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Editorial on the Research Topic
Cardiac regeneration
Cardiovascular diseases (CVD) are the leading cause of morbidity and mortality worldwide,

with 19.05 million deaths in 2020. Heart failure (HF) is primarily due to the inability of the

adult mammalian heart to replace the lost cardiomyocytes (CMs) following injury. Current

treatments are focused on prevention rather than therapies. Therefore, developing novel

therapies and finding novel molecular and cellular mechanisms are of great importance.

The research topic comprises a series of original articles and reviews, and summarizes

and discusses intuitive concepts, strategies, and novel inventions to regenerate or repair

the injured heart.

With the focus on CM proliferation, there is a need to monitor and distinguish between

cycling and non-cycling CMs. Murganti et al. described a Florescent Ubiquitination-based

Cell Cycle Indicator (FUCCI) that can differentiate between cycling and non-cycling CMs

and combined that with time-lapse microscopy to distinguish between cytokinesis and

karyokinesis. The authors used human induced pluripotent cell (TNNT2-FUCCI)-derived

CMs and screened for 94 autophagy-regulating small molecules to find a novel CM

proliferator inducer. Similarly, Magadum et al. also used the FUCCI approach and developed

a stable CM7/1-hgem mouse embryonic stem cell line, further differentiated into CMs to

screen for novel inducers of CM proliferation. By screening the Spectrum Collection small

molecule library subset, 18 potential inducers of CM proliferation were identified. Among

the top four candidates were two cardiac glycosides, peruvoside and convallatoxin, and

osajin and efaroxan hydrochloride. Inhibition of PTEN and GSK-3β enhanced cell cycle

re-entry and progression upon stimulation with cardiac glycosides and osajin.

Myc expression has been shown to induce CM proliferation in mouse hearts when co-

expressed with Cyclin T1. Boikova et al. explored the collective ability of Myc and HRas

(known to stabilize Cyclin T1) in inducing CM proliferation. The overexpression of

HRasG12V and constitutive Myc mutually induced adult mammalian CM proliferation

but also caused CM death. Since combinatorial Cyclin T1 and Myc expression does not

induce CM death in mice hearts post-MI, it could be therapeutically used. Separately,

Sun et al. found cyclin-dependent kinase 9 (CDK9) an attractive therapeutic target in

cardiac regeneration. CDK9 is highly expressed in the neonatal period and is usually not

detected in the adult heart. CDK9 stimulates cardiac regeneration via serine-threonine-

protein kinase 3 (SGK3) and downstream glycogen synthase kinase-3 beta (GSK-3β)/

β-catenin pathway. The overexpression of CDK9 significantly stimulated mature CMs to
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re-enter the cell cycle and promoted cardiac repair after MI in adult

mice, while CDK9 inhibition repressed CM proliferation in

neonatal mice post-injury.

Duan et al. proposed metabolism (fatty acid oxidation,

glycolysis, amino acid metabolism, and the tricarboxylic acid

cycle), a key modulator of cardiac regeneration, to be considered

as a therapeutic target. The detailed review article by Miao et al.

highlighted the role of nicotinamide adenine dinucleotide

phosphate oxidase (NOXs) in myocardial remodeling and its

potential as a therapeutic target (Miao et al.). Amongst the

different isoforms of NOX, NOX1, NOX2, NOX4, and NOX5 are

found in cardiac tissue. Besides structural remodeling, NOX

isoforms also play a role in modulating inflammatory responses

and metabolism. In mouse models, NOX inhibitors have been

shown to improve outcomes of pathological remodeling and can

be further explored for clinical testing. Sierra-Pagan et al.

described the role of different novel factors in cardiovascular

lineage development and reprogramming that can be further

exploited to better develop regenerative therapies for

cardiovascular disease.

Wang et al., in a review, highlighted recent advances in cell and

cell-free-based therapies for ischemic heart diseases. It is well

known that the transplantation efficiency of human pluripotent

stem cell (hPSC)-derived CMs (hPSC-CMs) is low because of

poor cell survival in the ischemic heart. The authors listed

numerous factors that regulate CM proliferation and cardiac

regeneration from the last two decades.

