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BACKGROUND: The melanocortin 1 receptor (MC1R) is abundantly expressed in the skin and leukocytes, where it regulates
skin pigmentation and inflammatory responses. Recently, MC1R was also found in the heart, but its functional role has re-
mained unknown. We aimed to investigate whether MC1R is involved in the regulation of pathological or physiological cardiac
remodeling.

METHODS AND RESULTS: Recessive yellow mice, as a model of global MC1R deficiency, and cardiomyocyte-specific MC1R
knockout mice were subjected to transverse aortic constriction or voluntary wheel running to induce pathological or physi-
ological cardiac hypertrophy, respectively. Mice were phenotyped for cardiac structure and function by echocardiography,
histology, and quantitative PCR analysis. H9c2 cells and neonatal mouse ventricular cardiac myocytes were used as in vitro
models to investigate the effects of pharmacological MC1R activation on hypertrophy-related responses. We found that the
expression of MC1R progressively declines in the failing mouse heart. MC1R recessive yellow mice showed blunted hyper-
trophic response to transverse aortic constriction—induced pressure overload and exercise training. This phenotype was
recapitulated in MC1R knockout mice, demonstrating that MC1R deficiency specifically in cardiomyocytes is responsible for
the antihypertrophic effect. However, MC1R knockout mice subjected to pressure overload showed left ventricular dilatation
that was associated with reduced ejection fraction and changes in left ventricular diastolic function. At the molecular level,
the mRNA expression of myosin heavy chain § was upregulated in the hearts of MC1R knockout mice. In contrast, selective
activation of MC1R promoted hypertrophic responses in cultured cardiomyocytes.

CONCLUSIONS: Cardiomyocyte-specific MC1R deficiency attenuates physiological and pathological cardiac hypertrophy in
mice, while pharmacological activation of MC1R promotes cardiomyocyte hypertrophy.
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elanocortin receptors are a family of 5 G-
Mprotein coupled receptors named from
MC1R to MC5R. These receptors are widely
expressed in different tissues, and they regulate
many different physiological functions by interact-

ing with their cognate ligands known as melanocor-
tin peptides, which include melanocyte-stimulating

hormones (a-, - and y-melanocyte-stimulating hor-
mone) and adrenocorticotropic hormone.'-® Among
different melanocortin receptor subtypes, MC1R was
the first receptor member to be cloned, and it is abun-
dantly expressed in the skin, where it regulates mel-
anin formation and skin pigmentation.*% The MC1R
gene is highly polymorphic in humans, and several
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RESEARCH PERSPECTIVE
What Is New?

Melanocortin 1 receptor (MC1R), which is a
well-known genetic determinant of skin and hair
color, was found to be also expressed in the
mouse heart and downregulated during patho-
logical cardiac remodeling.

e Global and cardiomyocyte-specific deficiency
of MC1R attenuated cardiac hypertrophy after
both pressure overload and exercise training.

e |oss of MC1R in cardiomyocytes was, however,
associated with left ventricular dilatation and
compromised cardiac function following pres-
sure overload.

What Question Should Be Addressed

Next?

e From a translational perspective, several loss-
of-function variants of MC1R have been iden-
tified in humans and analogues of naturally
occurring a-melanocyte-stimulating hormone,
which have agonistic activity at MC1R, and have
been recently approved for clinical use in differ-
ent therapeutic areas.

e FEven if targeting of MC1R would not translate
into therapeutic benefits in the management of
human heart failure, our findings highlight the
importance of investigating the possible cardiac
effects of genetic MC1R deficiency and MC1R-
activating therapies.

Nonstandard Abbreviations and Acronyms

CREB cAMP response element-binding
protein
CSA cross-sectional area

hiPSC-CM human-induced pluripotent stem
cell-derived cardiomyocytes

LVEDD left ventricular end-diastolic
dimension
MC1R melanocortin 1 receptor

Mc1r-cKO cardiomyocyte-specific
melanocortin 1 receptor knockout

Mcire/e melanocortin 1 receptor recessive
yellow

MHC myosin heavy chain

Myh6-MCM Myh6-MerCreMer transgenic

NMCM neonatal mouse ventricular cardiac
myocyte

TAC transverse aortic constriction

WT wild-type
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loss-of-function variants have been identified and
linked to the red hair color phenotype.®® Likewise, in
mice, naturally occurring recessive alleles have been
identified in the MCTR gene and found to associate
with yellow coat color.” For example, the recessive
yellow (Mc1r¥®) mice that carry a nonfunctional MC1R
due to a single base deletion mutation is used as an
experimental tool to model global MC1R deficiency.® It
has been shown that the phenotype of these mice ex-
tends beyond a defect in pigmentation, as they have,
for example, changes in their vasculature including
endothelial dysfunction and arterial stiffness.2 This
phenotype is also recapitulated in humans carrying
loss-of-function variants of MC1R.8 In addition, MC1R
regulates inflammatory responses through its wide
expression in the immune system cells like monocytes
and macrophages.® Consequently, in atherosclerosis,
which is a chronic inflammatory disease of arteries,
global deficiency of MC1R signaling in Mc1ré® mice
promoted accumulation of leukocytes in the arteries
and systemic inflammation and accelerated the de-
velopment of atherosclerotic plagques.'® Intriguingly,
previous studies have reported MC1R expression in
developing human and mouse hearts,' as well as in
adult rat hearts.'”>'® However, the functional role of
MC1R in the heart has remained elusive.

Following the previously discovered expression of
MC1R in the heart, we first found that the expression
of MC1R in the mouse heart declines during the de-
velopment of pathological cardiac hypertrophy. Based
on this initial finding, we hypothesized that MC1R is
involved in the regulation of cardiac remodeling. To
test this hypothesis, we used Mc1r®® mice, as a model
of global MC1R deficiency and subjected them to
models of pathological and physiological cardiac hy-
pertrophy. Mc1r¥® mice displayed features of atten-
uated cardiac hypertrophy, which led us to engineer
a cardiomyocyte-specific MC1R knockout mouse
model to investigate whether the observed phenotype
was dependent on dysfunctional MC1R signaling in
cardiomyocytes. Indeed, cardiomyocyte-specific de-
letion of MC1R caused a similar phenotype with atten-
uated cardiac hypertrophy in response to pathological
stimuli and endurance training. In line with these find-
ings, pharmacological activation of MC1R promoted
cardiomyocyte hypertrophy in vitro. Taken together,
these experimental data uncover a functional role for
MC1R in the heart and demonstrate that its integrity
is essential for pathological and physiological cardiac
remodeling.

METHODS

The authors declare that all supporting data are avail-
able within the main body of the manuscript and in the
online supplementary data.
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Mice and Study Design

Our study exclusively examined male mice, which are
known to be more susceptible for developing cardiac
hypertrophy and heart failure.'*' It is unknown whether
the findings of the present study are relevant for female
mice.

All experiments were performed on group-housed
adult male mice unless otherwise indicated. Mice
were maintained on a 12-hour light/dark cycle with
free access to food (Teklad Global diet, Envigo, No.
2916C) and tap water. The experiments were ap-
proved by the national Animal Experiment Board
in Finland (License Nos. ESAVI-438/04.10.03/2012,
ESAVI/6280/04.10.07/2016, ESAVI/1260/2020, and
ESAVI/45421/2022) and conducted in accordance with
Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes
and with the institutional and national guidelines for the
care and use of laboratory animals. Sample sizes were
empirically determined on the basis of previous expe-
rience with the experimental models. Where possible,
experiments were conducted and analyzed by blinded
researchers.

Mc1r®® mice, which lack functional MC1R due to a
single base deletion mutation in the MCTR gene, were
obtained from the Jackson Laboratory (Bar Harbor,
ME; Strain No. 000060) and used as a model of global
MC1R deficiency. All experiments were performed on
adult (4—6 months) Mc1r®® mice. Age-matched nonmu-
tant littermates (wild-type [WT]) were uses as controls.

