
communications biology Article
A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-08167-9

TRPV2 mediates stress resilience in
mouse cardiomyocytes
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The heart dynamically compensates for haemodynamic stress, but how this resilience forms during
cardiac growth is not clear. Using a temporally inducible, cardiac-specific knockout in mice we show
that the Transient receptor potential vanilloid family 2 (TRPV2) channel is crucial for the maturation of
cardiomyocyte stress resilience. TRPV2defects in growinghearts lead to smallmorphology, abnormal
intercalated discs, weak contractility, and low expression of serum response factor and Insulin-like
growth factor-1 (IGF-1) signalling. Individual cardiomyocytes of TRPV2-deficient hearts show reduced
contractility with abnormal Ca2+ handling. In cultured neonatal cardiomyocytes, mechanical Ca2+

response, excitation–contraction coupling, sarcoplasmic reticulum Ca2+ content, actin formation,
nuclear localisation of Myocyte enhancer factor 2c, and IGF-1 expression require TRPV2. TRPV2-
deficient hearts show a defective response to dobutamine stress and no compensatory hypertrophic
response to phenylephrine administration, but no stress response to pressure overload. These data
suggest TRPV2 mediates the maturation of cardiomyocyte stress resilience, and will advance
therapeutic interventions and drug discovery for heart disease.

Maturation is the last phase of cardiac development and prepares the heart
for strong, efficient pumping throughout life1. Cardiomyocyte maturation
ensures cardiac integrity and increases the pumping function of the heart.
The processes underlying cardiac maturation, including cellular and organ
growth and electrophysiological, metabolic, and contractile maturation, are
complex, and it remains unclear how these processes are integrated and
interact to produce mature myocardium1,2. Mature hearts are known to
induce an adult-like phenotype in immature cardiomyocytes that are
transplanted in vivo, but the mechanism for this also remains unclear3.
Elucidation of the cardiomyocyte maturation process is, therefore, an
important issue for regenerative medicine and studies of remodelling in the
context of heart failure pathology.

The heart changes its shape and function in response to haemody-
namic load, but it is not clear how this resilience is formed during the
cardiomyocytematuration process4. Cyclicmechanical stress during systole
and passive stretch during diastole trigger changes in gene expression and
remodelling of myocyte morphology and structure to generate a mature
appearance1, but the mechanism of mechanotransduction in cardiomyo-
cytes hasnot been elucidated, so it is not clear howmechanical stress triggers

cardiomyocyte remodelling. Piezo1 is a mechanosensitive channel that is
expressed in the sarcolemma of cardiomyocytes; however, mice with
cardiac-specific Piezo1 knockout showed normal heart structure and
function in adulthood, suggesting that Piezo1 is not involved in embryonic
development or postnatal growth of the heart5–9. In another group of
experiments, tamoxifen-inducible, cardiomyocyte-specificPiezo1knockout
did not affect cardiac structure and function under physiological conditions
in adult mice, indicating that the role of Piezo1 in cardiomyocyte main-
tenance is also minimal10.

The mechanoreception that enables cardiomyocytes to respond to
tension, flow, or changes in cell volume might be provided by members of
the transient receptor potential (TRP) family of cation channels11, which
play a key role in pressure overload–induced pathological heart
remodelling12. TRPC3 or TRPC6 deficiency was reported to suppress
pressure overload–induced cardiac fibrosis, but not myocyte hypertrophic
responses, in mice13,14, and TRPV4 was reported to be involved in pressure
overload–induced hypertrophy and fibrosis15. The systemic-knockout mice
used in those experiments showed no abnormalities in cardiac function
or morphology under physiological conditions, so the contributions of

1Department of Cardiovascular Physiology, Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, Okayama University, Okayama, Japan.
2Department of Pharmacy, College of Pharmacy, Kinjo Gakuin University, Nagoya, Aichi, Japan. 3Department of Electrical and Mechanical Engineering, Graduate
School of Engineering, Nagoya Institute of Technology, Nagoya, Aichi, Japan. 4Department of Chronic Kidney Disease and Cardiovascular Disease, Okayama
University Faculty ofMedicine, Dentistry andPharmaceutical Sciences,Okayama, Japan. 5Department ofCardiovascularMedicine, OkayamaUniversity Faculty of
Medicine, Dentistry and Pharmaceutical Sciences, Okayama, Japan. 6Center for Advanced Heart Failure, Okayama University Hospital, Okayama, Japan.
7Department of Biomedical Sciences, College of Life and Health Sciences, Chubu University, Kasugai, Aichi, Japan. e-mail: katanosaka@kinjo-u.ac.jp

Communications Biology |           (2025) 8:715 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08167-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08167-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08167-9&domain=pdf
http://orcid.org/0000-0001-8845-3626
http://orcid.org/0000-0001-8845-3626
http://orcid.org/0000-0001-8845-3626
http://orcid.org/0000-0001-8845-3626
http://orcid.org/0000-0001-8845-3626
http://orcid.org/0000-0003-4100-6444
http://orcid.org/0000-0003-4100-6444
http://orcid.org/0000-0003-4100-6444
http://orcid.org/0000-0003-4100-6444
http://orcid.org/0000-0003-4100-6444
http://orcid.org/0000-0002-0250-4312
http://orcid.org/0000-0002-0250-4312
http://orcid.org/0000-0002-0250-4312
http://orcid.org/0000-0002-0250-4312
http://orcid.org/0000-0002-0250-4312
mailto:katanosaka@kinjo-u.ac.jp
www.nature.com/commsbio


TRPC3, TRPC6, and TRPV4 channels to cardiomyocyte maturation are
probably low.

Previously, we reported that recombinant TRP vanilloid family type 2
(TRPV2) channels can be activated by hypotonicity- or stretch-induced
mechanical stimulation in ectopic expression systems16–18. Furthermore, we
showed that cardiac-specific elimination of TRPV2 led to severe cardiac
dysfunction, with disorganisation of intercalated discs that support
mechanical and electrical coupling between neighbouringmyocytes, as well
as downregulation of Insulin-like growth factor 1 receptor (IGF1R)/Phos-
phatidylinositol-3kinase (PI3K)/Akt signalling,which is crucial formyocyte
maturation18. In another group of experiments, mice with systemic TRPV2
knockout showed reduced cardiac function under physiological
conditions19. These findings suggest that TRPV2 regulates signalling path-
ways involved in cardiomyocyte maturation and plays an important role in
increasing heart contractility during growth.

