure 4F). This
finding unveils a potential pharmacologic approach to
inhibit MCU activity and prevent cellular injury and
remodeling. In this sense, MCU activity was blocked
in neonatal cardiomyocytes with Ru360. Results
confirmed that Ru360 can prevent ANGII-induced
increased cell area (P ¼ 0.012) (Figure 4G) and sarco-
mere organization in cardiomyocytes (Figure 4H),
leading Ru360 a step forward in the validation process
as a new pharmacologic approach to treat
heart hypertrophy.

ANGII INDUCES MCU UPREGULATION THROUGH A

CA2D-DEPENDENT CAMKII/CREB SIGNALING. We
explored the molecular mechanisms by which the
upregulation of MCU can induce mitochondrial
dysfunction and cardiac remodeling. However, one
question remains to be solved to complete the puzzle:
What is the mechanism of MCU upregulation by
ANGII? In a Ca2þ-dependent manner, transcriptional
activation of CREB is known to bind directly to the
MCU promoter, inducing gene expression.32 There-
fore, we studied the MCU expression pathway via the
ANGII receptor downstream activation of CREB32 and
how its activation is mediated by CAMKII.33 We per-
formed a time-course phosphorylation of CREB and
CAMKII by ANGII in shMock cells (Figure 5A). In this
context, we observed that ANGII induced early tran-
sient activation of CaMKII, with peak activity at 3
hours (P ¼ 0.002) (Figure 5B), followed by a maximum
activation of CREB at 12 hours (P ¼ 0.003) (Figure 5C),
and a sustained but reduced phosphorylation level
FIGURE 5 Continued

The mechanisms underlying MCU upregulation upon chronic exposure to

Time-course activation of Ca2þ/calmodulin-dependent protein kinase II

binding protein (CREB) and upregulation of MCU were assessed by Weste

and 48 hours posterior to the exposure of 1 mM ANGII. Representative bl

phosphorylated CREB vs total CREB, MCU vs COX4 expressions for the

activation of CAMKII by ANGII, determined by the relation between phosp

time-course activation of CREB by ANGII determined by the relation bet

for the time-course upregulation of MCU by ANGII normalized for COX4

expression of MCU in shMock cells cultured in the presence of 1 mM AN

inhibitor), or 1 mM 66615 (CREB inhibitor) for 48 hours assessed by WB.

Semiquantification for WB detection of the MCU expression vs COX4 (n ¼
CREB vs total-CREB (n¼ 4) (H) determined for shMock cells cultured in th

CREB signaling prevents cell hypertrophy. shMock were cultured in the

1 mM 66615 for 48 hours. Relative semiquantitative cell area was determ

microscopy (n ¼ 4). Cell hypertrophy was evaluated by assessing cell ar

presented as mean � SEM. (B to D) Show 1-way repeated measures ANO

multiple pairwise comparisons. *P < 0.05. **P < 0.01. ***P < 0.001. B

Bis(2-aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid tetrakis(acetoxym
until 48 hours. By comparison, the MCU protein
levels reached maximum expression at 24 hours
(P ¼ 0.01) (Figure 5D). Further, MCU activity was
measured by assessing mCa2þ influx to study MCU
early posttranslational modification driven by ANGII
and early activation of CAMKII, which could
contribute to an increased mCa2þ overload. However,
no differences were found at the determined
maximum time point of CAMKII activity at 3 hours, or
even at 6 hours, which could indicate altered MCU
activity (Supplemental Figures 4A and 4B).

To validate the involvement of CREB and CAMKII
activity in MCU expression, we exposed cells to se-
lective CREB and CAMKII activity inhibitors, 66615
and KN93, respectively, for 48 hours. As shown in
Figure 5E, the blot and subsequent semi-
quantifications showed a remarkable correlation with
CAMKII-mediated CREB activation, in which KN93
inhibited the phosphorylation of CAMKII and CREB
(Figures 5E and 5G show KN93 with P ¼ 0.037; and
66615 with P ¼ 0.049; and Figure 5H shows KN93 with
P ¼ 0.016; and 66615 with P ¼ 0.021). Remarkably,
both inhibitors were able to dramatically reduce MCU
protein levels, revealing a strong regulation of MCU
by CREB/CAMKII signaling (Figures 5E and 5F) (KN93:
P ¼ 0.013; 66615: P ¼ 0.021). CAMKII activation was
also impacted by 66615 (Figures 5E and 5G), revealing
a potential long-term effect of CREB inhibitor in
overall CAMKII activation, such as changes in mROS,
one known activator of CAMKII, or changes in intra-
cellular Ca2þ dynamics, all driven by downregulation
of MCU and mROS-mediated mCa2þ overload.