To generate inducible cardiomyocyte-specific
MC1R knockout (Mc1r-cKO) mice, MCTR floxed mice
(Jackson Laboratory; Strain No. 029239)'® were inter-
crossed with tamoxifen-inducible Myh6-MerCreMer
transgenic (Myh6-MCM; Jackson Laboratory; Strain
No. 005657) mice.'” All mice were on C57BI/6J back-
ground. The generation of MC1R floxed mice has been
previously described, and these mice have been suc-
cessfully intercrossed with different Cre transgenic
mouse lines.®'®  Six-week-old (range, 5-7weeks)
male mice were treated with tamoxifen (20mg/kg IP;
Cayman Chemicals, Ann Arbor, MI; No. 13258) on 4
consecutive days to induce Cre-mediated recombi-
nation in cardiomyocytes, as previously described.”'®
Age-matched Cre-positive Mc1r"""t (referred to as
Myh6-MCM) mice were used as controls and treated
with tamoxifen, as described above. Mice were allowed
to recover at least for 7 days from tamoxifen treatment
before any experimentation. At the end of the experi-
ment, genomic DNA was extracted from heart samples
and genotyped using the following primers: ACC ACT
GCG TGC TAT CCT G (5’ forward), ACC CCT TCC CTT
GAG GAG T (5’ reverse) and GAA CTC TGA GGT CAC
TAT TTT CTG GAG A (3’ reverse). The positions of the
primers in the Mc1r gene are presented in Figure S1.
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Genomic DNA samples from the liver, spleen, and
skeletal muscle were also genotyped to verify that the
desired recombination occurs specifically in the heart
(Figure S1).

Models of Pathological and Physiological
Cardiac Hypertrophy

To induce pathological cardiac hypertrophy, Mcire®
(n=13) and Mc1r-cKO (n=7) mice and their controls (n=7
for WT and Myh6-MCM) were subjected to transverse
aortic constriction (TAC), as previously described.'®
Briefly, mice were anesthetized with ketamine (110 mg/
kg IP) and xylazine (15mg/kg IP), intubated (Venflon
Pro cannula; BD; No. 393202) and ventilated (Minivent
type 845; Harvard Apparatus) during the surgery. A
median sternotomy was performed and the thymus
was gently repositioned, and peri-aortic fat tissue
was carefully removed to expose the aortic arch and
its primary branches. A curved 27-g needle was used
as a spacer for ligation of the aortic arch between the
brachiocephalic trunk and left common carotid artery
with a 7-0 silk suture. The thoracic cage and skin were
thereafter closed with 6-0 surgical silk sutures. Sham-
operated mice (n=4-7/genotype) underwent exactly
the same procedure without constriction of the aorta.
Buprenorphine (0.05mg/kg SC, 2x/d for 3days) and
carprofen (5mg/kg SC, 1x/d for 3days) were given for
peri- and postoperative analgesia. Mortality rates dur-
ing and after the operation are reported in Table S1.

As another model of pathological cardiac hypertro-
phy, Mc1r-cKO (n=8) and Myh6-MCM (n=7) mice were
subjected to subcutaneous infusion of angiotensin |I
(1.4 mg/kg perd) for 4 weeks using osmotic minipumps
(Alzet, model 1004)."®'° Mice were anesthetized with
isoflurane (4% for induction and 2% for maintenance)
and a dorsal, midline incision was made to create a
subcutaneous pocket for the insertion of the osmotic
minipump. Thereafter, the skin was closed with sutures,
and buprenorphine (0.05mg/kg SC, 2x/d for 3days)
and carprofen (5 mg/kg SC, 1x/d for 3days) were given
for peri- and postoperative analgesia. Sham-operated
mice (h=6-7 mice/genotype) underwent the same pro-
cedure without implantation of minipump.

To induce physiological cardiac hypertrophy,
Mc1r®® (n=11) and Mclr-ckO (n=11) mice and their
controls (n=13 for WT and n=8 for Myh6-MCM) were
subjected to voluntary wheel running for 5weeks. For
this purpose, mice were individually housed and a run-
ning wheel with magnetic counter (Low Profile Wireless
Running Wheel for Mice, ENV-004; Med Associates
Inc.) was placed into each home cage. Individual run-
ning data were collected and stored in wheel manager
software (SOF-860; Med Associates Inc.). A nonexer-
cising control group (referred to as sedentary mice;
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n=4-5 mice/genotype) underwent the same proce-
dure but their running wheels were made nonrotating
using special stoppers.

At the end of the experiments, mice were eutha-
nized via CO, asphyxiation, the heart was excised and
rinsed in PBS, and ventricular weight was measured
after removing the atria.

Echocardiography

Cardiac structure and function were assessed by
transthoracic echocardiography (Vevo 2100; Visual
Sonics Inc., Toronto, Ontario, Canada) before the
start of the hypertrophy induction and at the end of
the experiment under isoflurane anesthesia (4% for
induction and 2% for maintenance). Parasternal short-
and long-axis images (B- and M-mode) as well as
transmitral pulsed-wave and tissue Doppler images
were recorded and analyzed with Vevo software (Vevo
LAB 5.5.0) by a blinded observer. Pulsed-wave Doppler
images were acquired to measure the velocities of E
and A waves of transmitral flow as well as isovolumetric
relaxation time and E wave deceleration time using the
apical 4-chamber for targeting and positioning the
Doppler window in the center of the main jet. Tissue
Doppler images were recorded to measure mitral
annular tissue movement during early (e’) and late (')
left ventricular (LV) filling and the combined ratio of E/e’.
Parasternal short- and long-axis B-mode images were
used to calculate global longitudinal, circumferential,
and radial strain and strain rate by speckle-tracking—
based analysis (VevoStrain software). Relative wall
thickness was calculated as follows: (LV posterior wall
thickness+LV anterior wall thickness)/LV end-diastolic
diameter.

Histology, Immunohistochemistry, and
Immunofluorescence Staining

Mouse heart samples were transversely cut in the
midline of the base-apex axis, and the superior part
of the heart was fixed in 10% formalin overnight,
embedded in paraffin, and cut into 5-um-thick serial
sections. Sections were stained with hematoxylin and
eosin and Picro-Sirius red (Abcam, No. ab245887)
to measure the cross-sectional area (CSA) of
cardiomyocytes, cardiomyocyte length, and cardiac
fibrosis level in the LV free wall at the level of the
papillary muscles. For CSA quantification, at least
100 individual cells with well-defined cell membranes
and visible cell nuclei were selected and measured in
fields of longitudinally oriented cardiomyocytes. For
MC1R immunohistochemistry, heart sections were
deparaffinized, rehydrated, and subjected for antigen
retrieval, as previously described.'®20 After quenching
(1% H,0,, 10minutes) and blocking (5% normal horse
serum, 60 minutes), sections were incubated overnight
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with a primary antibody against MC1R (Elabscience,
Texas; No. E-AB-15765) followed by detection with
ImMmMPRESS HRP Horse Anti-Rabbit IgG PLUS Polymer
Kit (Vector Labs, Burlingame, CA; No. MP-7801-15).
For isotype control, a consecutive heart section
was treated similarly except that the primary MC1R
antibody was replaced by purified normal rabbit IgG
(Novus Biologicals, Littleton, CO; No. NB810-56910).
For immunofluorescence, heart sections were
stained with primary antibodies against MC1R and
sarcomeric a-actinin (Merck Life Science; No. A7811),
a-smooth muscle actin («-SMA, Merck Life Science;
No. A5228) or CD31 (R&D Systems; No. AF3628)
followed by detection with fluorochrome-conjugated
secondary antibodies (Alexa Fluor 488 and Alexa
Fluor 647; Jackson ImmunoResearch, West Grove,
PA). Sections were counterstained with hematoxylin
(CarlRoth) or DAPI, cover-slipped, and then scanned
with Pannoramic 250 or Pannoramic Midi digital
slide scanner (3DHISTECH Kft, Budapest, Hungary).
Image analysis was performed using Imaged software
(National Institutes of Health, Bethesda, MD).