In the present study, we usedmicewith temporally controlled, cardiac-
specific conditional TRPV2 knockout to evaluate the role of TRPV2 in
postnatal heart growth and cardiomyocyte maturation. When cardiac-
specific TRPV2 knockout was applied in juvenile mice and the mice were
subsequently grown to adulthood, their hearts displayed smallmorphology,
weak contractility, and lowexpressionof Sarcoendoplasmic reticulumCa2+-
ATPase (SERCA2a) andmolecules related to Serum response factor (SRF)/
Insulin-like growth factor 1 (IGF-1) signalling. Furthermore, these TRPV2-
deficient hearts showed altered localisation of Ca2+ regulatory proteins and
reduced contractility of isolated cardiomyocytes. Although IGF-1 expres-
sion is TRPV2 dependent, administration of IGF-1 alone did not induce
hypertrophic correction, suggesting that the TRPV2 signal is important for
cardiomyocyte maturation and physiological hypertrophy. Dobutamine
stress test and chronic phenylephrine (PE) administration in TRPV2-
deficient hearts indicated that TRPV2 is crucial for maturation of stress-
responsive capacity during cardiac growth. In addition, TRPV2-deficient
hearts showed no structural or functional changes in response to pressure
overload, suggesting that TRPV2 is a key member of the mechanosensitive

system of cardiomyocytes. These results suggest that TRPV2 is crucial for
thematuration of cardiomyocyte stress resilience, and this signal is reflected
in mechanical feedback in the beating heart.

Results
Cardiac-specific elimination of TRPV2 in young mice resulted in
changes in heart morphology and function in adulthood
To examine the role of TRPV2 in cardiac growth and maturation, we
injected tamoxifen into the abdominal cavity of 2-week-old TRPV2flox/flox;
MerCreMer−/− (Floxed-TRPV2) mice and TRPV2flox/flox; MerCreMer+/−

(MCM-TRPV2-cKO) mice for 3 consecutive days (Fig. 1a). The successful
recombination of the TRPV2 gene after tamoxifen administration were
confirmed by PCR (Supplementary Fig. 1). TRPV2 expression in the hearts
of 5-week-oldMCM-TRPV2-cKOmice treatedwith tamoxifenwas reduced
by approximately 95% compared with that in the hearts of Floxed-TRPV2
mice under the same conditions (Fig. 1b). After TRPV2 was conditionally
knocked out at 2 weeks of age, the resulting morphological and functional
changes in the heart were analysed at 5 and 12 weeks of age (Fig. 1a). The
survival rate of tamoxifen-treated MCM-TRPV2-cKO mice was over 90%,
comparable to that of MCM-TRPV2-cKO mice without tamoxifen or
Floxed-TRPV2 mice with or without tamoxifen (Floxed-TRPV2 with
vehicle, 93.02% N = 129; Floxed-TRPV2 with tamoxifen, 91.60%, N = 131;
TRPV2-cKO with vehicle, 92.36%; N = 131; TRPV2-cKO with tamoxifen,
92.68%, N = 123). In this study, we defined 5-week-old mice as young and
12-week-old mice as adults. In young mice, there was no difference in
cardiac morphology or heart-weight-to-body-weight ratio between Floxed-
TRPV2 mice and MCM-TRPV2-cKO mice (Fig. 1c, d). By contrast, the
hearts of adultMCM-TRPV2-cKOmicewere similar to those of youngmice
andwere clearly smaller than those of adult Floxed-TRPV2mice, whichhad
grown larger than their young counterparts (Fig. 1c, d). There was no
fibrosis evident in the hearts of Floxed-TRPV2mice orMCM-TRPV2-cKO
mice (Fig. 1e, f). An analysis of the cross-sectional area of isolated cardio-
myocytes showed that cardiomyocytes of adult MCM-TRPV2-cKO mice
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Fig. 1 | Cardiac changes after removal of TRPV2 from a young age. a Schedule of
tamoxifen administration. b Expression of TRPV2 protein in tamoxifen-treated
heart at 5 weeks (N = 3). c Cardiac morphology (scale bar, 5 mm). d Changes in
heart-to-body weight (HW/BW) ratio (N = 7–17 mice per group). e Masson’s tri-
chrome staining of the left ventricle. Scale bar, 50 µm. f Fibrosis percentage.
g, h Changes in cross-sectional area of cardiomyocytes (n = 723–995 cells from 3

mice per group). i Representative tracing of two-dimensional transthoracic
M-mode echocardiography. j–l Echocardiographic assessment of left ventricular
end dimension at systole, interventricular septal thickness at end-diastole, and
fractional shortening (N = 5–8 mice per group). Data are shown as mean ±
standard error of the mean (SEM). *P < 0.05 between indicated groups based on
Tukey–Kramer test.
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were larger than thoseof youngMCM-TRPV2-cKOmice but clearly smaller
than those of adult Floxed-TRPV2 mice (Fig. 1g, h), suggesting that elim-
ination of TRPV2 attenuated cardiomyocyte growth. Echocardiographic
analysis revealed no abnormalities in left ventricular end-diastolic diameter,
but lower contractility inMCM-TRPV2-cKO hearts than in Floxed-TRPV2
hearts, regardless of age (Fig. 1i−l). These results suggest that TRPV2 is
crucial for structural and functional growth of the heart.

IndividualMCM-TRPV2-cKOcardiomyocytes displayed reduced
contractility and impaired Ca2+ handling
To determine whether the reduced cardiac function in MCM-TRPV2-cKO
mice was due to impaired function of individual cardiomyocytes, we
examined the contractility and Ca2+ handling with excitation–contraction
(E-C) coupling of isolated cardiomyocytes. There was no difference in
cardiomyocyte contractility between young MCM-TRPV2-cKO mice and
young Floxed-TRPV2 mice; however, cardiomyocyte contractility was
significantly higher in adult Floxed-TRPV2 mice than in adult MCM-
TRPV2-cKOmice, which had almost the same cardiomyocyte contractility
as young MCM-TRPV2-cKO mice (Fig. 2a, b). Furthermore, compared
with cardiomyocytes from adult Floxed-TRPV2 mice, cardiomyocytes
from adult MCM-TRPV2-cKO mice had a lower amplitude of electrical
stimulation-dependent Ca2+ transients (Fig. 2c−f) and lower sarcoplasmic
reticulum (SR) Ca2+ contents, as determined by caffeine-dependent Ca2+

release (Fig. 2g). These results suggest that the reduced cardiac function in
adult MCM-TRPV2-cKO mice was due to impairment of individual
cardiomyocytes.