We observed that phosphorylation of CAMKII and
CREB, as well as MCU expression, were severely
diminished in the presence of BAPTA (2,20,20 0,20 0 0-
[Ethane-1,2-diylbis(oxy-2,1-phenylenenitrilo)]tetraacetic
prohypertrophic ANGII were evaluated in shMock cells. (A)
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GII and 5 mM BAPTA-AM (Ca2þ chelator), or 5 mM KN93 (CAMKII

Representative image obtained from the same membrane. (F,G,H)

4) (F), phospho-CAMKII vs total-CAMKII (n ¼ 4) (G), and phospho-

e presence of BAPTA, KN93, and 66615. (I) Inhibiting Ca2þ/CAMKII/
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ined from fluorescent images acquired with fluorescent confocal
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ethyl ester; other abbreviations as in Figures 1 and 2.
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FIGURE 6 MCU Overexpression is Associated With ANGII-Induced Heart Hypertrophy and HF

(A) Representative micrographs of cardiac tissue: Masson’s trichrome stain to visualize fibrotic areas, original magnification �1.25 (n ¼ 6). (B) Hematoxylin and eosin

(HE) stain for cardiac myocyte area assessment, original magnification �10 (n ¼ 6). (C) Representative blot image (top) and semiquantification (bottom) of the protein

level of MCU assessed by WB in cell lysates (n ¼ 5). (D) Free mCa2þ release by permeabilized cardiomyocytes, loaded with Fluo-4 and suspended in a free Ca2þ medium.

(E) Spearman correlation analysis between MCU protein levels normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and heart weight normalized with

tibia length. Data are presented as mean � SEM and Mann-Whitney with post hoc Tukey’s multiple comparisons test. *P < 0.05. **P < 0.01. HF ¼ heart failure;

HW ¼ heart weight; TL ¼ tibia length; other abbreviations as in Figures 1, 2, and 5.
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acid), a Ca2þ chelator, revealing strong and dependent
regulation of these by intracellular Ca2þ (Figures 5E to
5H). Therefore, we studied how these inhibitors could
impact MCU/mCa2þ overload–dependent cell remodel-
ing by analyzing the cell area in the presence of ANGII in
shMock cells. The results in Figure 5I clearly showed that
cell hypertrophy was prevented in the presence of
BAPTA (P ¼ 0.014), KN93 (P ¼ 0.016), and 66615
(P ¼ 0.007). Considering these, we could define a Ca2þ-
dependent CREB/CAMKII regulatory signaling that me-
diates MCU overexpression and pathologic hypertrophy
induced by ANGII.
MCU OVEREXPRESSION IS ASSOCIATED WITH

ANGII-INDUCED HEART HYPERTROPHY AND HF. In
response to the previous results, it is important to
understand the impact of ANGII-induced MCU
expression and mCa2þ overload in the development
of HF. Thus, LVs from mice with HF with reduced
ejection fraction (EF) and cardiac hypertrophy were
analyzed. HF was induced by chronic exposure to
ANGII. The structural effect of ANGII in HF was
evaluated. Representative slides of Mason’s tri-
chrome and HE stain showed an increase in cardiac
fibrosis and myocyte area (Figures 1A and 1B),
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followed by an impairment in heart steady-state he-
modynamic parameters with reductions in stroke
volume (P ¼ 0.003), and EF (P ¼ 0.012) (Supplemental
Table 3), measured by intraventricular-PV Loops
measurements. Additionally, MCU protein was over-
expressed in HF (P ¼ 0.0317) (Figure 6C), resulting in
increased mitochondrial Ca2þ content from isolated
cardiomyocytes (P ¼ 0.048) (Figure 6D). Remarkably,
MCU overexpression was also positively correlated
with heart weight (r ¼ 0.717) (Figure 6E). This repre-
sents a direct association between MCU expression
and heart hypertrophy, where mitochondrial calcium
overload–mROS are a driving pathologic force in the
hypertrophic mechanism induced by ANGII.