Cell Culture and Treatments

Rat heart myoblast H9c2 (2-1) cells (ATCC, CRL-
1446), neonatal mouse ventricular cardiac myocytes
(NMCMs) and human-induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) were cultured,
as previously described.?'~2% To investigate the effect
of hypertrophic stimuli on MCTR expression, hiPSC-
CMs were differentiated from the iPS (IMR90)-4 cell
line (WiCell, Madison, WI) using small-molecule in-
duction, matured until day 30 after the initiation of
the differentiation and treated with endothelin 1 for
24 hours or subjected to mechanical stretching for 24
or 48hours, as previously described.?*?° To study the
effects of MC1R activation, H9c2 cells and NMCMs
were treated with the selective MC1R agonist LD211
(compound 28 in the original publication).?® To study
the effects of MC1R activation under hypertrophic
conditions, H9c2 cells were treated with LD211 in
the absence or presence of angiotensin Il (Abcam;
No. ab120183) for 24 hours. To inhibit the p-38 and
CREB (cAMP response element-binding protein)
pathways, H9c2 cells were treated with TAK-715
(5uM; CaymanChemical; No. 26170) or 666-15 (1 uM;
MedChemExpress; No. HY-101120), respectively, for
30 minutes before stimulation with LD211.

cAMP Determination

To measure intracellular cAMP concentrations, H9c2
cells were harvested, pipetted into a 96-well OptiPlate
(6000 cells/well) and stimulated with different con-
centrations of LD211 for 30minutes in the presence
of 3-isobutyl-1-methylxanthine (0.1 mM). cAMP levels
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were determined using a LANCE Ultra cAMP Detection
Kit (PerkinElmer; No. TRF0262) according to the man-
ufacturer’s instructions. To detect possible Gai-evoked
inhibition of intracellular cAMP production, cells were
treated with different concentrations of LD211 in the
presence of forskolin (1 uM).

Ca?* Mobilization Assay

To investigate the actions of LD211 on Ca?
mobilization, H9¢c2 cells were seeded into a CellCarrier
Ultra 96-well plate (8000 cells/well), loaded with Fluo-4
Direct calcium detection reagent (Thermo Fisher; No.
F10471) and measured for drug-evoked changes in
fluorescence using Ensight Multimode Plate Reader
(excitation wavelength 494 nm, emission wavelength
516nm; PerkinElmer), as previously described.?® The
muscarinic receptor agonist carbachol (100uM) was
used as a positive control.

[*H]-Leucine Incorporation Assay

To estimate the rate of protein synthesis, H9c2 cells
were cultured in DMEM containing L-[4,5-2H]-leucine
(1 uCi/mL; PerkinElmer) and treated with LD211 (1 pM,
0.1 nM, 10nM, or 1 uM) for 24 hours. In separate exper-
iments, H9c2 cells were pretreated for 30 minutes with
the p-38 inhibitor TAK-715 (5uM; CaymanChemical;
No. 26170) or the CREB inhibitor 666-15 (1uM;
MedChemExpress; No. HY-101120) before stimulation
with LD211. After 24 hours, cells were rinsed with PBS
and the protein were precipitated, lysed, and used for
radioactivity measurement with automatic liquid scin-
tillation counter (Hidex 600 SL; Hidex), as previously
described.?®

RNA Isolation, cDNA Synthesis, and
Quantitative Reverse Transcription
Polymerase Chain Reaction

H9c2, NMCMs, and hiPSC-CMs were collected into
QIAzol Lysis Reagent or Trizol Reagent (Invitrogen),
and total RNA was extracted using Direct-zol RNA
Miniprep or Microprep (Zymo Research, Irvine, CA).
Heart samples were first homogenized in QlAzol
Lysis Reagent using the Qiagen Tissuelyser LT
Bead Mill (QIAGEN, Venlo, Netherlands), and total
RNA was thereafter extracted using Direct-zol RNA
Miniprep. RNA was reverse-transcribed to cDNA
(PrimeScript RT reagent kit; Takara Clontech) and
quantitative real-time polymerase chain reaction
(gPCR) was performed with SYBR Green protocols
(Kapa Biosystems, Wilmington, MA) and a real-time
PCR detection system (7300 Real-Time PCR system;
Applied Biosystems).?%?7 Target gene expression was
normalized to a housekeeping gene (ribosomal pro-
tein S18, GAPDH, or B-actin) using the comparative
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ACt method, and results are presented as relative
transcript levels. Primer sequences are presented in
Tables S2 through S4.

Western Blot

Cell and tissue samples were lysed in RIPA buffer
supplemented with protease and phosphatase in-
hibitors (Complete Mini, Roche; and Halt Phosphatase
Inhibitor Cocktail, Thermo Fisher). Aliquots of total
protein were separated by SDS-PAGE and transferred
to nitrocellulose or polyvinylidene difluoride mem-
branes. After blocking with 5% nonfat milk or 3% BSA,
membranes were incubated with primary antibod-
ies overnight at 4 °C. The following primary antibod-
ies were used: anti-MC1R antibody (Alomone Labs,
Jerusalem, Israel; No. AMR-025), anti-phospho-JNK
(Cell Signaling Tech, Frankfurt, DE; No. 4668), anti— c-
Jun N-terminal kinase (R&D Systems; No. AF-1387),
anti-phospho-extracellular — signal-related  kinases
(ERK)1/2 (Cell Signaling Tech; No. 9107), anti—extra-
cellular signal-related kinases 1/2 (Cell Signaling Tech;
No. 9106), anti-phospho-p38 (Cell Signaling Tech;
No. 9215), anti-p38 (Cell Signaling Tech; No. 9212),
anti-phospho-CREB (Thermo Fisher; No. MA5-11192)
and anti-CREB (Cell Signaling Tech; No. 9197). After
primary incubation, membranes were washed and
incubated with horseradish peroxidase—conjugated
anti-lgG secondary antibodies (Cell Signaling Tech)
for 1 hour at room temperature followed by detec-
tion using a chemiluminescence system (Pierce ECL
Western Blotting Substrate, Thermo Fisher) and
Sapphire Biomolecular Imager (Azure Biosystems).
The results for target protein expression were normal-
ized to B-actin (Merck Life Science; No. 2066) or vin-
culin (BioRad; No. MCA465GA) expression to correct
for loading.

Statistical Analysis

Statistical analyses were performed with Prism 9 and
10 (GraphPad Software, La Jolla, CA). Statistical sig-
nificance between the experimental groups was deter-
mined by unpaired Student’s t test and 1-way ANOVA
followed by Dunnett post hoc tests or 2-way ANOVA
followed by Sidak’s post hoc tests. Data for running
distance and changes in echocardiographic param-
eters in the running wheel experiments were analyzed
using 2-way repeated-measures ANOVA. The normal-
ity of the data was evaluated using the D’Agostino and
Pearson omnibus normality test. Data that did not pass
D’Agostino and Pearson normality test or had fewer
than 6 samples per group were analyzed using the
Mann-Whitney U test or Kruskal-Wallis test followed
by Dunn’s post hoc tests. Possible outliers in the data
sets were identified using the regression and outlier re-
moval method at a Q-level of 1%. Data are expressed
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as mean+ SEM. Results were considered significant
for P<0.05.

RESULTS

MC1R Is Expressed in the Mouse Heart
and Regulated by Hypertrophic Stimuli
Wefirstaimed toinvestigate whether MC1Ris expressed
in the adult mouse heart. Immunohistochemical stain-
ing of a cross-section of the mouse heart showed a
strong positive signal for MC1R (Figure 1A). Double

MC1R in Cardiac Remodeling

immunofluorescence staining further revealed that
MC1R expression is primarily localized to sarcom-
eric a-actinin—expressing cardiomyocytes (Figure 1B).
However, MC1R appeared to be present also in other
cell types, since MC1R-positive staining was detected
in a-smooth muscle actin—expressing smooth muscle
cells and CD31-expressing endothelial cells (Figure 1B).
We next explored whether the expression of MC1R
in the heart is modulated during the development of
pathological cardiac hypertrophy. To this end, we sub-
jected mice to TAC-induced pressure overload for 4
or 8weeks and quantified MC1R protein expression in
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Figure 1. MC1R is expressed in the mouse heart and downregulated in pathological cardiac hypertrophy.