Post-injury scar tissue lacks perfusion due to loss of

vasculature. To promote re-vascularization, Spiroski et al. utilized

a good manufacturing practice (GMP)-compatible human

embryonic stem cell-derived endothelial cell product (hESC-ECP)

that has been previously tested for its angiogenic potential.

Fourteen days after cell transplantation, cardiac structure and

function were better preserved. Graber et al. reported that the

mechanical stimulus of shockwave therapy (SWT) could incite

regenerative effects in ischemic tissue through growth factor

release, modulation of the inflammatory response, and

angiogenesis with functional improvement. SWT to the ischemic

heart has limitations, such as the heart having a small acoustic

window, restriction in accessing the treatment regions, and risk

of potential lung injuries.
Frontiers in Cardiovascular Medicine 0256
To study mechanistic details of in vivo processes, Maselli et al.

established a protocol to obtain and culture 3D organotypic heart

slices from porcine hearts containing intact epicardium. This

approach allows cost-effective slice preparation compared to large

animal testing, the ability to study an integrated group of cells

instead of individual cells, and elucidating cell-ECM interactions.

In summary, the “Cardiac Regeneration” research topic

addresses novel strategies and inventions, a broad explanation,

and intuitive concepts on cardiac regeneration. Readers will

undoubtedly appreciate the concise summaries of the

contributions given in this issue that describe different ideas and

strategies to induce cardiac regeneration. We hope that the

ongoing efforts of investigators in cardiovascular regeneration

and the published papers within this issue will one day lead to

groundbreaking advances in the treatment of CVD in patients.
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FUCCI-Based Live Imaging Platform
Reveals Cell Cycle Dynamics and
Identifies Pro-proliferative
Compounds in Human iPSC-Derived
Cardiomyocytes
Francesca Murganti 1†, Wouter Derks 1†, Marion Baniol 2, Irina Simonova 1, Palina Trus 1,

Katrin Neumann 1, Shahryar Khattak 1,3, Kaomei Guan 4 and Olaf Bergmann 1,2*

1Center for Regenerative Therapies Dresden, TU Dresden, Dresden, Germany, 2 Karolinska Institute, Cell and Molecular

Biology (CMB), Stockholm, Sweden, 3 Royal College of Surgeons Ireland (RCSI) in Bahrain, Adliya, Bahrain, 4 Institute of

Pharmacology and Toxicology, TU Dresden, Dresden, Germany

One of the major goals in cardiac regeneration research is to replace lost ventricular

tissue with new cardiomyocytes. However, cardiomyocyte proliferation drops to low

levels in neonatal hearts and is no longer efficient in compensating for the loss of

functional myocardium in heart disease.We generated a human induced pluripotent stem

cell (iPSC)-derived cardiomyocyte-specific cell cycle indicator system (TNNT2-FUCCI)

to characterize regular and aberrant cardiomyocyte cycle dynamics. We visualized

cell cycle progression in TNNT2-FUCCI and found G2 cycle arrest in endoreplicating

cardiomyocytes. Moreover, we devised a live-cell compound screening platform

to identify pro-proliferative drug candidates. We found that the alpha-adrenergic

receptor agonist clonidine induced cardiomyocyte proliferation in vitro and increased

cardiomyocyte cell cycle entry in neonatal mice. In conclusion, the TNNT2-FUCCI

system is a versatile tool to characterize cardiomyocyte cell cycle dynamics and identify

pro-proliferative candidates with regenerative potential in the mammalian heart.

Keywords: cardiomyocyte, cell cycle activity, cell cycle indicator, fluorescence ubiquitination cell cycle indicator,

induced pluripotent stem cell, clonidine, polyploidy

INTRODUCTION

Heart regeneration in mammals is restricted to the neonatal period when cardiomyocytes can
still proliferate (1–3). Cardiomyocyte proliferation gradually declines after birth and remains
at a low level in adulthood (4, 5). Although multiple factors, including changes in metabolism
(6), extracellular matrix (7), and endocrine signaling (8), contribute to this loss of proliferative
activity, the exact underlying mechanism that drives cardiomyocyte cell cycle exit still needs
further elucidation.