MCU OVEREXPRESSION IS ASSOCIATED WITH THE

PATHOLOGIC REMODELING IN HUMAN HF. Charac-
terizing the failing human heart is fundamental to
understanding the molecular changes that occur and
that can be correlated with the phenotype of the
disease. Following the observations made in our
model of ANGII-induced heart hypertrophy, it is
likely that changes in MCU expression can occur in
the failing human heart as an adaptive response
related to mitochondrial dysfunction and potentially
to the pathologic remodeling that characterizes HF.
To test this notion, LV samples were collected during
cardiac transplantation from patients suffering from
nonischemic heart disease with a reduced EF (Heart
failing left ventricle [HF-LV] 20.2% � 10.6% vs Non-
failing left ventricle [NF-LV] 59.5% � 13.7%;
P < 0.0001) and a significant increase in end-diastolic
(1.88-fold; P < 0.0001) and end-systolic (2.9-fold:
P < 0.0001) dimensions, which reflect ventricle
enlargement-hypertrophy-remodeling, and progres-
sive LV insufficiency.34 For more details on de-
mographics and population characterization, please
see Supplemental Table 4.

Accessing gene and protein expression within
these samples by immunohistochemistry and quan-
titative reverse transcriptase (qRT) PCR, we found an
upregulation of MCU (38% by immunohistochem-
istry, P ¼ 0.031; and a 5.9-fold increase by qRT-PCR,
P ¼ 0.0253) in the LV from failing human heart
(Figures 7A to 7C). Notably, 96% of the samples pre-
sented upregulation of MCU, and only in 1 patient
with HF a lower transcript level was found when
compared with non-failing LVs (Figure 7C). This
shows that MCU upregulation is consistent with the
pathophysiology and development of the disease.
Furthermore, we observed a correlation between
MCU upregulation and severity of disease, with MCU
transcript level negatively correlated with EF from LV
(r ¼ �0.5939) (Figure 7D) and positively correlated
with LV dimensions and hypertrophy (left ventricular
end-systolic dimension: r ¼ 0.5547; left ventricular
end-diastolic dimension: r ¼ 0.5577) (Figure 7D).
These findings provide evidence of a potential rela-
tionship between negative feedback in LV molecular
plasticity in HF and MCU expression, indicating that
the associated energy supply could be linked with
cardiac remodeling and declined cardiac function. In
this regard, the most striking result that supports this
hypothesis was the downregulation of MCU expres-
sion in patients with HF who received an LVAD im-
plantation to reduce heart workload and energetic
demand (P ¼ 0.041), showing a clear capacity of the
heart to modulate MCU expression in response to its
energetic necessities (Figure 7E).

DISCUSSION

HF creates an enormous burden on patient health and
health care systems. However, it is a complex disease,
and its pathophysiology is still not fully understood.
To elucidate key pathways and targets that can
potentially change disease and treatment paradigms,
this study identified a key mechanism driving cell
hypertrophy and mitochondrial dysfunction by
mCa2þ overload through the upregulation of MCU. In
the present study, such mechanism was studied first
in a cell line of rat myoblasts, and second in isolated
rat cardiomyocytes followed by translation results in
LVs from a mouse model of ANGII-induced HF. Two
main experimental designs were tested: (1) ANGII-
induced hypertrophy and MCU loss of function by
siRNA and shRNA, and (2) pharmacologic inhibition
using Ru360. Finally, the translation of these findings
was corroborated in LVs from failing human hearts,
expanding the role of the MCU in the physiopa-
thology of HF’s hypertrophy.

A correct mCa2þ handling is fundamental for car-
diac work,35,36 and this study shows the importance
of mCa2þ and MCU in the development of pathologic
hypertrophy. Our findings reveal that MCU expres-
sion is linked with human HF pathologic remodeling
and cardiac work impairment by correlating
negatively with EF and positively with left ventrice
systolic and diastolic dimensions. Strikingly, after
LVAD implantation, the downregulation of the MCU
was observed, consistent with the reported lessening
of cardiac remodeling and pressure overload induced
by the device.37 Therefore, this shows the metabolic
plasticity of the heart by modifying the expression of
crucial proteins involved in metabolism, such as
MCU, to cope with energy demand, supporting the
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FIGURE 7 MCU Overexpression is Associated With Pathologic Remodeling in Human HF