A, Immunostaining of MC1R in cardiac cross-section of C57BI/6J mouse. In THE control section, anti-MC1R antibody was replaced
by purified normal rabbit IgG (isotype control). Scale bar 20um. B, Immunofluorescence staining of MC1R (red) and sarcomeric a-
actinin, a-SMA or CD31 (green) in cardiac cross-section of C57BI/6J mouse. Scale bar 20um. C and D, Representative western blots
and quantification of MC1R protein expression in the left ventricle of C57BI/6J mice subjected to TAC for 4 or 8 wks. n=6-7 mice per
group. ***P<0.001 and ****P<0.0001 vs sham by unpaired Student’s t test. E and F, Quantitative real-time polymerase chain reaction
analysis of MCTR mRNA expression (normalized to the geometric mean of GAPDH and RPS18) in human induced pluripotent stem
cell-derived cardiomyocytes that were mechanically stretched for 24 or 48h or treated with ET-1 (100 nM) for 24 h. n=3-4 individual
experiments/batches of differentiation. *P<0.05 and **P<0.01 vs control by 2-way ANOVA and Sidak’s post hoc test (E) or Mann-
Whitney U test (F). Data are mean+SEM. a-SMA indicates a-smooth muscle actin; ET-1, endothelin 1; MC1R, melanocortin 1 receptor;
and TAC, transverse aortic constriction.
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the left ventricle by Western blotting. The level of MC1R
protein was significantly reduced in TAC-operated mice
after 4 weeks (Figure 1C), and it progressively declined
toward a more advanced stage of pathological hyper-
trophy and heart failure (8 weeks after TAC; Figure 1D).
A similar expression pattern was also observed in
mice subjected to angiotensin Il infusion, which was
used as another model of pathological cardiac hyper-
trophy. Cardiac MC1R expression was not changed
after 2weeks of angiotensin Il infusion (Figure S2A),
while a 4-week infusion of angiotensin Il significantly
reduced MC1R protein expression in the left ventricle
(Figure S2B). Finally, we investigated whether MC1R
is expressed in human cardiomyocytes and whether
its expression is modulated by hypertrophic stimuli.
hiPSC-CMs showed gradual downregulation of MC1R
after 24- or 48-hour mechanical stretching (Figure 1E).
Treatment of hiPSC-CMs with endothelin 1, as another
model of cardiomyocyte hypertrophy, also downreg-
ulated MCTR (Figure 1F). Collectively, these results
demonstrate that MC1R is expressed in the mouse
heart as well as in human cardiomyocytes, and its ex-
pression is modulated by different hypertrophic stimuli.

Mice With Global MC1R Deficiency Show
Blunted Response to Pathological or
Physiological Cardiac Hypertrophy

The finding of pressure overload—induced reduction
in ventricular MC1R expression prompted us to inves-
tigate whether MC1R has a regulatory role in patho-
logical cardiac remodeling. For this purpose, we used
global MC1R-deficient mice (Mc1r®®) and their age-
matched WT controls and subjected them first to
8weeks of LV pressure overload by TAC surgery. At
euthanasia, ventricular weight did not differ between
sham-operated WT and Mc1r®® mice (Figure 2A and
2B). However, Mc1ré’® showed a blunted response to a
TAC-induced increase in ventricular weight (Figure 2A
and 2B; Figure S3A and S3B). Echocardiography, per-
formed at 8weeks after surgery, revealed depressed
systolic LV function in TAC-operated mice, as evi-
denced by reduced LV ejection fraction (EF), but no
genotype effect was noted in this regard (Figure 2C).
MC1R deficiency did not significantly affect LV pos-
terior wall thickness or LV end-diastolic dimension
(LVEDD) (Figure 2D; Figure S3C). However, histologi-
cal analysis revealed reduced myocyte CSA in TAC-
operated Mc1r®® mice (Figure 2E). At the molecular
level, Mc1ré”® mice showed attenuation of TAC-induced
changes in the mRNA expression of hypertrophic
markers. Specifically, cardiac Nppa expression was
downregulated in TAC-operated Mc1r¥® mice com-
pared with WT mice (Figure 2F). Similar trends were
also observed in other markers of pathological cardiac
hypertrophy such as Ctgf (connective tissue growth
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factor), Mmp2 (matrix metalloproteinase-2) and Acta2
(@-smooth muscle actin; P=0.080 by Sidak’s post hoc
test) (Figure 2H and 2I; Figure S3E). Interestingly, Nppb
(B-type natriuretic peptide) was upregulated in the LV
of sham-operated Mc1r¥® mice, and it was not further
increased after TAC operation (Figure 2G). Taken to-
gether, although only subtle changes were observed in
absolute and relative ventricular weight, global MC1R
deficiency attenuated the hypertrophic response to LV
pressure overload at the cellular and molecular level.

Second, we investigated whether global MC1R de-
ficiency also modulates the hypertrophic response to
a physiological stimulus. WT and Mc1r¥® mice were
subjected to voluntary wheel running for 5weeks and
then phenotyped for cardiac structure and function.
Monitoring of voluntary wheel running activity showed
that mice gradually increased their daily running dis-
tance over the 5-week period (Figure S4A and S4B).
Importantly, cumulative or average daily running dis-
tance did not differ between the genotypes, indicating
equal hypertrophic stimulus between the genotypes
(Figure S4A and S4B). After 5weeks of running,
Mc1r®® mice had lower ventricular weight and ven-
tricular weight-to-body weight ratio (Figure S4C and
S4D). Myocyte CSA was also reduced in Mc1r®® mice
(Figure S4E). Echocardiographic measurements of LV
geometry revealed that LV posterior wall thickness
increased from baseline to 5weeks after exercise in
WT mice, while no change of LV posterior wall was
observed in Mc1r®® mice, indicating a lack of hyper-
trophic response (Figure S4F). LVEDD was unaffected
by exercise training or MC1R deficiency (Figure S4G).
Of note, MC1R deficiency dampened the exercise-
induced increase in LV systolic performance, as ev-
idenced by lower EF in Mc1r®® mice compared with
WT mice at the end of the experiment (Figure S4H).
Collectively, these findings indicate that global MC1R
deficiency attenuates both pathological and physiolog-
ical cardiac remodeling.

Cardiomyocyte-Specific Deletion of MC1R
Blunts Pathological Cardiac Hypertrophy
We next hypothesized that the phenotype of Mciree
mice is primarily driven by disturbed MC1R signaling
in cardiomyocytes. To test this hypothesis, we engi-
neered a tamoxifen-inducible Mc1r-cKO mouse model
by crossing MC1R floxed mice with Myh6-MCM trans-
genic mice. Efficient and specific Cre-Lox recombina-
tion was verified by analyzing genomic DNA samples
from the heart and different reference tissues at the
end of the experiment (Figure $1).

First, we subjected Mclr-ckKO and Myh6-MCM
control mice to TAC or sham operation. After 8 weeks,
TAC-operated Mc1r-cKO mice showed milder hyper-
trophic remodeling compared with Myh6-MCM mice
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Figure 2. Global MC1R deficiency blunts pressure overload-induced cardiac hypertrophy.

A, Representative hematoxylin and eosin-stained cross-sections of the heart of sham- and TAC-operated WT and Mc1r®® mice. Scale
bar, 1 mm. B, Ventricular weight in WT and Mc1r®® mice at euthanasia after 8 wks of sham or TAC operation. C and D, Echocardiographic
analysis of left ventricular ejection fraction and LVPW thickness. n=7 in sham WT, n=8 in sham Mc1r®¢, n=7 in TAC WT, and n=13 in
TAC Mc1r®. E, Quantification of cardiomyocyte CSA in the left ventricle of sham- and TAC-operated WT and Mc1r®® mice. n=6 mice
per group. F through I, Quantitative real-time polymerase chain reaction analysis of Nppa (atrial natriuretic peptide), Nppb (B-type
natriuretic peptide), Ctgf (connective tissue growth factor) and Mmp2 (matrix metalloproteinase 2) in the left ventricle of indicated
groups n=5 to 7 mice per group in each graph. Gene expression is normalized against the geometric mean of Actb and Mrps18a.
Data are mean+SEM; each dot represents an individual mouse. *P<0.05 for the indicated comparisons by 2-way ANOVA and Sidak’s
post hoc tests. #P<0.01, ##P<0.001 and *###P<0.0001 for the main effect of TAC by 2-way ANOVA. CSA indicates cross-sectional
area; LVPW, left ventricular posterior wall; MC1R, melanocortin 1 receptor; Mc1r®®, melanocortin 1 receptor recessive yellow; TAC,
transverse aortic constriction; and WT, wild-type.

by echocardiography at the end of the experiment.
Furthermore, echocardiographic analyses showed a

(Figure 3A), as evidenced by reduced ventricular
weight (Figure 3B), ventricular weight-to-body weight

ratio (Figure 3C), and ventricular weight-to-tibia length
ratio (Figure S5A). Attenuated hypertrophic response
of Mc1r-cKO mice was also demonstrated by reduced
myocyte CSA in the left ventricle (Figure 3D). However,
length of ventricular cardiomyocytes was equally in-
creased in TAC-operated Myh6-MCM and Mc1r-cKO
mice (Figure 3E). Consequently, myocyte length-to-
CSA ratio was significantly higher in TAC-operated
Mc1r-cKO mice (Figure 3F). These mice also displayed
increased LVEDD, LV end-diastolic volume, and LV
end-systolic volume (Figure 3G; Table S5), as measured

J Am Heart Assoc. 2025;14:e037961. DOI: 10.1161/JAHA.124.037961

general reduction in EF in Mc1r-cKO mice (Figure 3H;
P=0.015 for genotype effect by 2-way ANOVA), but
post hoc comparisons between the genotypes did not
reach statistical significance in sham- or TAC-operated
mice. However, stroke volume or cardiac output was
not affected by cardiomyocyte-specific MC1R de-
ficiency (Table S5). Speckle tracking—based strain
imaging revealed reduced global radial strain rate in
sham- and TAC-operated Mc1r-cKO mice, while global
longitudinal and circumferential strain and strain rate
remained unchanged in these mice (Figure S6). Finally,
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lung weight was not affected by either TAC operation
or genotype (Figure S5B), indicating that the mice had
not developed pulmonary edema as a sign of conges-
tive heart failure.