Loss of TRPV2 altered the expression and localisation of Ca2+

regulators involved in E-C coupling
In cardiomyocytes, Ca2+ regulatory proteins display subcellular localisation
and expression that are well suited to their cellular functions18,20,21. Because
systolic Ca2+ release occurs at the dyad, which consists of the T-tubule and

SR membranes, we analysed the localisation of Ca2+ transporters and
junctophilin-2 (JP2), which helps to coordinate these structures. In adult
Floxed-TRPV2 hearts, L-type Ca2+ channels (LTCC) and Na+/Ca2+

exchanger 1 (NCX1) were localised in T-tubules, and SERCA2a and JP2
were located on SR membranes, such that immunofluorescence signals
appeared as well-ordered, ladder-like patterns (Fig. 3a, upper panels).
However, in adult MCM-TRPV2-cKO hearts, the localisation of Ca2+

transporters and JP2 was disordered, with no clear ladder-like pattern
(Fig. 3a, second-row panels from top). In young mice, the localisation of
Ca2+ transporters and JP2was not clear, but therewasnodifference between
MCM-TRPV2-cKO hearts and Floxed-TRPV2 hearts (Fig. 3a, bottom two
rows of panels). These results suggest that TRPV2 has an important role in
the development of the dyad structure, and that the impaired contractility
and Ca2+ handling in MCM-TRPV2-cKO cardiomyocytes might be due to
abnormal dyad function caused by disrupted localisation of Ca2+ trans-
porters involved in E-C coupling.

Duringpostnatal cardiac growth, responsibility for the functionofCa2+

efflux from the intracellular space shifts from NCX1 to SERCA2a22,23.
Therefore, we analysed changes in the expression of Ca2+ transporters and
JP2 that occurred during the postnatal growthof Floxed-TRPV2 andMCM-
TRPV2-cKOhearts. There was no significant difference in the expression of
LTCC, NCX1, or JP2 between Floxed-TRPV2 hearts and MCM-TRPV2-
cKOhearts, regardless of age (Fig. 3b–e); however, SERCA2a expressionwas
severely reduced in young MCM-TRPV2-cKO hearts, and this reduction
was significantly reversed in adult MCM-TRPV2-cKO hearts (Fig. 3b, f).
Notably, the myofibers of adult MCM-TRPV2-cKO hearts had markedly
disorganised, thin, weak Z-bands (white arrowheads) and less mature sar-
comere structures compared with the myofibers of adult Floxed-TRPV2
hearts (Fig. 3g). These results suggest that TRPV2 has a major impact on
SERCA2a expression during cardiac growth and plays a crucial role in the
development of contractile function by regulating SERCA2a expression and
sarcomere integrity.
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Fig. 2 | Changes in contractility and Ca2+ handling of MCM-TRPV2-cKO car-
diomyocytes. a Representative tracing of myocyte shortening. b Change in con-
tractility at 1 Hz in young and adult myocytes (n = 31–40 cells from three hearts per
group). *P < 0.05 between indicated groups based on Tukey–Kramer test.
c Frequency-dependent shortening of cardiomyocytes (n = 31–40 cells from three
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based on Student’s t-test. d Representative trace of Indo-1 fluorescence in single
cardiomyocytes stimulated at 1 Hz. e Peak amplitude of Ca2+ transients (n = 32–46
cells from three hearts per group). f Decay time constant (obtained by fitting the
decline phase). gEstimation of sarcoplasmic reticulumCa2+ content (n = 16–28 cells
from three hearts per group). *P < 0.05 vs. tamoxifen-treated floxed cells based on
Student’s t-test. Data are shown as mean ± standard error of the mean (SEM).
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TRPV2-deficient mice displayed changes in intercalated disc
structure
We previously showed that cardiac TRPV2 localises to intercalated discs,
and elimination of TRPV2 from adult mice leads to disorganisation of the
intercalated disc structure and a decline in integrated cardiac pumping
function18. The intercalated discs of adult Floxed-TRPV2 hearts exhibited a
characteristic accordion structure, which was partially formed even in
young hearts (Fig. 4a, upper panels). By contrast, the intercalated discs of
adult MCM-TRPV2-cKO hearts showed extensive interdigitation and
irregular shapes (Fig. 4a, lower right), and in young MCM-TRPV2-cKO
hearts, the cell–cell contact siteswere broad and loose, with no characteristic
accordion structure (Fig. 4a, lower left). Furthermore, the gap junction
protein Connexin 43 showed diffuse localisation in adult MCM-TRPV2-
cKO hearts (Fig. 4a, lower panel). These results suggest that TRPV2 reg-
ulates the development of the intercalated disc structure.

The PI3K/Akt signalling pathway was downregulated in TRPV2-
deficient hearts
To elucidate the molecular mechanism by which TRPV2 elimination from
young mouse hearts impairs cardiac maturation, we analysed intracellular
signalling in young and adult Floxed-TRPV2 and MCM-TRPV2-cKO
mouse hearts. IGF-1 regulates cardiomyocytematuration through IGF1R, a
receptor tyrosine kinase that signals through the PI3K/AKT pathway1.
Compared with young Floxed-TRPV2 hearts, young MCM-TRPV2-cKO
hearts displayed reduced IGF1R, PI3K, Akt, and S6K1 phosphorylation and
mTOR expression (Fig. 5a–f), suggesting that the IGF1R pathway was
downregulated and protein synthesis and mRNA expression were broadly
suppressed, as evidenced by weak mTOR expression. IGF-1–induced car-
diac hypertrophy is promoted by myocyte enhancer factor 2c (MEF2c), a
key transcription factor complex involved in the differentiation and
hypertrophic response of cardiomyocytes24.MEF2c expressionwas lower in
young MCM-TRPV2-cKO hearts than in young Floxed-TRPV2 hearts

(Fig. 5g), suggesting that gene expression essential for myocyte maturation
was not promoted in the former. Phosphorylated Class II histone deace-
tylase (HDAC) associates with MEF2c and represses MEF2c activity25.
HDAC phosphorylation was suppressed in adult MCM-TRPV2-cKO
hearts, indicating that MEF2c activity was not high even at that stage
(Fig. 5h). SRF is oneof the key regulators of cardiomyocytematuration1,26. In
Floxed-TRPV2 mice, SRF expression was high in young hearts and low in
adult hearts, whereas in MCM-TRPV2-cKOmice, SRF expression was low
in both young hearts and adult hearts (Fig. 5i). IGF-1 expression, which
promotes cardiac development and improves cardiac function27, was also
low in adult MCM-TRPV2-cKO hearts (Fig. 5j), likely because of reduced
SRF expression.Overall, these results show that SRF-mediated transcription
and IGF1R signalling were reduced in MCM-TRPV2-cKO hearts.