(A, B) Immunohistochemical (IHC) analysis of left ventricular (LV) cryosections from nonfailing (NF-LV) and heart failure (HF-LV). Original magnification �10x. Scale

bar ¼ 500 mm. (C) Relative mRNA levels (quantitative reverse transcriptase polymerase chain reaction) of MCU in LV samples from HF-LV patients in relation to NF-LV

normalized (dash line, value ¼ 1). The inner bar chart represents relative average � SEM MCU mRNA expression between NF-LV and HF-LV patients. (D) Spearman

correlation analysis between MCU mRNA levels and the hemodynamic parameters of ejection fraction (EF) (left), left ventricular end-systolic dimension (LVESd)

(center), and left ventricular end-diastolic dimension (LVEDd) (right) using Spearman rank correlation test. Each point represents a patient; the purple line represents

the Spearman trendline, Sr (Spearman correlation coefficient) and probability value (P) were determined for each correlation. (E) Relative MCU mRNA levels from LV

samples obtained from patients with HF who underwent surgical implantation of a left ventricular assist device (LVAD). The graph shows MCU mRNA levels before

(purple) and after (white) LVAD implantation for each patient. Each dot represents 1 patient. Data are presented as mean � SEM. B and C use the unpaired t-test and

E uses the paired t-test. *P < 0.05. Abbreviations as in Figures 1 and 6.

Alves-Figueiredo et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 9 , N O . 4 , 2 0 2 4

MCU-Driven Hypertrophy in Heart Failure A P R I L 2 0 2 4 : 4 9 6 – 5 1 8

512
idea of metabolic and molecular adaptation of the
tissue or cells through matching energetic supply to
demand.

The role of MCU in the development of HF is still
debated regarding the best approach for treating
cardiovascular dysfunction: inhibiting or promoting
MCU activity. Studies such as ours and others13,38,39

display data that agree on downregulating MCU ac-
tivity to prevent mitochondrial Ca2þ overload and
thus mitochondrial dysfunction and disease progres-
sion. However, 2 studies report that upregulating
MCU could be beneficial.40,41 Although contradictory,
there are a few points worth mentioning. First, both
studies state that the benefits are observed when
mCa2þ concentration is maintained in control levels,
which agrees with our findings. Liu et at40 found
benefit in overexpressing MCU to return to baseline
levels, as they observed a slower slope in
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mitochondrial Ca2þ uptake and decreased mCa2þ

accumulation. Wang et al41 used germline MCU
knockout mice to test the effects of MCU inhibition on
chronic B-adrenergic stimulation. This may have
some translational problems because mice with
altered germline mCa2þ transport seem to show
different physiological adaptations in contrast to
acute inhibition of mCa2þ transport. Such difference
is evidenced by mice expressing a dominant negative
form of MCU, which shows no mCa2þ transport but
confers no protection against ischemia reperfusion.42

By contrast, in an inducible adult cardiomyocyte-
specific MCU deletion model, this conferred protec-
tion against such injury.3 Wang et al41 also briefly
tested the effects of MCU inhibition with a model
similar to that used by Kwong et al3, although some
caveats arise. It is known that homozygous aMHC-
MerCreMer may develop spontaneous focal fibrosis
and depressed LV function upon tamoxifen treat-
ment, which may introduce confounders when
assessing cardiovascular dysfunction.43,44 Likewise,
the model used suggests having a completely abol-
ished mCa2þ transport at the point when the thera-
peutic window for beneficial mitochondrial transport
inhibition is achieved with just a modest inhibition,
which again restores mCa2þ oscillations similar to
control conditions.45 As to why there is a difference in
mCa2þ uptake when compared to our model, there
could be differing physiological adaptations in
different causes of cardiac disfunction and the clin-
ical stages at which this dysfunction is measured.
Changes in stoichiometry or post-translational mod-
ifications cannot be ruled out as a cause for different
Ca2þ uptake patterns. Michels et al46 reported
different pharmacologic responses in Ca2þ currents
between mitoplasts from failing and non-failing
hearts46 with reduced channel activity in failing
hearts, although the decreased activity may be partly
due to a decline in mitochondrial membrane poten-
tial, the driving force for Ca2þ transport. In a clinical
study, Paillard et al47 did not find differences in MCU
expression but rather MICU1 and MICU2, although the
samples came mainly from patients with ischemic
and idiopathic HF (having only 3 patients with non-
ischemic HF) as opposed to our cohort comprised
entirely of patients with nonischemic HF. Even
within the same cohort, ischemic and idiopathic pa-
tients exhibited significant differences, showing that
the underlying etiology of HF must be considered.
Although there may be differences in the expression
of the different MCU components between studies
(probably due to different etiologies and clinical
stages), the end goal of preserving mitochondrial Ca2þ