While cardiomyocyte proliferation declines, aberrant cell cycle activity becomesmore dominant,
leading to multinucleation and endoreplication during the first postnatal weeks (1). The increase
in polyploidy is implicated in the loss of regenerative capacity in postnatal hearts (9). To date, it is
not clear which cues determine the fate of cycling cells and how one can direct non-productive
cell cycle activity to cytokinesis and proliferation. Moreover, this non-productive cell cycling
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has made the identification of cardiomyocyte proliferation
challenging and has previously led to misinterpretation of the
cardiomyocyte renewal capacity (10).

The Fluorescence Ubiquitin Cell Cycle Indicator (FUCCI)
system is a genetically encoded, protein-based two-color cell cycle
indicator that allows for the identification of cycling and non-
cycling cells and relies on the ubiquitination and degradation
of the cell cycle regulators Cdt1 and Geminin (11, 12). The
combination of FUCCI cell cycle indicators with time-lapse
microscopy can unequivocally determine whether the outcome
of the cardiomyocyte cell cycle is productive (cytokinesis) or
non-productive (endoreplication) (13–16).

Human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-derived CMs) can currently be robustly
generated using established protocols (17), diminishing the need
for cardiomyocytes isolated from rodents, which do not fully
recapitulate human physiology.

Depending on their level of maturity, hiPSC-derived CMs
still have the capacity to proliferate (18). Thus, hiPSC-derived
CMs represent an ideal model system to study the kinetics and
regulation of human cardiomyocyte proliferation.

Here, we generated a troponin T2-FUCCI (TNNT2-FUCCI)
hiPSC line and showed aberrant cell cycle kinetics with G2
arrest in endoreplicating cardiomyocytes compared to those
undergoing proliferation and multinucleation. Moreover, we
investigated our TNNT2-FUCCI hiPSC-derived CMs with an
autophagy compound library in a live-cell screening approach
and identified the alpha-adrenergic agonist clonidine to promote
cardiomyocyte proliferation in hiPSC-derived CMs and cell cycle
entry in mouse neonatal cardiomyocytes (mNCMs).

METHODS

Generation of TNNT2-FUCCI hiPSC
The pCAG-Fucci2a plasmid (the RIKEN Center for Life Science
Technologies, RDB13080) was obtained through RIKEN (19,
20). mCherry was kindly provided by Shaner et al. (21).
The Fucci2a portion (mCherry-hCdt1-T2A-mVenus-hGem) was
PCR amplified and cloned in frame downstream of the TNNT2
start codon into a custom synthesized (Thermo Fisher Scientific)
plasmid backbone containing the ColE1 origin of replication,
ampicillin resistance, 1,000 bp 5′ and 980 bp 3′ homology arms
to the hTNNT2 (NM_000364.4) transcription start site, IRES-
Puro and an FRT-flanked PGK-hygromycin selection cassette
to generate the targeting vector using the NEBuilder High-
Fidelity DNA Assembly Cloning Kit (NEB, E5520). Twenty-
one bp downstream of the start codon, including the sgRNA
target sites, was excluded from the targeting vector to protect it
from CRISPR/Cas9-induced double-strand breaks. The resulting
targeting vector was verified by Sanger sequencing, linearized by
restriction with SspI and SfiI enzymes and phenol–chloroform-
extracted. Two different sgRNAs (spacer sequences below), each
targeting the region behind the start codon of hTNNT2 that
was excluded from the targeting vector, were transcribed in vitro
using an EnGen R© sgRNA Synthesis Kit (NEB, E3322S). The
generation and characterization of CRTD5 hiPSCs (hPSCreg,
CRTDi005-B) was previously described (22). CRTD5 hiPSCs