Maturation of Ca2+ handling and the MEF2c/HDAC axis were
impaired in TRPV2-deficient cultured neonatal cardiomyocytes
In a previous study, we tracked the increase in cell area, reorganisation of
myofibrils, and maturation of intracellular Ca2+ handling until the acqui-
sition of synchronous beating in cultured neonatal cardiomyocytes18. To
examine the role of TRPV2 in cardiomyocytematuration, we used the same
culture system to analyse intracellular Ca2+ handling and HDAC9 and
MEF2c localisation in cardiomyocytes isolated from Floxed-TRPV2 or
MCM-TRPV2-cKO neonatal mice. After 24 h of culture, Floxed-TRPV2
cardiomyocytes showed TRPV2 expression at the plasma membrane
(Fig. 6a, upper left panel) anddisplayed ladder-likemyofibers (Fig. 6a, upper
right panel), indicating that sarcomere formation was in progress. On the
other hand, MCM-TRPV2-cKO cardiomyocytes showed markedly atte-
nuated TRPV2 expression and contained almost no myofibrils (Fig. 6a,
lower panels), suggesting that TRPV2 is essential for myofibril maturation
in cardiomyocytes.

We previously showed that mechanical stress from stretch or hypo-
osmotic stimulation activates TRPV216,18. Floxed-TRPV2 cardiomyocytes
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showed increased intracellular Ca2+ levels in response to hypo-osmotic
stimulation. This response was blocked by addition of the TRPV2 inhibitor
tranilast or by elimination of TRPV2, suggesting that TRPV2was functional
in the early phase of the culture process (Fig. 6b). Floxed-TRPV2 cardio-
myocytes exhibited electrical stimulation-dependent Ca2+ transients and
caffeine-induced Ca2+ release from the SR that became more pronounced
over 72 h of culture (Fig. 6c, left panels). These cells also showed synchro-
nised beating after 72 h in culture. In contrast, MCM-TRPV2-cKO cardi-
omyocytes showed no electrical stimulation-dependent Ca2+ response, no
increase inCa2+ content of the SR, and no synchronised beating after 72 h of
culture (Fig. 6c, right panels, and 6d). These results indicate that the
development of Ca2+ handling, which is essential for cardiomyocyte
maturation, is dependent on TRPV2.

Ca2+ signalling in cardiomyocytes affects the function of transcription
factors required for muscle maturation1. In cultured cardiomyocytes, foetal
calf serum (FCS) induces maturation with physiological hypertrophy.
When Floxed-TRPV2 cardiomyocytes were cultured in FCS-containing
medium, myofibers in developed after 48 h (Fig. 6e, left panels). In these
cells, HDAC9 and MEF2c localised in the intranuclear and intracellular
spaces, respectively, in the absence of FCS and vice versa in the presence of
FCS (Fig. 6e, left panels). On the other hand,HDAC9 andMEF2c had lower
expression in MCM-TRPV2-cKO neonatal cardiomyocytes and did not
change their localisationdependingon the presence or absence of FCS in the
culturemedium (Fig. 6e, right panels). It was also clear that themyofibrils of
theMCM-TRPV2-cKO cells weremore fragile andweaker than those of the
Floxed-TRPV2 cells (Fig. 6e, secondpanels fromright). Forced expressionof
TRPV2 from an adenovirus in Floxed-TRPV2 cardiomyocytes resulted in
nuclear localisation of MEF2c regardless of the presence of FCS (Fig. 6f).
These results suggest that TRPV2 regulates the MEF2c/HDAC axis by
enhancing Ca2+ handling during cardiomyocyte maturation.

IGF-1 treatment partially improves cardiac morphology and
function in TRPV2-deficient mice
Cardiomyocytes secrete IGF-1 when stimulatedwith cyclic stretching28.We
previously showed that this cyclic stretch-dependent IGF-1 secretion is
suppressed in TRPV2-deficient myocytes18. We used an adenovirus

construct, (Ad)-TRPV2, to increase TRPV2 expression in cultured cardi-
omyocytes from Floxed-TRPV2 mice, and we suppressed TRPV2 expres-
sion using Ad-Cre-recombinase with the LoxP system (Fig. 7a, b;
Supplementary Fig. 2). Ad-TRPV2markedly upregulated IGF-1 expression
in cultured cardiomyocytes, whereas Ad-Cre downregulated IGF-1
expression, confirming that TRPV2 controls IGF-1 expression (Fig. 7a, c).
Notably, Ad-Cre also suppressed myofiber formation (Fig. 7a, c). To
determine whether IGF-1 treatment can enhance cardiac growth and
function in mice with TRPV2 deficiency from early childhood, we con-
tinuously administered IGF-1 to Floxed-TRPV2 and MCM-TRPV2-cKO
mice starting at 3 weeks of age and examined cardiac function and cardi-
omyocyte morphology at 12 weeks of age. Continuous administration of
IGF-1 increased cardiac size and function in MCM-TRPV2-cKO mice,
although these mice did not show the same cardiac hypertrophy as Floxed-
TRPV2mice (Fig. 7d–i). In addition, IGF-1 administration almost restored
the ladder-like myofilament structure and normal localisation of Ca2+

regulators inMCM-TRPV2-cKOhearts (Fig. 7j, lowerpanels). These results
indicate that the IGF-1 pathway is partially involved in the process bywhich
TRPV2 promotes the maturation of cardiac structure and function.

TRPV2-deficient mice had an impaired response to dobutamine
stress challenge
To evaluate the stress response in TRPV2-deficient hearts, we treated adult
Floxed-TRPV2 and MCM-TRPV2-cKO mice with 5mg/kg dobutamine, a
sympathomimetic drug that stimulates adrenergic receptors to increase
heart rate and contractility29. As expected, heart rate increased in Floxed-
TRPV2 mice and MCM-TRPV2-cKO mice 4min after dobutamine injec-
tion (percent increase over baseline heart rate: Floxed-TRPV2,
19.06% ± 2.15% vs. MCM-TRPV2-cKO, 21.21% ± 4.57%; P = 0.685;
Fig. 8a). In terms of heart contractility (as indicatedby FS%), Floxed-TRPV2
mice showed a marked increase after dobutamine treatment, whereas
MCM-TRPV2-cKO mice showed little change (percent increase over
baseline FS%: Floxed-TRPV2, 22.08%± 1.13% vs. MCM-TRPV2-cKO,
1.89% ± 2.47%; P < 0.0001), likely due to decreased contractile reserve,
which is common in heart failure30 (Fig. 8b–e). These results suggest that
cardiac TRPV2 is essential for the development of stress tolerance.