uptake and concentration is always the same, which
only highlights the importance of continuing to study
the effects of mCa2þ transport in cardiac dysfunction
for its potential as a therapeutic target to prevent or
treat HF.

Our study is supported by several other
studies.3,8,13,38 In a pressure-overload mouse model
of aortic constriction, Ge et al38 showed that upre-
gulation of MCU, together with heart hypertrophy,
increased diastolic and systolic dimensions, reduced
EF, and increased expression remodeling markers.
Treatment with ruthenium red, a MCU inhibitor,
restored systolic and diastolic dimensions, and
partially restored EF, in part due to DJm recovery in
heart mitochondria.38 In another study, Zaglia et al13

associated the upregulation of MCU and cardiac hy-
pertrophy in pressure overload induced by transaortic
banding.13 Moreover, by locking pressure overload,
induced hypertrophy and remodeling prevented MCU
overexpression as a corroboration of the pressure-
induced tissue adaptation. These data are in
accordance with our study where we found a direct
correlation between MCU expression with mouse
heart hypertrophy and with diastolic and systolic di-
mensions in failing human hearts, preventing cell
hypertrophy by silencing or inhibiting MCU in rat
cardiomyocytes and rat myoblast cells under prohy-
pertrophic ANGII treatment.

The mechanisms regulating MCU upregulation
remain to be fully understood in HF. There is growing
evidence of a potential mechanism mediating MCU
expression by activating CREB.32,48,49 CREB plays a
critical role in gene expression regulation in response
to various extracellular signals, such as Ca2þ-depen-
dent mitochondrial metabolism in B lymphocytes.32

In HF, the role of CREB is controversial. It has been
discussed as a negative apoptosis regulator in dilated
cardiomyopathy and ischemia-reperfusion injury.50

However, there are reports of CREB Ser133 phos-
phorylation and activation of the CRE-mediated gene
transcription under chronic b-adrenergic stimula-
tion.33,51 The phosphorylation of Ser133 residue in-
duces the transcriptional activity of CREB, which
seems involved in heart remodeling.52 In another
study, Shanmughapriya et al48 showed a Ca2þ-
dependent and cyclic adenosine monophosphate
signaling activation of CREB with direct upregulation
in MCU expression by phosphorylated CREB in B
lymphocytes.

In addition to CREB, CAMKII has been associated
as an MCU expression promoter in a Ca2þ-dependent
manner.53 Moreover, knocking down CAMKII signifi-
cantly mitigated CREB phosphorylation, MCU upre-
gulation, and MCU-mediated mitochondrial oxidative
stress.54 Our study replicated these previous findings,



FIGURE 8 Scheme of the Proposed Mechanisms for ANGII-Induced MCU Overexpression Through Ca2þ-Dependent CAMKII/CREB

Activation Signaling and mCa2þ Overload-Dependent Cardiomyocytes Hypertrophy Through ROS-Mediated NF-kB Activation

DJm ¼ mitochondrial membrane potential; AT1R ¼ angiotensin II receptor type 1; mPTP ¼ mitochondrial permeability transition pore; other

abbreviations as in Figures 1 to 3.
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describing for the first time in HF a mechanism of
Ca2þ-dependent upregulation of MCU by ANGII
induced by transcriptional activation of CREB and
CaMKII in a time-dependent manner. Here, the
signaling pathway of CREB activation by ANGII is
characterized by CAMKII phosphorylation (peak at
3 hours), followed by CREB phosphorylation (peak at
12 hours), then increasing MCU protein expression
(peak at 24 hours). Although the phosphorylation of
CAMKII was studied primarily as an activation
induced by Ca2þ and is described as intermediary
signaling in the MCU transcriptional regulation.53,55