(800,000) were electroporated with 10 µg linearized targeting
vector, 1 µg of each sgRNA and 60 pmol Cas9-NLS protein
(EnGen R© Spy Cas9 NLS, NEB, M0646M) with the Lonza
4D X-unit, pulse CB-150 and Primary Cell 4D-Nucleofector
Kit L (V4XP-3024, Lonza). Transfected cells were seeded at
clonal density in dishes coated with hESC-qualified Matrigel
(Corning Life Sciences, 354277) in mTeSR1 medium (StemCell
Technologies, 85850) supplemented for 3 days with 10µM
Rock inhibitor Y-27632 (StemCell Technologies, 78003). Cells
were selected with 50µg/ml hygromycin B (Thermo Fisher
Scientific, 10687010) starting on Day 3 after nucleofection for
7 days, and resistant colonies were manually selected, clonally
expanded and screened for correctly targeted clones by colony
PCRs amplifying the 5′ and 3′ junction of the targeted alleles
from outside of the homology arms into the insert as well as
the presence of an intact second allele. Heterozygously targeted
clones were selected, and the complete insert was analyzed
by Sanger sequencing. The selected complete clone CRTD5-
TNNT2-FUCCI #19 was karyotyped by Giemsa banding and
showed an intact chromosome set 46,XY[cp20], similar to the
parental line (Supplementary Figure 1A).

hTNNT2-sgRNA#3: 5′- GACCATGTCTGACATAGAAG-A3′

hTNNT2-sgRNA#4: 5′- GGTGGTGGAAGAGTACGAGG-3′

hiPSC Culture and Maintenance
The hiPSC line (CRTD5) generated from human fibroblasts was
used in this study as a control and was obtained from the
Stem Cell Engineering facility of the Center for Molecular and
Cellular Bioengineering (CMCB), TU Dresden. Research with
CRTD5 hiPSC was approved by the Ethikkommission an der
Technischen Universität Dresden (BO-EK-38012020). Cells were
propagated using ReLeSR (StemCell Technologies, 05873) and
maintained in mTESR1TM (StemCell Technologies, 85850) on
MatrigelTM-coated plates (Corning Life Sciences, 354234) under
standard culturing conditions (37 ◦C, 5% CO2). Cell cultures
were routinely checked for mycoplasma using the LookOut R©
Mycoplasma PCR Detection Kit (Sigma Aldrich, D9307).

hiPSC Differentiation Into Cardiomyocytes
Differentiation of CRTD5 and FUCCI-CRTD5 lines was induced
by adaptation of a previously described protocol (17, 23). Briefly,
undifferentiated hiPSCs were passaged into 12-well plates using
Versene (Thermo Fisher Scientific, 15040066). When hiPSC
culture reached 90–95% confluency, differentiation was induced
using CDM3 medium (17) supplemented with the GSK3β
inhibitor CHIR99021 (4µM, Sigma, SML1046) for 48 h followed
by treatment with IWP2 (5µM, Tocris, 3533) for an additional
48 h. After, cells were cultured in CDM3 medium. At Day 15 of
differentiation, hiPSC-derived CMs were gently detached from
the plate by incubating with 1 mg/ml collagenase B dissolved in
CDM3 medium for 30min at 37◦C. hiPSC-derived CMs were
further dissociated using 0.25% trypsin-EDTA for 5min at 37◦C.
The reaction was stopped by adding a double volume of stop
medium (80% CDM3, 20% FBS, ROCK inhibitor). Cells were
plated at a density of 1,000,000 cells/well into Matrigel-coated
12-well plates. CDM3 was exchanged every second day until
further analysis.
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Imagestream-X Analysis
hiPSC-derived CMs were detached from the plate by incubating
with 1ml of TrypLE (Thermo Fisher Scientific, 12604013) for
5min at 37◦C. A double volume of PBS was added to stop the
reaction, and the cells were passed through a 100µmcell strainer.
hiPSC-derived CMs were centrifuged at 200 g for 5min, fixed
with 1% PFA for 20min and washed 3x with PBS. hiPSC-derived
CMs were incubated with primary antibodies against mVenus
(Biorbyt, orb334993, 1:800) and mCherry (Abcam, ab125096,
1:250) and anti-cardiac troponin T-APC (Miltenyi Biotec, 130-
120-403, 1:50) in blocking buffer (PBS, 4% donkey serum, 0.1%
Triton X-100 in PBS, 2mM EDTA) for 2 h at RT. After washing,
the cells were incubated with the secondary antibodies anti-
goat Alexa Fluor R© 488 (Jackson ImmunoResearch, 705-546-147,
1:500), anti-rabbit Alexa Fluor R© 555 (Abcam, ab150062, 1:500)
and Hoechst 33342 (Thermo Fisher Scientific, H21492) for 1 h
at 4◦C. Cells were then washed 3x with PBS and centrifuged at
200 g for 5min. Finally, 5 million cells were resuspended in 500
µl of FACS buffer (PBS, 2% FBS, EDTA) and kept on ice until
further analysis. Cells were analyzed on Amnis ImageStream-X
MkII (Luminex, United States).