Young Adult CX43

Floxed-TRPV2

MCM-TRPV2-cKO

a b
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R: Phalloidin
B: DAPI

Fig. 4 | Abnormality of intercalated discs inMCM-TRPV2-cKOhearts. a Electron
micrograph of intercalated discs in young and adult Floxed-TRPV2 and MCM-
TRPV2-cKOmice. Scale bar, 1 µm. White triangles are adherence junctions. Yellow

triangles are desmosomes. Red triangles are gap junctions. b Triple staining of anti-
Connexin 43 antibody (green), phalloidin (red), and DAPI (blue). Scale bar, 10 µm.
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TRPV2-deficient mice had an impaired hypertrophic response
To clarify the effect of TRPV2 deficiency under conditions of chronic
haemodynamic stress, we treated Floxed-TRPV2 and MCM-TRPV2-
cKO mice with the adrenergic receptor agonist phenylephrine (PE) to
induce hypertrophy and pathological remodelling. After 2 weeks of PE
administration, Floxed-TRPV2 mice showed an adaptive hypertrophic

response with increased heart-to-body-weight ratio and no chamber
dilation or cardiac dysfunction, whereas MCM-TRPV2-cKO mice
showed chamber enlargement with fibrosis and severe cardiac dysfunc-
tion without any increase in heart-to-body-weight ratio or cell area
(Fig. 9a–h). To elucidate the mechanism of stress-dependent responses in
MCM-TRPV2-cKO hearts, we analysed Akt phosphorylation and the
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expression of IGF-1 and atrial natriuretic peptide (ANP), a marker of
elevated preload and cardiac dysfunction. Floxed-TRPV2 hearts showed
increased AKT phosphorylation but no increase in ANP expression after
PE administration, whereas MCM-TRPV2-cKO hearts showed increased
ANP expression but no change in AKT phosphorylation, suggesting that
PE treatment was more stressful for MCM-TRPV2-cKO hearts than for
Floxed-TRPV2 hearts (Fig. 9i). IGF-1 expression was always lower in
MCM-TRPV2-cKO hearts than in Floxed-TRPV2 hearts, with or without
PE treatment (Fig. 9i). These results suggest that TRPV2 is required for
the development of cardiomyocytes that can adaptively respond to
haemodynamic stress.

Finally, we examined the effect of TRPV2 deficiency on cardiac
pathological remodelling in response to a more direct mechanical stress,
pressure overload. Floxed-TRPV2 hearts showed an adaptive hyper-
trophic response after 2 to 8 weeks of transverse aortic constriction
(TAC; Fig. 10a, b) and developed heart failure with reduced cardiac
function and ventricular dilation with fibrosis after 16 weeks
(Fig. 10c–h). On the other hand, MCM-TRPV2-cKO hearts showed no
significant morphological or functional changes after TAC (Fig. 10a–h),
suggesting that they were unable to sense pressure overload. Akt and
Rac1 phosphorylation and ANP and IGF-1 expression were elevated
after TAC in Floxed-TRPV2 hearts, suggesting a mechanical stress-
dependent hypertrophic response (Fig. 10i). By contrast, there was no
post-TAC upregulation of these molecules in MCM-TRPV2-cKO
hearts. Rac1 mediates the mechanotransduction pathway, and pressure
overload induces Rac1 phosphorylation in the heart31. The phosphor-
ylation level of Rac1 was reduced inMCM-TRPV2-cKO hearts subjected
to pressure overload, reflecting a lack of mechanical stress sensing, even
after TAC treatment (Fig. 10i). These results suggest that TRPV2 is
involved in the mechanotransduction process of cardiomyocytes during
hemodynamic stress. Taken together, the results show that hearts
deficient in TRPV2 from an early age were unable to adaptively mount
hypertrophic responses to PE administration or to TAC surgery and
were significantly less resilient to stress.

Discussion
Haemodynamic stress is an important factor that promotes physiological
growth and pathological hypertrophy1,4,20,32–34; however, the molecular
mechanismof itsmechanotransduction in cardiomyocytes remains unclear.
We previously showed that TRPV2 is required for cellular Ca2+ responses to
stretch and hypo-osmotic stimuli16–18. In our previous study, TRPV2
elimination fromadultmice resulted in severeheart failurewithin a fewdays
and about 70% death within 10 days18. This suggests that TRPV2 is indis-
pensable in the adult working heart. In the present study, TRPV2 was
eliminated in the heart at 2 weeks of age, but the survival of the mice was
unaffected, allowing analysis of the role of TRPV2 during growth. The
difference in survival rates depending on the timing of TRPV2 elimination
might bedue todifferences in the role ofTRPV2at different stages of cardiac
development. In the case of TRPV2 elimination in the adult heart, disrup-
tion of intercalated discs led to structural and functional abnormalities of
cardiomyocytes, which resulted in severe cardiac dysfunction due to a lack
of electrical and mechanical coupling between cardiomyocytes18. In con-
trast, juvenile hearts were less affected by TRPV2 elimination because of
their inherently weak cardiac contractility and immature intercalated disc
structure; however, the TRPV2-deficient cardiomyocytes did not promote
structural and functional maturation, remained weakly contractile, and
lacked stress tolerance once the mice reached adulthood. This suggests that
TRPV2 is crucial for the maturation of cardiomyocyte stress resilience.

We propose two hypotheses regarding the observed impairment of
cardiac growth and function in mice that lack cardiac TRPV2 expression
from a young age. First, decreased SRF-mediated transcription in the
growing heart suppresses cardiomyocyte maturation. Overexpression of
SRF in the mouse heart results in hypertrophic cardiomyopathy35, and
overproduction of a dominant-negative mutant form of SRF causes severe
cardiac dilation and death36. Temporary cardiomyocyte-specific SRF
knockout does not result in hypertrophic compensation, despite compen-
satory increases in several other key factors37. This suggests that SRF is an
important mediator of both physiological growth and pathological hyper-
trophy. In addition,we found that continuous administrationof IGF-1 from
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youth inMCM-TRPV2-cKOmice did not result in hypertrophic correction
(Fig. 7),which is consistentwith the effects seen in SRF-deficientmice37.Our
experimental results suggest that cardiac TRPV2 promotes physiological
growth and hypertrophy via activation of SRF-mediated transcription.