In terms of diastolic function, TAC-operated Mc1r-
cKO mice showed a tendency (P=0.086) towards
increased mitral valve E/A ratio (Figure 3l) as well as sig-
nificantly increased E/e’ ratio (Figure 3J) and reduced
isovolumetric relaxation time (Table S5). However,
echocardiographic measurement of left atrial diameter
revealed no significant differences between the gen-
otypes (Table S5). Together, these results suggest in-
creased LV filling pressure in TAC-operated Mc1r-cKO
mice, but not necessarily diastolic dysfunction.

Corroborating the finding of reduced ventricular
weight, gene expression analyses by gPCR revealed
suppressed upregulation of hypertrophy-related genes
such as Nppa and Acta? in the left ventricle of TAC-
operated Mc1r-cKO mice (Figure 3K and 3L), while Nppb
was similarly upregulated in both genotypes after TAC
operation (Figure S5C). Intriguingly, the mRNA levels of 2
forms of myosin heavy chain (MHC), a- and 8 (encoded
by Myh6 and Myh7, respectively), which are involved in
cardiac contractility,?® were upregulated in Mc1r-ckKO
mice (Figure 3M and 3N). These changes appeared in
both sham- and TAC-operated Mc1r-cKO mice.

The observed changes in LV systolic and diastolic
function of Mc1r-ckKO mice raised a question whether
MC1R deficiency promotes cardiac fibrosis, which
is a hallmark of pathological cardiac remodeling and
leads to stiffening of the myocardium. Quantification
of cardiac mMRNA levels of fibrosis-related genes re-
vealed significant downregulation of Ctgf, Acta2,
Mmp2, and Col1al in TAC-operated Mc1r-cKO mice
compared with TAC-operated control mice (Figure 4A
through 4D). No change was observed in Tgfb1 (trans-
forming growth factor 1) or Col3a7 (collagen type lIl,
al) mRNA levels (Figure S5D and S5E). Despite the
changes in the molecular fingerprint of cardiac fibrosis,
Picrosirius Red staining of cardiac cross-sections did
not show a parallel reduction in the extent of LV fibrosis
in TAC-operated Mcir-cKO mice (Figure 4E and 4F).
Furthermore, the expression of proapoptotic markers
such as Casp3 (caspase-3), Bax (BCL2-associated X
protein) and Noxa (phorbol-12-myristate-13-acetate-
induced protein 1) were unaffected by MC1R defi-
ciency (Figure S5F through S5H).

Next, we aimed to test whether the phenotype of
Mc1r-cKO mice is independent of the chosen model of
pathological cardiac hypertrophy. Thus, we subjected
Mc1r-cKO and Myh6-MCM control mice to angiotensin
Il infusion for 4weeks to introduce a different stimu-
lus for pathological cardiac remodeling. Consistent
with the TAC model, hematoxylin and eosin—stained
cardiac cross-sections and measurement of tissue
weights at euthanasia showed blunted hypertrophic
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growth of the heart in angiotensin ll-infused Mc1r-
cKO mice compared with Myh6-MCM control mice
(Figure 5A through 5C). This effect was most evident
in ventricular weight-to-body weight ratio (Figure 5C).
Absolute ventricular weight and ventricular weight-to-
tibia length ratio were also reduced in sham-operated
Mc1r-cKO mice (Figure 5B; Figure S7A). Angiotensin |l
infusion resulted in a similar increase in cardiomyocyte
CSA in both genotypes (Figure 5D). However, Mclr-
cKO mice displayed a general reduction in myocyte
CSA (P=0.011 for genotype effect by 2-way ANOVA).
LV fibrosis was significantly enhanced by angiotensin
Il infusion, but no genotype effect was noted in this
regard (Figure 5A and 5E). Additionally, gPCR analysis
showed upregulation of the hypertrophy-related genes
Nppa and Nppb after the 4-week angiotensin Il infu-
sion (Figure 5F and 5G) and Mci1r-ckKO mice were ex-
clusively devoid of the induction of Nppa, which closely
mirrors the gene expression profile observed in TAC-
operated Mc1r-ckKO mice. Likewise, the expression of
the fibrotic gene Acta2 was downregulated in angio-
tensin ll-infused Mcir-cKO mice compared with an-
giotensin ll-infused Myh6-MCM mice (Figure 5H), and
similar but nonsignificant trends were also observed in
other fibrosis-related genes such as Tgfb1, Ctgf, and
Mmp2 (Figure 5l, Figure S7B and S7C). Taken together,
these findings demonstrate that MC1R deficiency in
cardiomyocytes blunts pathological cardiac hypertro-
phy but leads to compromised systolic and diastolic
function.

Cardiac-Specific MC1R Deficiency
Causes a Functional Deficit in Response
to Aerobic Exercise

Finally, to evaluate whether cardiac-specific MC1R defi-
ciency also modulates structural or functional response
to aerobic exercise, we subjected Myh6-MCM and
Mc1r-cKO mice to the same 5-week voluntary running
protocol as Mc1r¥e mice. Cumulative and average daily
running distance was similar between control Myh6-
MCM and Mc1r-cKO mice (Figure 6A; Figure S8A),
indicating equal stimulus for physiological cardiac hy-
pertrophy. Ventricular weight-to-body weight ratio was
increased in the exercised group compared with the
sedentary, nonrunning group (Figure 6B), but there
were no significant differences between the genotypes
in absolute or relative ventricular weights (Figure 6B;
Figure S8C and S8D). Echocardiography at the end of
the experiment showed lower EF in exercising Mc1r-
cKO mice compared with Myh6-MCM mice (Figure 6C),
while LVEDD was increased in both sedentary and
exercising Mc1r-ckKO mice (Figure 6D). Assessment
of structural and functional changes from baseline to
5weeks after exercise further revealed that Mc1r-cKO
mice lacked the exercise-induced improvement of EF
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(Figure 6E). Furthermore, the change in LVEDD was
going to opposite directions between the genotypes
(Figure 6F), and the exercise-induced increase in LV
posterior wall and LV anterior wall thickness was less
pronounced in Mclir-cKO mice (Figure 6G and 6H).
The respective changes from baseline to 5-week time
point in sedentary mice are presented in Figure S8E
through S8H. Overall, the exercise-induced changes

J Am Heart Assoc. 2025;14:e037961. DOI: 10.1161/JAHA.124.037961

in LV geometry were best reflected on the relative
wall thickness, which was increased in the exercising
Myh6-MCM mice but not in Mc1r-cKO mice (Figure 6l).
This finding suggests that cardiomyocyte-specific
MC1R deficiency attenuated concentric LV hypertro-
phy in response to aerobic exercise.

Finally, we performed gPCR analysis of hypertro-
phy- and fibrosis-related genes for LV samples from

10
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Figure 3. Cardiomyocyte-specific MC1R knockout mice show reduced left ventricular hypertrophy and compromised
cardiac function after TAC-induced pressure overload.