Considering all these results, we propose a
mechanism for mCa2þ overload–induced cardiac
remodeling through MCU upregulation through a
Ca2þ-dependent CAMKII/CREB activation signaling,
leading to mROS-mediated NF-kB activity (Figures 5
and 8).
There are 2 major points that are currently under
analysis and still missing a consensual theory. One is
the impact of the modified expression of MCU com-
plex proteins and their stoichiometry in HF.35,36,56

One of those proteins is MICU1, which works as an
MCU gate and define sensibility and Ca2þ-dependent
activation threshold of the MCU pore to Ca2þ through
a fine stoichiometric balance between both proteins
that can induce a more sensible MCU, and thus, an
increment in mCa2þ overload.56 Here, in nonischemic
human HF, we describe a mouse model of HF and a
cellular model of ANGII-induced remodeling and
upregulation of MCU which is consistent with a
metabolic adaptation of the tissue and cells to an
increased pressure workload and an intracellular Ca2þ

signaling that is triggered to match ATP production to
the energy demand. Additional analysis of MCU reg-
ulatory proteins and their protein stoichiometry will
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further contribute for the understanding of HF.56 The
second point under analysis involves determining the
role of sarcoplasmic reticulum–mitochondria cross-
talk through MCU (in mCa2þ overload and metabolic
adaptation in HF), which is not fully understood nor
addressed in this work. However, it justifies further
investigation, as it may constitute a key mechanism
responsible for the onset and maintenance of
excitation–contraction coupling and a proposed
regulator effect of MCU, which by proximity has been
shown to be determinant in mCa2þ handling.57

Moreover, when augmented Ca2þ release is pro-
moted acutely, it leads to a mCa2þ overload followed
by the generation of mROS and to a consequently
increased sensibility to activation of the mPTP.58

Numerous findings have shown mitochondrial
dysfunction and Ca2þ mishandling to be key players
in mediating cardiac dysfunction and cardiac hyper-
trophy in HF.21,59 Consistently, we have shown that
the mCa2þ overload is the driver signal underlying a
chronic pathologic mechanism of remodeling in HF
depending on oxidative stress generated by mROS.
Thus, following mCa2þ overload induction, not only
by the upregulation of MCU in shMock cells exposed
to ANGII, but also by inhibiting the NCLX in MCU-
silenced cells, we observed an increase in the gener-
ation of mROS followed by cell hypertrophy. This was
prevented either by blocking mROS with a specific
mitochondrial anion superoxide scavenger, Mito-
TEMPO, or inhibiting MCU, and thus mCa2þ influx
leading to overload, with Ru360 in shMock cells
exposed to ANGII. This corroborates the importance
of mCa2þ-induced reactive oxygen species (ROS) in
the underlying remodeling mechanism, as indicated
by others.60

Growing evidence has shown ROS-mediated NF-kB
signaling. For example, Takada et al61 have shown
that ROS influences the activation of the NF-kB
pathway primarily by inhibiting the phosphorylation
of the nuclear factor of the kappa light polypeptide
gene enhancer in the B-cell inhibitor alpha. In chronic
conditions, NF-kB activation is reported to be detri-
mental, promoting HF by eliciting chronic proin-
flammatory and cardiac hypertrophy programs.62,63

Similarly, in our study, mCa2þ-dependent ROS gen-
eration by ANGII led to increased activation of NF-kB.
However, silencing MCU avoided mCa2þ overload and
ROS generation, preventing NF-kB activation. There-
fore, we did not observe the upregulation of remod-
eling and proinflammatory markers. In this respect,
our results are in accordance with previous studies
showing that pathologic remodeling can be prevented
by blocking ROS-dependent NF-kB transcriptional
activation.64

Mitochondrial biogenesis may also play a role in
the generation of ROS and may further potentiate
NF-kB phosphorylation. Liu et al27 have shown that
mCa2þ overload, through MCU upregulation, inhibits
the phosphorylation of TFAM, and thus enhances its
stability to promote mitochondrial biogenesis, fol-
lowed by an increase in ROS production and the
subsequent activation of NF-kB signaling. In agree-
ment with our results, it is possible that mitochon-
drial biogenesis may play a role in HF remodeling by
participating in the activation of proinflammatory
and remodeling programs dependent on NF-kB
phosphorylation.