hiPSC Immunohistochemistry
Cells were fixed with 4% formaldehyde solution in PBS for
10min and stained overnight at 4◦C with primary antibodies
against mVenus (1:800, Biorbyt, orb334993) and mCherry
(1:250, Abcam, ab125096) and anti-cardiac troponin T (1:250,
Thermo Fisher Scientific, MA5-12960) in blocking buffer (PBS,
4% donkey serum, 0.1% Triton X-100 in PBS, 2mM EDTA).
Cells were then washed 3x with PBS and incubated with the
following secondary antibodies in PBS: anti-goat Alexa Fluor R©

488 (1:500, Jackson ImmunoResearch, 705-546-147), anti-rabbit
Alexa Fluor R© 555 (1:500, Abcam, ab150062), anti-mouse Alexa
Fluor R© 647 (1:500, Jackson ImmunoResearch, 715-606-151) and
Hoechst 33342 (Thermo Fisher Scientific, H3570).

Measurement of Cell Area and Sarcomere
Spacing
CRTD5 and FUCCI-CRTD5 cardiomyocytes at Day 25 of
differentiation were first costained with antibodies against
TNNT2 (mouse, Thermo Fisher Scientific, MA5-12960) and α-
actinin (rabbit, ThermoFisher Scientific, 701914). Imaging of
single cardiomyocytes was performed using a Zeiss LSM 700. For
cell area analysis, using ImageJ-Fiji software, a defined region
of interest (ROI) was defined to outline the outer edges of the
cell, and the cell area was measured for each cardiomyocyte.
For sarcomere spacing measurements, an ROI with at least
10 sarcomeres was defined. The intensity or the ROI shows a
series of peaks that correspond to the spatial frequency of the
sarcomeric pattern, and the amplitude between the peaks was
determined to assess the sarcomere spacing.

Primary mNCMs Culture
Whole litters of C57BL/6JRj mice (P0) were used for isolation of
mNCMs. C57BL/6JRj mice were originally obtained from Janvier
labs and bred internally in CRTD animal facilities. All procedures
were approved by the local ethics committee, Landesdirektion

Sachsen (TVT-1/2017). P0 mNCMs were isolated using the
Neonatal Heart Dissociation kit (Miltenyi Biotec, 130-098-373)
following the manufacturer’s instructions. Cells were seeded
in plating medium (20% M199 (Thermo Fisher Scientific,
12340030), 65% DMEM (Thermo Fisher Scientific, 31966021),
5% FBS (fetal bovine serum), and 10% HS (horse serum) at a
seeding density of 35,000 cells/well in a 96-well plate coated with
Matrigel (Corning Life Sciences, 354234). Cells recovered for 1
day in an incubator (37◦C, 5% CO2).

Live Imaging and Analysis of
TNNT2-FUCCI hiPSCs
HiPSC-derived CMs at different time points post cardiomyocyte
induction (0, 6, and 30 days) were imaged using a Keyence
BZ-X800E microscope (Keyence, Japan). Images were acquired
using brightfield, YFP and Cy3 filter sets. For time-lapse
imaging, FUCCI hiPSC-derived CMs at Day 30 of differentiation
were seeded in CDM3 medium at a density of 150,000 cells
per well in a 24-well plate (Cellvis, P24-0-N) coated with
Matrigel (Corning Life Sciences, 354234). Time-lapse imaging
was performed as previously described (14). Briefly, FUCCI
hiPSC-derived CMs were imaged every 20min for 72 h, and
the quantification of the mCherry and mVenus fluorescent
intensities was performed using Keyence image measurement
and analysis software (Keyence, Japan) and ImageJ-Fiji software.
A region around the cell was first defined as the background
region, and the cell nucleus was segmented using the brightfield
signal. The mCherry and mVenus intensities were detected in
both the background region and the nucleus. The background
signal was subtracted from the nuclear intensity. Single-cell
intensity data were aligned based on the peak mVenus intensity
and plotted over a period of 40 h using GraphPad Prism.