Second, abnormal intercalated discs and impaired cardiomyocyte
contractility reduce cardiac integrity inTRPV2-deficient hearts, which leads
to reduced sensing of biomechanical stress that is essential for normal
cardiac functional andmorphological maturation. The intercalated disc is a
specialised structure at the connection between cardiomyocytes that are
subjected to mechanical stress with each heartbeat and undergoes remo-
delling in various cardiac pathologies, including pressure overload38,39.
Sarcomere elongation is proposed to occur at intercalated discs in the
growing heart, and changes at these sites play a major role in regulating
cardiomyocyte size40. The absence of accordion-like structures in the areas
of cell–cell contact in MCM-TRPV2-cKO hearts might limit sarcomere
elongation (Fig. 4a). The disrupted localisation of Connexin 43 also suggests
that electrical coupling between neighbouring cardiomyocytes is impaired
in MCM-TRPV2-cKO hearts (Fig. 4b). These disruptions of cardiac integ-
rity reduce mechanical feedback to the cardiomyocytes, retarding their
growth.

Young TRPV2-deficient hearts showed dramatically reduced SER-
CA2a expression (Fig. 3b, f). Because cardiomyocyte contractility is low in
the young stage, with or without TRPV2 (Fig. 2a, b), reduced SERCA2a
expression (Fig. 3b) would not affect cardiomyocyte physiology in young
MCM-TRPV2-cKO mice. It might, however, affect the intracellular Ca2+

homoeostasis of cardiomyocytes. The attenuated IGF1R/PI3K/Akt path-
way, which is regulated by intracellular Ca2+ in young TRPV2-cKO hearts,
also suggests that Ca2+ homeostasis is disordered in cKO myocytes.

Mice with cardiac-specific SERCA2a knockout exhibit impaired car-
diac function due to disruption of cardiomyocyte contractility, Ca2+

handling, and energymetabolism41–43. Loss of SERCA2a leads not only to SR
collapse but also to remodelling of theT-tubule so that the intracellular dyad
structure is disorganised44. In our study of adult TRPV2-deficient hearts, the
localisation of LTCC andNCX,which are originally located in the T-tubule,
is disrupted, and the localisation of SERCA2a and JP2 is also abnormal
(Fig. 3a). Therefore, downregulation of SERCA2a at a young age appears to
influence the formationof theT-tubule anddyad structure during growth in
MCM-TRPV2-cKO hearts.

The increased expression of SERCA2a in MCM-TRPV2-cKO adult
hearts might be a response to compensate for reduced SR function
(Fig. 3b, f); however, the Ca2+ handling and SR Ca2+ content of isolated
cells were reduced in MCM-TRPV2-cKO adult hearts (Fig. 2d–g). This is
probably because Ca2+ handling and SR function for efficient E-C cou-
pling cannot be maintained if the structure of T-tubules and dyads is
disrupted, even if SERCA2a expression levels are high. This is consistent
with our previous findings18. Elimination of TRPV2 from adult mouse
hearts resulted in breakdown of T-tubule and dyad structure and
impaired Ca2+ handling and SR function associated with E-C coupling,
although Ca2+ transporter and SERCA expression was unchanged18.
Therefore, during cardiac growth, TRPV2 appears to regulate signals
involved in the formation of T-tubules and dyad structure, although the
molecular mechanisms need to be clarified.

IGF-1 is producedmainly in the liver, and the circulating level of IGF-1
increases soon after birth under the influence of growthhormone45,46. IGF-1
continues to be secreted throughout life under normal conditions and in
response to changes in intracellular Ca2+ concentration due to mechanical
stress47–49. This mechanoresponsive IGF-1 secretion, in turn, modulates the
myocyte IGF1R/PI3K/Akt pathway, which is involved in myocardial
hypertrophy and heart failure47. In MCM-TRPV2-cKO hearts, the expres-
sion levels of IGF-1 and its upstream regulator SRF were consistently low
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regardless of haemodynamic stress (Figs. 5i, j, 9i and 10i), suggesting that
TRPV2 signalling controls IGF-1 expression. In support of this idea, we
found that forced expression of TRPV2 in cultured cardiomyocytes mark-
edly increased cell area and IGF-1 expression (Fig. 7a, c) and enhanced
MEF2c nuclear translocation (Fig. 6f). In addition, MCM-TRPV2-cKO
hearts had an attenuated IGF1R/PI3K/Akt pathway from a young age
(Fig. 5), consistent with previous results in adult mice with acute TRPV2
elimination18. These results suggest that TRPV2 signalling regulates cardi-
omyocyte maturation via the IGF-1 signalling pathway, although the
mechanism remains to be uncovered.

Increased contractility during growth enhances cardiomyocyte
maturation through mechanical feedback34,50. The TRPV2-dependent
myofiber formation observed in this study (Figs. 3g and 6a) provides
positive mechanical feedback to cardiomyocytes within the working heart,
leading to cardiomyocyte maturation. We showed that TRPV2 is involved
in the mechanical stress-dependent Ca2+ response of cardiomyocytes
(Fig. 6b), although it remains unclear whether TRPV2 directly senses
mechanical stress. In immature cardiomyocytes, Ca2+ influx from the
extracellular space during heartbeat contributes to the formation of Ca2+

transients for contraction and Ca2+ signalling51. TRPV2 might be involved
in this pathway and contribute to cardiomyocyte maturation as an impor-
tant extracellular Ca2+ supplier that functions with increased contractility.
This idea is supported by the fact that TRPV2-deficient cells showed no
increases in Ca2+ transients involved in E-C coupling or SR Ca2+ content
during culture (Fig. 6c, d). Hence, the promotion of TRPV2 activity in
immature cardiomyocytes might be an effective strategy to induce
maturation and differentiation for developmental engineering and regen-
erative medicine.

TRPV2 is widely expressed throughout the body16,17,52,53. Mice with
systemic TRPV2 deficiency were susceptible to perinatal lethality54, sug-
gesting that TRPV2 is crucial for foetal survival and development. Recently,
TRPV2-based therapies have begun to attract attention in the field of car-
diovascular medicine55, and the specific roles of TRPV2 in different tissues,
stages of growth anddevelopment, andpathologiesneed tobe clarified. This
study provides a detailed analysis of the importance of TRPV2 in cardiac
growth, cardiomyocyte maturation, and pathological remodelling. The
integrated performance of the circulatory system can be discussed for the
treatment of cardiovascular pathologies by comparing our findings with
previous findings from mice with systemic TRPV2 deficiency19,56. In addi-
tion, the detailed roles of TRPV2 in blood vessels and muscle should be
analysed using mice with other tissue-specific TRPV2 knockouts in
future work.