Diseases such as HF are a growing socioeconomic
burden; therefore, developing new therapies based
on novel therapeutic targets that can revolutionize
disease management is important. Disruption of
mCa2þ handling is intimately related to the patho-
physiology of HF and targeting Ca2þ-handling pro-
teins have been proposed.12 Our data consistently
unravel a potential target for preventing cardiac
remodeling and mitochondrial dysfunction by tar-
geting MCU, whether by genetic deletion or pharma-
cologic inhibition using Ru360. In this context, the
field of nanomedicine has attracted much attention as
several studies have shown that using nanoparticles
could increase drug use efficiency to improve car-
dioprotection or treatment in HF.65,66 In HF, it has
been shown that damaged cardiac tissue offers better
nanoparticle internalization efficiency than healthy
tissue15, opening the panoply of therapies and new
hypotheses, including the development of studies
around the pharmacologic inhibition of MCU.12

STUDY LIMITATIONS. Although our data consistently
show the importance of mCa2þ handling in cardiac
remodeling, there are some limitations to the study to
be considered: (1) In our study with human LV tissue
samples, the scarce availability of tissue limited
further studies to corroborate and explore the un-
derlying mechanism found in our cellular model. (2)
The studies performed to assess mitochondrial den-
sity are not deeply developed, and further experi-
ments using the proper tools are required to fully
understand the impact of mitochondrial calcium and
ROS alterations in HF impact on mitochondrial
network, biogenesis, and potential mitophagy.
(3) Our cellular model of cardiac myoblast may not be
entirely representative of human cardiac tissue, and
the translation of our findings is sustained on
hypothesizing upon the correlations between



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This

study contributes to the knowledge of the patho-

physiology of chronic pressure overload-induced HF

with supporting clinical and preclinical data. We

describe and propose a novel role for mCa2þ overload

in cardiac remodeling associated with changes in the

expression of the MCU as the result of a metabolic

adaptation of the tissue. Our studies further suggest

that therapeutic targeting of MCU in HF has a po-

tential application and may lead to the prevention or

improvement of cardiac remodeling but will still

require additional preclinical studies to ensure the

safety of this approach.

TRANSLATIONAL OUTLOOK: The underlying

mechanisms responsible for cardiac remodeling and

energetic dysfunction in chronic pressure overload-

induced HF are still controversial. We show the role of

mCa2þ overload in mROS-mediated cardiac myoblast

remodeling induced by ANGII and how this signaling is

mediated by the upregulation of MCU through a Ca2þ-

dependent CREB/CAMKII transcriptional activation.

Furthermore, by targeting MCU (gene silencing or

pharmacological inhibition), we could prevent cell

remodeling and mitochondrial dysfunction. We have

shown a correlation between MCU expression in hu-

man LV from nonischemic HF with reduced EF, cardiac

function (negative correlation), and remodeling (pos-

itive correlation). Remarkably, after LVAD implanta-

tion, in which cardiac pressure overload is reduced,

MCU expression decreases. These latter translation-

ally oriented studies suggest a potential metabolic

adaptive mechanism in which mCa2þ handling through

MCU may participate in the signaling events driving

cardiac remodeling and energetic dysfunction, and

that further preclinical studies will be required before

this mechanism and potential therapy can be proven

and advanced safely into clinical trials of patients with

HF.
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MCU upregulation, hypertrophy, and mitochondrial
dysfunction. Therefore, to translate the findings, we
assessed the role of MCU in hypertrophy in other
models: in the LV of hypertrophic hearts from an
ANGII-induced mouse model of HF and MCU loss-of-
function in neonatal rat cardiomyocyte primary cul-
ture. These data, together with other reports using
animal models or primary culture of cardiomyocytes,
corroborate the proposed underlying mechanisms.

CONCLUSIONS

In HF, mCa2þ overload mediates cardiomyocyte hy-
pertrophy and mitochondrial dysfunction through a
proposed complex adaptive mechanism involving
Ca2þ-dependent MCU upregulation through CREB/
CAMKII signaling and Ca2þ-mediated mROS genera-
tion and activation of NF-kB-mediated hypertrophic
and proinflammatory program. This reveals a novel
mechanism underlying mCa2þ-mediated pathologic
remodeling and provides a potential pharmacological
target for HF.
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