Analysis of Ploidy and Binucleation in
Cardiomyocytes
Culture hiPSC-derived CMs or mNCMs were fixed with 4%
formaldehyde solution in PBS for 10min and stained overnight
at 4 ◦Cwith primary antibodies against cardiac troponin I (1:500,
Abcam, ab56357) and Ki-67 (CellSignaling, 9449T) in blocking
buffer (PBS, 4% donkey serum, 0.1% Triton X-100 in PBS, 2mM
EDTA). Cells were then washed 3x with PBS and stained with
the secondary antibodies anti-goat Alexa Fluor R© 488 (Jackson
ImmunoResearch, 705-546-147, 1:500), anti-rabbit Alexa Fluor R©

555 (1:500, Abcam, ab150062), and Vybrant DyeCycle Violet
Stain (Invitrogen, V35003) in PBS. Images were acquired using
a Keyence BZ X800 fluorescence microscope (Keyence, Japan)
equipped with an imaging cytometer (BZ-H4XI). Image analysis
was performed in the open source software CellProfiler 4.2.1
(24). Nuclei segmentation was performed using the identify
primary objects module with an adaptive thresholding method
to account for background variances. Cardiac troponin I and
Ki-67 intensities were measured in segmented nuclei, and
thresholds were determined according to their histograms.
DNA staining intensities of non-cycling (Ki-67−) cardiomyocyte
nuclei (cardiac troponin I+) were measured, and ploidy levels
were plotted as histograms, from which ploidy thresholds
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were determined (Supplementary Figure 3). The number of
nuclei per cardiomyocyte was determined manually analyzing a
minimum of 15 field of views for each biological replicate.

Cell Plating and Culturing and Screen
Conditions
TNNT2-FUCCI hiPSC-CMs were differentiated as described
above. hiPSC-CMs were used 30 days after starting the
differentiation. hiPSC-CMs were plated on 96-well glass bottom
plates (Cellvis, P96-1-N) coated with Matrigel (Corning Life
Sciences, 354277) at a seeding density of 4000 cells per well. Cells
were seeded in a volume of 50 µl RPMI20 medium (RPMI 1640
with 20% FBS). Outer wells were left unused and filled with PBS
to exclude well plate edge effects. The medium was changed the
next day for RPMI 1640 (Thermo Fisher Scientific, 32404014) +
B27 (Thermo Fisher Scientific, 17504044) + 0.1% FBS (Thermo
Fisher Scientific, 10500064). Subsequently, hiPSC-CMs were left
for 3 days to reduce the baseline level of proliferation induced by
the plating medium before starting the screen.

Four days after seeding the cells, the autophagy library
(ENZO, BML-2837-0100) was added to wells by total medium
exchange at an end concentration of 25µM. Then, the medium
was supplemented with nontoxic concentrations of Hoechst
33342 (10 ng/ml, Thermo Fisher Scientific, H3570) and EdU
(5µM, Thermo Fisher Scientific, C10340). The compound
library and controls were divided over two template plates,
from which the compounds in the medium were transferred
into triplicate screening plates. All pipetting was performed
with automated channel pipets to avoid interwell variation.
Medium with compounds was not exchanged throughout the
72 h duration of the screen.

Image Acquisition
All images were acquired using a Keyence BZ-X800E compact
fluorescence microscope equipped with live imaging cytometer
(BZ-H4XI) and CO2 control (BZ-H4XT) modules. Live images
were acquired using the 10x objective and DAPI, YFP and
Cy3 filter sets. Binning was set to 3x3, the gain to 6 dB and
exposure times were 28ms for DAPI, 666ms for YFP and 167ms
for Cy3 channels. The resulting images were 640x480 pixels.
Five non-overlapping sites were imaged per well. LIVE imaging
was performed at Day 0 directly after adding the compound
library and every 24 h until 72 h. After the last LIVE acquisition,
hiPSC-CMs were fixed by incubation with 4% formaldehyde
solution in PBS for 15min. Subsequently, an EdU click-it reaction
(Thermo Fisher Scientific, C10340) was performed according
to the manufacturer’s protocol to visualize EdU incorporation.
Images of fixed cells were acquired using DAPI and Cy5 channels,
binning was set to 3x3, gain to 6 dB and exposure times were
100ms for DAPI and 10ms for Cy3.