A, Representative hematoxylin and eosin-stained cross-sections of the heart of sham- and TAC-operated control (Myh6-MCM) and
Mc1r-cKO mice. Scale bar: 1 mm (upper) and 20 um (lower panel). B and C, Ventricular weight and VW/BW. D through F, Quantification
of cardiomyocyte CSA, length and length-to-CSA ratio in the LV. G through J, Echocardiographic analyses of LVEDD and ejection
fraction as well as mitral valve E/A ratio and E/e’ ratio in Myh6-MCM and Mc1r-cKO after 8 wks of sham or TAC operation. K through
N, Quantitative real-time polymerase chain reaction analysis of Nppa, Acta? (Actin, a-skeletal muscle), Myh6 (myosin heavy chain-a)
and Myh7 (myosin heavy chain-@) in the left ventricle of indicated groups. Gene expression is normalized against the geometric mean
of Actb and Mrps18a. Data are mean+SEM; each dot represents an individual mouse. n=3-5 in sham Myh6-MCM mice, n=3-7 in sham
Mc1r-cKO mice, n=7-8 in TAC Myh6-MCM mice, and n=7-9 in TAC Mc1r-cKO mice. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.001 for
the indicated comparisons by 2-way ANOVA and Sidak’s post hoc tests. #P<0.01, ##P<0.001 and *##P<0.0001 for the main effect
of TAC by 2-way ANOVA. CSA indicates cross-sectional area; LVEDD, left ventricular end-diastolic dimension; MC1R, melanocortin
1 receptor; Mc1r-cKO, cardiomyocyte-specific melanocortin 1 receptor knockout; Myh6-MCM, Myh6-MerCreMer transgenic; TAC,
transverse aortic constriction; and VW/BW, ventricular weight-to-body weight ratio.

sedentary and exercise groups. Aerobic exercise  Although the mRNA levels of Nppa and Nppb were
did not affect cardiac Nppa expression (Figure S8l) unaltered in Mclr-cKO mice, Myh7 was signifi-
but downregulated Nppb expression (Figure 6J). cantly upregulated in both sedentary and exercising
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Figure 4. Cardiomyocyte-specific deletion of MC1R does not affect cardiac fibrosis.

A through D, Quantitative real-time polymerase chain reaction analysis of Ctgf, Acta2 (a-smooth muscle actin), Mmp2, and Col1al
(collagen type |, al) in the left ventricle of Myh6-MCM and Mc1r-cKO mice after 8 wks of sham or TAC operation. Gene expression
is normalized against the geometric mean of Actb and Mrpsi8a. E, Representative Picrosirius Red-stained cardiac cross-sections
showing the extent of perivascular and interstitial fibrosis in the indicated groups. Scale bar, 100 um. F, Quantification of fibrosis in the
indicated groups. Data are mean+SEM; each dot represents an individual mouse. n=2-5 in sham Myh6-MCM mice, n=3-7 in sham
Mc1r-cKO mice, n=7 in TAC Myh6-MCM mice, and n=7-9 in TAC Mc1r-cKO mice. *P<0.05, **P<0.01 and ***P<0.001 for the indicated
comparisons by 2-way ANOVA and Sidak’s post hoc tests. #P<0.05, #P<0.01 and *##P<0.0001 for the main effect of TAC by 2-way
ANOVA. MC1R indicates melanocortin 1 receptor; Mc1r-cKO, cardiomyocyte-specific melanocortin 1 receptor knockout; Myh6-MCM,
Myh6-MerCreMer transgenic; and TAC, transverse aortic constriction.
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Figure5. Cardiomyocyte-specific MC1R knockout mice show reduced left ventricular hypertrophy after 4 wks of angiotensin
Il infusion.

A, Representative H&E- and Picrosirius Red-stained cardiac cross-sections in Myh6-MCM and Mc1r-cKO mice subjected to sham
operation or 4wks of Ang Il infusion. Scale bars: 1mm (upper) and 20 um (lower panel) in H&E; 100 um in Picrosirius Red. B and C,
Ventricular weight and VW/BW ratio in Myh6-MCM and Mc1r-cKO mice at euthanasia after 4 weeks of angiotensin Il infusion or sham
operation. D, Quantification of cardiomyocyte CSA in the indicated groups. E, Quantification of the extent of left ventricular fibrosis
in the indicated groups. F through I, Quantitative real-time polymerase chain reaction analysis of Nppa, Nppb, Acta2 and Tgfb1
(transforming growth factor @) in the left ventricle of the indicated groups. Gene expression is normalized against the geometric mean
of Actb and Mrps18a. Data are mean+SEM; each dot represents an individual mouse. n=5 to 7 in sham Myh6-MCM mice, n=4 to 6 in
sham Mc1r-cKO mice, n=5 to 7 in angiotensin Il Myh6-MCM mice, and n=5 to 8 in angiotensin Il Mc1r-cKO mice. **P<0.01, ***P<0.001
and ****P<0.0001 for the indicated comparisons by 2-way ANOVA and Sidék’s post hoc tests. #P<0.01 and ###P<0.0001 for the main
effect of angiotensin Il infusion by 2-way ANOVA. Ang Il indicates angiotensin Il; CSA, cross-sectional area; H&E, hematoxylin and
eosin; MC1R, melanocortin 1 receptor; Mc1r-cKO, cardiomyocyte-specific melanocortin 1 receptor knockout; Myh6-MCM, Myh6-
MerCreMer transgenic; TAC, transverse aortic constriction; and VW/BW, ventricular weight-to-body weight ratio.

Mc1r-ckKO mice (Figure 6L). Other genes such as
Myh6, Actal, Acta2, and Ctgf were unaffected by
either exercise or genotype (Figure 6K; Figure S5J
through S8L). Taken together, these findings are in
good agreement with the phenotype of exercising
Mc1ré® mice and suggest that MC1R deficiency in
the heart blunts the hypertrophic effect of physical
activity.

J Am Heart Assoc. 2025;14:e037961. DOI: 10.1161/JAHA.124.037961

MC1R Activation in Cultured
Cardiomyocytes Induces Hypertrophic
Signaling

To investigate whether MC1R activation evokes the
opposite phenotype compared with MC1R deficiency,
we performed a set of in vitro experiments with H9c2
cells and NMCMs. First, we treated H9c2 cells with

12
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Figure 6. Cardiomyocyte-specific deletion of MC1R causes insufficient left ventricular remodeling in response to voluntary
wheel running.

A, Cumulative running distance of Myh6-MCM and Mc1r-cKO mice during the 5-wk running wheel experiment. The data were analyzed
using 2-way repeated measures ANOVA, P=0.88 for genotype effect. B, Ventricular weight in Myh6-MCM and Mc1r-cKO mice at
euthanasia after the 5-wk voluntary running (exercise group) or nonexercising period (sedentary group). C and D, Echocardiographic
analysis of ejection fraction and LVEDD at the end of the experiment. E through H, Echocardiographic analysis of ejection fraction,
LVEDD, LVPW thickness, and LVAW thickness at baseline and after 5 wks of voluntary wheel running. I, RWT at the end of the experiment.
J through L, Quantitative real-time polymerase chain reaction analysis of Nppb, Myh6 and Myh?7 in the left ventricle of the indicated
groups. Gene expression is normalized against the geometric mean of Actb and Mrps18a. Data are mean+SEM; each dot represents an
individual mouse. n=4 in sedentary/Myh6-MCM mice, n=5 in sedentary/Mc1r-cKO mice, n=8 in exercise/Myh6-MCM mice, and n=11
in exercise/Mc1r-cKO mice. *P<0.05, **P<0.01 and ***P<0.001 for the indicated comparisons by 2-way ANOVA and Sidak’s post hoc
tests. *P<0.05, #P<0.01 and *###P<0.0001 for the main effect of exercise by 2-way ANOVA (B-D, I-L). *P<0.05 vs Myh6-MCM mice at
5wks by 2-way repeated measures ANOVA and Sidak’s post hoc test (E-H). LVAW indicates left ventricular anterior wall; LVEDD, left
ventricular end-diastolic dimension; LVPW, left ventricular posterior wall; MC1R, melanocortin 1 receptor; Mc1r-cKO, cardiomyocyte-
specific melanocortin 1 receptor knockout; Myh6-MCM, Myh6-MerCreMer transgenic; and RWT, relative wall thickness.

different concentrations of a selective MC1R agonist
(LD211) for 24 hours and analyzed [*H]-leucine incor-
poration as a measure of protein synthesis rate and
hypertrophic growth. Activation of MC1R enhanced
[*H]-leucine incorporation with a stronger effect at
lower concentrations of LD211 (Figure 7A). We also
investigated whether LD211 amplifies angiotensin

J Am Heart Assoc. 2025;14:e037961. DOI: 10.1161/JAHA.124.037961

lI-induced hypertrophic response. The hypertrophic
effect of angiotensin Il was slightly stronger compared
with LD211 alone, but there was no further increase in
[*H]-leucine incorporation in cells treated with angio-
tensin Il and LD211 (Figure 7B). To investigate whether
activation of MC1R also induces changes at the tran-
scriptional level, we treated H9c2 cells with LD211 for
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1, 3, 6, and 24 hours and performed gPCR analysis,
which revealed upregulation of the hypertrophy-related
gene Nppb (Figure 7C). We also explored the effects of
LD211 on gene expression in NMCMs and observed
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that particularly fibrosis-related genes,
Tgfb1, Acta2, and Collal, were upregulated in LD211-
treated cells (Figure S9A). These results demonstrate
that pharmacological activation of MC1R induces a
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Figure 7. Pharmacological activation of MC1R promotes cardiomyocyte hypertrophy.