Several studies have raised concerns that tamoxifen treatment can
adversely influence cardiac function in adult MCM mice57,58. A DNA
damage response occurs in these hearts, resulting in cardiomyocyte
apoptosis, cardiac fibrosis, and cardiac dysfunction57. Therefore, Koita-
bashi et al.58 recommended a reduced tamoxifen dosage of <20mg/kg
body weight per day for use in MCM+/− mice (an approximate total dose
of 80mg/kg). In previous studies18,21, we administered tamoxifen by
intraperitoneal (i.p.) injection consecutively for 4 days at a dose of 8 mg/
kg body weight in 10-week-old MCM+/− mice (8mg/kg per day,
approximate total dose of 32mg/kg). In a microarray analysis, we were
unable to detect any alterations in the signalling pathways involved in
DNA damage response in MCM+/− hearts treated with tamoxifen for
4 days21. In the same previous studies, we found that TRPV2 mRNA was
suppressed by more than 95% on day 3 after tamoxifen administration18.
Therefore, in the present study, the duration of tamoxifen administration
was shortened to 3 days with the aim of decreasing tamoxifen use. The
fact that TRPV2 protein expression was suppressed by more than 95%
with this protocol is confirmed in Fig. 1b. In addition, tamoxifen treat-
ment did not affect overall cardiac structure and function in TRPV2flox/+;
MCM+/− (hetero) mice (Supplementary Fig. 3). Together, our results
indicate that the heart-failure phenotype seen in tamoxifen-treated
MCM-TRPV2-cKO mice was not due to adverse effects of tamoxifen or
excessive MCM expression.

Methods
Animal experiments
We have complied with all relevant ethical regulations for animal. The
Institutional Animal Care and Use Committee at Okayama University and
KINJO GAKUIN University approved the animal experiments conducted
in this study (approval number OKU-2022397, 2021119 in Okayama
University; 249, 272 in KINJO GAKUIN University). All methods were
carried out in accordancewith theGuide for theCare andUse of Laboratory
Animals published by the U.S. National Institutes of Health.

Animals
The generation of TRPV2flox/flox;MerCreMer+/– (MCM-TRPV2-cKO) and
TRPV2flox/flox;MerCreMer–/– (Floxed-TRPV2) mice was previously described
in detail (Katanosaka et al., 2014, Nat. Comms.). To induce Cre-mediated
recombination, 2-week-old MCM-TRPV2-cKO and Floxed-TRPV2 mice
were injected intraperitoneally (i.p.) with 8mg/kg tamoxifen (Sigma) once
daily for 3 consecutive days. Littermates were used in this study to rando-
mise genetic variation. To examine the hypertrophic response, mice were
implanted subcutaneously with osmotic infusion pumps, and 40mg/kg
phenylephrine (PE) was administered.

TAC surgery
TAC surgery was performed to induce left ventricular pressure overload.
The detailed methods have been described previously (Ujihara, Y. et al.,
2016, Cardiovasc. Res.). Male mice (10 weeks old) were anesthetised with
the combination anaesthetic consisting of 0.3mg/kg medetomidine
(Zenoaq), 4.0 mg/kg midazolam (Sandoz), and 5.0 mg/kg butorphanol
(Meiji Seika Pharma). After orotracheal intubation, a cannula was con-
nected to a volume-cycled ventilator (SN-480-7; Shimano) using roomair at
a tidal volume of 0.2 ml and a respiratory rate of 110 breaths/min. A small
incision through the second intercostal space was made to access the chest
cavity, and the transverse aorta was constricted with a 7-0 nylon string by
ligation with a blunted 27-gauge needle, which was later removed.

Administration of IGF-1
IGF-1 administration and tamoxifen treatment were started at the same
time from2weeks of age. Controlmice received vehicle alone.Recombinant
human IGF-1 was purchased fromCell Science, dilutedwith 0.9%NaCl at a
concentration of 10mg/mL, and intraperitoneally injected to mice (50 μg
per day) from 2 to 4 weeks of age. Thereafter, recombinant IGF-1 was
administrated tomice (60μgperday) by continuous infusion (0.25 μLperh)
using a mini osmotic pump (Alzet 1004).

Neonatal cardiomyocyte culture
Primary cardiomyocyte cultures were prepared fromventricles of 1-day-old
mice by very gentle trypsinisation at room temperature using a modified
method for rat neonatal hearts59. Briefly, neonatal MCM-TRPV2-cKO or
control (floxed) mice were anaesthetised by inhalation of isoflurane, and
their hearts were rapidly removed. The ventricles were excised, cut into
several pieces, and washed three times with 10mL ice-cold phosphate-
buffered saline (PBS) for 1min by gentle shaking. The tissue pieces were
digested three times with 0.06% trypsin in Dulbecco’s modified eagle
medium (DMEM) (8mL) for 8min at 37 °C by gentle agitation. The cells
were resuspended in DMEM with 10% FCS to stop trypsinisation and
centrifuged at 1400×g for 3min. The cell pellets were resuspended in fresh
DMEM containing 10% FCS, plated on collagen-coated 24-well dishes at a
density of 4 × 104 cells per well, and maintained in DMEM containing 10%
FCS and 2 μg/mL 4-hydroxy tamoxifen (sigma). In some experiments, after
confirming cell adhesion, the cells were infected with adenovirus for 24 h.

Isolation of adult mouse ventricular myocytes
Ventricular myocytes were obtained from 10-week-old male mice using a
method previously described18,20,21. Adult mice were anaesthetised by iso-
flurane inhalation and euthanised with pentobarbital (50mg/kg, i.p.), and
their hearts were rapidly removed and Langendorff-perfused at a constant
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hydrostatic pressure of 70-cmH2Oat 37 °C using cell-isolation buffer (CIB)
supplemented with 0.4mM EGTA (EGTA-CIB), which chelates calcium
within the heart. CIB contained 130mM NaCl, 5.4mM KCl, 0.5mM
MgCl2, 0.33mM NaH2PO4, 22mM glucose, 50 nM/mL bovine insulin
(Sigma), and 25 HEPES-NaOH (pH = 7.4). Bovine insulin was used from
1U/mL stock solution in 0.1mMHCl (pH = 4.0), andEGTAwas used from
a 400mM stock in 1MNaOH (pH = 7.8). The perfusate was then switched
to the enzyme solution (15mL), which consisted of CIB supplementedwith
0.3mMCaCl2, 1mg/mL collagenase (Worthington Biochemical), 0.06mg/
mL trypsin (Sigma), and 0.06mg/mL protease (Sigma). Once the tissue had
undergone complete digestion, the ventricles were excised, cut into several
pieces, and further digested in fresh enzyme solution (15mL) for 15–20min
at 37 °C until they were mostly dissociated. In this enzyme solution, the
CaCl2 level was increased to 0.7mM, and 2mg/mL BSA (Sigma) was
supplemented. The cell suspension was centrifuged at 14×g for 3min. The
cell pellet (~0.1ml) was resuspended in CIB supplemented with 1.2mM
CaCl2 and 2mg/mL BSA, incubated at 37 °C for 10min, centrifuged (14×g,
3 min), and resuspended in 10mL Tyrode’s solution supplemented with
2mg/mL BSA. Tyrode’s solution contained 140mM NaCl, 5.4mM KCl,
1.8mM CaCl2, 0.5mM MgCl2, 0.33mM NaH2PO4, 11mM glucose, and
5mM HEPES-NaOH (pH = 7.4).

Measurement of cell shortening and intracellular Ca2+ transients
in adult cardiac myocytes
We examined cell shortening and Ca2+ transients in isolated cardiomyocytes
after loading with 10 µmol/L Indo-1 AM (Invitrogen) and electrical stimu-
lation at a frequency of 1Hz using a two-platinum electrode insert con-
nected to a bipolar stimulator (SEN-3301; Nihon Kohden) on the stage of an
inverted microscope (IX71; Olympus) with a 20× water immersion objective
lens (UApo N340; Olympus). Ca2+ transients were evaluated as the fluor-
escence ratio at 405:480 nm, emitted by cells upon excitation at 340 nm,
using a high-performance EvolveTM EMCCD camera (Photometrics). Car-
diomyocytes were maintained under a continuous flow of standard Tyrode’s
solution using a microperfusion system. Ca2+ transients were recorded and
analysed using MetaMorph version 7.7.1.0 software (Molecular Devices
Inc.). Means of the fluorescent signals from 10–20 cardiomyocytes from a
single heart were calculated. The standard deviation of the normalised value
at the peak was taken as a measure of the synchrony of Ca2+ release.

Measurement of intracellular Ca2+ in newborn cardiomyocytes
Intracellular Ca2+ change was examined in cardiomyocytes loaded with 2 µM
fura-2-acetoxymethyl ester (fura-2) for 30min at 37 °C and maintained in
standard Tyrode’s solution under continuous flow using a microperfusion
system. Fura-2-loaded cells were alternately excited at 340 nm and 380 nm
using a Lambda DG-4 Ultra High Speed Wavelength Switcher (Sutter
Instruments) coupled to an inverted IX71 microscope with a UApo 20×/0.75
objective lens (Olympus). Fura-2 fluorescent signals were recorded (ORCA-
Flash 2.8; Hamamatsu Photonics) and analysed by a ratiometric fluorescence
method using MetaFluor software (version 7.7.5.0; Molecular Devices).

Antibodies
The following antibodies were used for immunostaining and immunoblot
analysis: anti-LTCC (Alomone, 1:1000 dilution), anti-SERCA2a (Thermo,
1:1000 dilution), anti-GAPDH (Abcam, 1:1000 dilution), anti-caveolin3
(BD biosciences, 1:1000 dilution), anti-junctophilin2 (Santa Cruz, 1:1000
dilution), anti-IGF-1 receptor (Cell Signaling, 1:1000 dilution), anti-
phospho-IGF-1 receptor (Cell Signaling, 1:1000 dilution), anti-Akt (Cell
Signaling, 1:1000 dilution), anti-phospho-Akt (Cell Signaling, 1:1000 dilu-
tion), anti-mTOR (Cell Signaling, 1:1000 dilution), anti-PI3K (Cell Sig-
naling, 1:1000 dilution), anti-p70S6K (Cell Signaling, 1:1000 dilution), anti-
phospho-p70S6K (Cell Signaling, 1:1000 dilution), anti-MEF2C (Cell Sig-
naling, 1:1000 dilution), anti-p-HDAC (Sigma, 1:1000 dilution), anti-IGF-1
(Santa Cruz, 1:1000 dilution), and anti-SRF (Santa Cruz, 1:1000 dilution).
Anti-NCX1 antibody (1:1000 dilution) was generated in our laboratory
as previously described (Katanosaka et al., 2005, J Bio Chem.).

Immunoreactive bands were visualised using an enhanced chemilumines-
cence detection system (Amersham Biosciences Corp.) and a Luminescent
Image Analyzer (LAS3000; Fujifilm).

Histological analysis
Hearts were excised, fixed immediately in buffered 4% paraformaldehyde,
embedded in paraffin, and cut into 4-µm sections. For electronmicroscopy,
hearts were fixed in 2% paraformaldehyde and 2% glutaraldehyde in PBS.
Samples were stained with Masson’s trichrome or processed for
immunohistochemistry.

Electron microscopy
For electronmicroscopy, excised hearts were fixed in 2%paraformaldehyde
and 2% glutaraldehyde in PBS. The sections were examined under a JEM-
1200 electron microscope (Nihondensi, Co., Japan).

Preparation of heart extracts and immunoblotting
Mouse hearts were homogenised using a Hiscotron homogeniser (NITI-
ON) in RIPA buffer. Lysates were centrifuged at 100,000×g for 20min. The
supernatant was analysed by immunoblotting as previously described
(Katanosaka et al., 2014, Nat. Comms.).

Statistics and reproducibility
Experimenters who collected or quantified data were blinded to genotype,
drug treatment, and surgery groups. The reproducibility of our findingswas
confirmed by at least three independent experiments. Data are shown as
mean ± standard error of the mean (SEM). For multiple comparisons,
analyses of variance with Dunnett’s post hoc tests or Tukey–Kramer tests
were performed as appropriate. A t-test was used for comparison between
two groups. The calculations were performed using GraphPad Prism ver-
sion 9. The images were analysed and quantified using Image J. The
numerical source data is presented in Supplementary Data 1.

Data availability
Supplementary Data 1 contains the source data for the graphs in the main
figures. Supplementary Fig. 4 contains the original uncroppedblot images of
the main figures. The other data supporting the findings of this study are
available from the corresponding author upon reasonable request.
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