A, [*H]-Leucine incorporation assay in H9c2 cells treated with different concentrations of LD211 for 24 h. B, [*H]-Leucine incorporation
assay in H9c2 cells treated with LD211 (10nM) or control (PBS) for 24 h in the absence or presence of angiotensin Il (1 uM). C, Quantitative
real-time polymerase chain reaction analysis of Nppb mRNA expression in H9c2 cells treated with LD211 (10nM) for 1, 3, 6 and 24 h.
Gene expression is normalized against the geometric mean of Gapdh and Rn18s. D through H, Representative Western blots and
quantification of p-ERK, p-p38, p-JNK and p-CREB in H9c2 cells treated with LD211 (10nM) for 5, 15, 30, or 60 min. Data are expressed
as a percentage of control. I and J, Representative western blots and quantification of p-CREB and p-p38 in H9c2 cells treated with
different concentrations of LD211 for 15min. Data are expressed as percentage of control. K, [*H]-Leucine incorporation assay in H9c2
cells pretreated with or without the CREB inhibitor 666-15 (1 uM) for 2h followed by treatment with LD211 (10nM) or control (PBS) for
24h. Data are mean+SEM, n=4-6 per group. *P<0.05, **P<0.01 and ****P<0.0001 for the indicated comparisons by 1-way ANOVA and
Dunnett’s post hoc tests (B), Kruskal-Wallis and Dunn’s post hoc tests (A, C-J) or 2-way ANOVA and Sidak’s post hoc tests (K). Ang
Il indicates angiotensin Il; CREB, cAMP response element-binding protein; Ctrl, control; ERK, extracellular signal-related kinase; JNK,

c-Jun N-terminal kinase; and MC1R, melanocortin 1 receptor.

reverse phenotype compared with mice with global or
cardiomyocyte-specific MC1R deficiency.

Finally, we explored different intracellular signaling re-
sponses that could be evoked by selective MC1R acti-
vation. Since different MCR subtypes can be coupled to
Gs proteins as well as to Gi proteins, we first measured
CAMP levels in LD211-treated H9c2 cells. However,
LD211 did not change cAMP level under baseline con-
ditions or in cells treated with the adenylyl cyclase ac-
tivator forskolin (Figure S9B and S9C). Furthermore,
no change was observed in intracellular Ca* levels
after stimulation with LD211 (Figure S9D). Screening of
other downstream targets of MC1R signaling revealed
that LD211 increased phosphorylation of the mitogen-
activated protein kinase p38 as well as the phosphory-
lation of CREB with the peak effect appearing after 15
or 30 minutes of stimulation (Figure 7D, 7F and 7H). No
change was observed in the phosphorylation of extra-
cellular signal-related kinases 1/2 or c-Jun N-terminal
kinase (Figure 7D, 7E and 7G). In terms of p38 and
CREB phosphorylation, the effect of LD211 was most
potent at subnanomolar concentrations (Figure 71 and
7J). We then performed mechanistic experiments and
first checked whether the LD211-evoked hypertrophic
response could be reversed by blocking the p38 path-
way. The selective p38 inhibitor TAK-715 reduced p38
phosphorylation but increased [*H]-leucine incorpora-
tion (Figure S10A through S10C). Importantly, TAK-715
did not block the increase in [°H]-leucine incorporation
in LD211-treated cells (Figure S10C). However, in a sim-
ilar experimental setup, the inhibition of CREB signal-
ing with 666-15 blocked the LD211-induced increase in
[*H]-leucine incorporation (Figure 7K). Taken together,
these results demonstrate that MC1R activation pro-
motes cardiomyocyte hypertrophy and suggest a de-
pendency of this effect on CREB signaling.

DISCUSSION

Melanocortin system and especially MC1R have been
under intensive research for the past few decades and
MC1R has proven to regulate a wide range of physiologi-
cal functions from skin pigmentation to inflammation.?°

J Am Heart Assoc. 2025;14:e037961. DOI: 10.1161/JAHA.124.037961

In the present study, we identified a novel regulatory
role for MC1R in hypertrophic cardiac remodeling. We
observed that MC1R is expressed in the mouse heart
and downregulated in response to pathological cardiac
hypertrophy. Global or cardiomyocyte-specific silenc-
ing of MC1R signaling attenuated exercise- and pres-
sure overload-induced cardiac hypertrophy but led
concomitantly to LV dilatation and to subtle changes
in LV systolic and diastolic function. Conversely, se-
lective activation of MC1R promoted hypertrophy of
cultured cardiomyocytes. Taken together, our results
provide evidence that MC1R signaling in cardiomyo-
cytes regulates physiological and pathological cardiac
remodeling.

First, we demonstrated that MC1R is abundantly
present in the mouse heart and that its expression
gradually declines during the progression of patho-
logical cardiac hypertrophy. Reduced MC1R expres-
sion in the heart could be a compensatory response
to counteract pathological cardiac hypertrophy or re-
sult from altered levels of endogenous MC1R ligands.
Immunostaining of MC1R in the mouse heart further re-
vealed that MC1R localizes not only to cardiomyocytes
but also to other major cell types including smooth
muscle cells and endothelial cells. This was an ex-
pected finding, since previous studies have shown that
functional MC1R exists in these cell types as well as
in macrophages and fibroblasts.%'"2%2° However, de-
spite showing expression in the rat heart and neonatal
mouse heart, previous studies have not unequivocally
proven that MC1R exists also in cardiomyocytes. The
finding of downregulated MCTR expression in hiPSC-
CMs after prolonged stretching and pharmacologically
induced hypertrophy demonstrate that MC1R also ex-
ists in human cardiomyocytes.

Demonstrating a role for MC1R signaling in patho-
logical cardiac remodeling, we observed that global
MC1R deficiency reduced ventricular weight and
cardiomyocyte CSA and downregulated the cardiac
expression of hypertrophic and fibrotic genes in TAC-
challenged Mc1re® mice. Given the wide expression of
MC1R also in nonmyocytes such as endothelial cells,
fibroblasts, or macrophages, the phenotype of Mc1ré®
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mice could be driven by MC1R deficiency in multiple
cell types. For example, Mc1r®® mice have endothe-
lial dysfunction and increased arterial stiffness and
pulse pressure due to nonfunctional MC1R in endo-
thelial cells,® which could increase cardiac afterload
and explain why sham-operated Mc1r¥® mice showed
increased Nppb expression. On the other hand,
MC1R signaling in fibroblasts reduces activation and
proliferation of these cells as well as collagen synthe-
sis,® while MC1R deficiency promotes fibrogenesis. !
Consequently, MC1R deficiency in endothelial cells
or fibroblasts is unlikely to explain the reduced heart
weight and the antihypertrophic and antifibrotic gene
expression profile in TAC-operated Mc1r®® mice. These
phenotypic traits were recapitulated in TAC-operated
Mc1r-cKO mice, indicating that MC1R signaling, spe-
cifically in cardiomyocytes, regulates pathological car-
diac hypertrophy. A similar phenotype was observed
in angiotensin ll-infused Mc1r-cKO, demonstrating that
blunting of pathological cardiac hypertrophy appears
independent of the chosen model.

A striking feature of pressure overloaded Mc1r-
cKO mice was that, despite reduced ventricular
weight, LV systolic function was not improved. Instead,
cardiomyocyte-specific MC1R deficiency led to en-
hanced LV dilatation and to abnormalities in LV sys-
tolic and diastolic function after TAC surgery. However,
there were no signs of exaggerated cardiac fibrosis
in Mc1r-cKO mice, which could explain the functional
consequences of MC1R deficiency. At the cellular level,
we observed reduced cardiomyocyte CSA in TAC-
operated Mc1r-cKO mice that was associated with an
equal lengthening of cardiomyocytes compared with
TAC-operated control mice, thus resulting in increased
length-to-CSA ratio. Increased cardiomyocyte length
and length-to-width ratio are architectural hallmarks
of LV dilatation and development of heart failure with
reduced ejection fraction.®? In eccentric LV hypertro-
phy, increased distending stress on the walls of the left
ventricle causes new sarcomeres to be added in se-
ries, while in concentric hypertrophy, new sarcomeres
are added in parallel, which increases myocyte and LV
thickness.®® In Mc1r-cKO mice, myocyte lengthening
occurs without an appropriate increase in CSA, which
indicates a lack of concentric LV remodeling in the
compensated phase of TAC-induced pressure over-
load. This, in turn, could predispose Mc1r-cKO mice to
LV dysfunction.

Echocardiographic measurements showed re-
duced EF and radial strain rate in Mc1r-cKO mice after
8weeks of TAC surgery, but no change in stroke vol-
ume or lung weight, suggesting that cardiomyocyte-
specific MC1R deficiency does not predispose to
congestive heart failure. Accordingly, taking into ac-
count the unchanged stroke volume, the reduction
of EF in Mc1r-cKO could be primarily driven by the
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increase in LV end-diastolic volume, and thus, it does
not necessarily indicate systolic dysfunction. In terms
of diastolic function, TAC-operated Mc1r-cKO mice
displayed increased E/e’ ratio and reduced isovolu-
metric relaxation time, which could indicate increased
LV filling pressure during diastole.3* E/e’ ratio is among
the most used parameters, when evaluating abnormal
LV filling pressures and progression of diastolic dys-
function both in experimental studies and in clinical
practice.®®%® Chronically elevated LV filing pressure
typically leads to left atrial dilatation, which is an early
marker of diastolic dysfunction. However, left atrial di-
ameter was unchanged in Mc1r-cKO mice, suggesting
that these mice had not developed diastolic dysfunc-
tion after 8weeks of TAC surgery.%’

TAC-operated Mc1r-cKO mice showed distinct
gene expression profile characterized by a marked
downregulation of Nppa, unaltered Nppb expression
and upregulation of Myh7, which could be linked to
the observed changes in LV geometry and cardiac
function. Studies on mice have uncovered that ge-
netic deletion of Nppa or its target receptor natriuretic
peptide receptor A enhances cardiac hypertrophy and
LV dilatation and deteriorates LV systolic function after
TAC-induced pressure overload,3"3 while deletion of
Nppb does not affect susceptibility for pathological
cardiac hypertrophy.®® These results imply that down-
regulation of Nppa in Mc1r-ckKO could be a causative
factor for the LV dilatation and compromised cardiac
function of Mcir-ckKO, or merely a molecular finger-
print of reduced ventricular weight. The latter option is
supported by the finding that MC1R activation per se
had no effect on Nppa expression in cultured NMCMs.
Another explanation for the changes in LV geometry
and performance could be also related to the consis-
tent upregulation of MHC-f (encoded by Myh7 gene)
in Mc1r-ckO mice. Pathological hypertrophic stimuli
typically induce MHC-8 expression with simultane-
ous downregulation of MHC-a (encoded by the Myh6
gene).?® Relative expression of MHC-a and MHC-g is
species-dependent and tightly controlled by develop-
mental stage.*>*! Nevertheless, a similar shift in their
relative expression (ie MHC-B increase and MHC-a
decrease) occurs in the failing human and mouse
heart.?84? Experimental evidence shows that this shift
is not merely an adaptive response to preserve energy,
but it has a detrimental effect on cardiac function. Mice
with transgenic overexpression of MHC-f had mildly
reduced systolic function at baseline, but this functional
deficit became more evident after exercise training and
under chronic mechanical or pharmacological cardio-
vascular stress.*® Overexpression of MHC-B was also
associated with mildly increased LVEDD. This pheno-
type closely resembles the one observed in Mc1r-cKO
mice, and therefore increased MHC-g expression
could be a causative factor, but further studies are
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warranted to address this possibility. Admittedly, there
are additional, yet unidentified, mechanisms that are
likely to contribute to the observed phenotype of Mc1r-
cKO, especially regarding the antihypertrophic effect of
MC1R deficiency.

In addition to affecting pathological cardiac remod-
eling, global and cardiomyocyte-specific MC1R defi-
ciency attenuated physiological cardiac hypertrophy
and improvement in EF in response to 5-week volun-
tary wheel running. Physiological cardiac hypertrophy
is adaptive and reversible in nature and associated
with increased EF. In humans, aerobic exercise typi-
cally induces volume overload and leads to eccentric
cardiac hypertrophy.** In contrast, voluntary wheel
running in mice increases LV mass by =10% to 15%
and does not directly affect LVEDD,***® but can, for
example, prevent LV dilatation in models of myocardial
infarction and dilated cardiomyopathy.“6-4¢ Thus, it ap-
pears that concentric LV remodeling after 5-week vol-
untary wheel running was defective in Mc1r-ckKO mice.
Instead, there was a shift toward eccentric LV remod-
eling, as evidenced by increased LVEDD. Collectively,
the lack of exercise-induced cardiac hypertrophy and
improvement in EF indicate that MC1R deficiency is not
beneficial for physiological cardiac remodeling.

To gain further insight into the effects and underly-
ing mechanisms of MC1R signaling in cardiomyocytes,
we performed in vitro experiments with H9c2 cells
and NMCMs and found that selective MC1R activa-
tion promoted cellular growth. In terms of intracellular
signaling, MC1-R activation induced phosphorylation
of p38 and CREB without a change in cAMP level.
Intriguingly, we recently found that MC5R is also ex-
pressed in cardiomyocytes, where it mediates antihy-
pertrophic regulation upon activation by its cognate
ligand a-melanocyte-stimulating hormone.?® These
results suggest that MC1R might be a counteractive
receptor for MC5R in the heart. It could also be spec-
ulated that the balance between MC1R and MC5R
expression in the heart dictates how the endogenous
agonist a-melanocyte-stimulating hormone  affects
cardiac remodeling.

Study Limitations

First, Mc1r-cKO mice showed increased E/e’ ratio
and reduced isovolumetric relaxation time, which,
in the case of TAC model and restrictive filling
pattern, points to diastolic dysfunction. These data
should be interpreted with caution, since additional
measurements such as LV filing pressures through
invasive catheterization would be required to truly
validate diastolic dysfunction in these mice. Second,
increased cardiomyocyte length-to-CSA ratio in
Mc1r-cKO should be interpreted with caution and
verified by morphological measurements in freshly
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isolated cardiomyocytes. Third, although mechanistic
experiments suggest a dependency between MC1R-
evoked CREB phosphorylation and cardiomyocyte
hypertrophy, further investigation is clearly needed to
obtain conclusive evidence on whether changes in
CREB signaling contribute to the observed phenotype
of Mc1r-cKO mice.

CONCLUSIONS

The present study uncovers a novel functional role for
MC1R in cardiac remodeling. Cardiomyocyte-specific
MC1R deficiency attenuates physiological and patho-
logical cardiac hypertrophy in mice, while pharmaco-
logical activation of MC1R promotes cardiomyocyte
hypertrophy. MC1R deficiency, however, led to LV dila-
tation and functional abnormalities, which manifested
as reduced EF and signs of compromised diastolic
function. These results might have clinical relevance
as MC1R is highly polymorphic in humans and sev-
eral loss-of-function variants have been identified and
shown to be associated with red hair phenotype as
well as with increased arterial stiffness and endothelial
dysfunction. Furthermore, analogues of naturally oc-
curring a-melanocyte-stimulating hormone (Scenesse,
Vyleesi, and Imcivreg),*® which have agonistic activity
at MC1R, have been recently approved for clinical use
in different therapeutic areas. Therefore, it is important
to take into consideration and evaluate the potential ef-
fects of these drugs on the heart.
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