Automated Image Analysis
Automated image analysis was performed in the open source
software CellProfiler 4.2.1 (24). Briefly, single channel images
from DAPI, YFP, and Cy3 channels were imported into the
program. In the first module, the YFP images were enhanced

to reduce uneven backgrounds. Subsequently, the DAPI channel
was used to identify all nuclei and assign them as primary
objects. In the next modules, the intensity of mVenus and
mCherry from the YFP and Cy3 channel images within the
nuclei was measured, and a threshold was set to categorize the
nuclei as positive (+) or negative (–) for these channels. In the
following modules, we assigned all nuclei to a single category
as follows: mVenus- and mCherry- nuclei: BLUE; mCherry+

and mVenus− nuclei: RED; mCherry+ and mVenus+ nuclei:
YELLOW; mVenus+ and mCherry− nuclei: GREEN. In the
last module, counts were exported into spreadsheets for further
data analysis.

Data Analysis of the TNNT2-FUCCI Screen
Data analysis was performed using the open-source data analytics
software KNIME (Konstanz Information Miner) version 4.3.1.
The general approach for screen analysis was followed as
described by Stöter et al. (25). Briefly, CellProfiler output
files were imported, and the following steps were performed:
quality control, filtering, grouping, normalization, and statistics.
As a first step, data from individual sites were excluded
from analysis if the number of nuclei was far below (>2
STDEV) mean levels (indicating problems with focus, e.g.,).
In the second step, the results from imaging sites were
grouped by wells, giving mean values per well from the five
sites imaged. In the next steps, the data from wells were
matched with locations on the plates and the compound
information. The percentages per compound were normalized
to the control (100%). Next, wells were grouped by treatment,
and if parameters showed STDEVs larger than half the value
of the parameter, they were excluded as quality controls.
Data were exported into Excel, and the main parameter (%
of mVenus+ in all FUCCI+) was plotted using GraphPad
Prism software.

Clonidine Treatment of Neonatal Mice
Animals were housed in the Comparative Medicine Biomedicum
(Karolinska Institutet, Stockholm) animal facility on a 12-h
light/dark cycle and were provided food and water ad libitum.
All breeding and organ collection protocols were performed in
accordance with the Swedish and European Union guidelines
and approved by the institutional ethics committee (Stockholms
Norra Djurförsöksetiska Nämnd). C57BL/6N neonatal mice
were injected subcutaneously with a volume of 0.1ml of PBS
with EdU (20 mg/kg, Invitrogen, E10187) and clonidine (60
ng/pup, Sigma, C7897). Clonidine was given for an estimated
weight of 1.5 g/pup throughout the experiment; therefore,
a fixed dose of 60 ng/pup was used. Neonatal mice were
sacrificed at P7 by decapitation, and hearts were dissected and
collected in PBS, cryoprotected in 30% sucrose and flash-frozen
in isopentane.

Immunohistochemistry Staining of P7
Neonatal Mouse Hearts
Frozen hearts were sectioned into 10µm thick sections at
the cryostat. After washing with PBS sections were fixed by
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incubating in 2% formaldehyde solution for 10min. Primary
antibodies against rabbit PCM-1 (1:100, Santa Cruz, sc-
67204), mouse SMA-Cy3 (1:1000, SigmaAldrich, C6198), and
biotinylated isolectin B4 (Vector labs, B-1205, 1:500) were diluted
in blocking buffer (PBS, 4% donkey serum, 0.1% Triton X-100
in PBS, 2mM EDTA) and sections were incubated overnight
at RT. Sections were then washed 3x with PBS (15min) and
stained with matching secondary antibody anti-rabbit Alexa
Fluor R© 488 (1:500, Jackson ImmunoResearch, 711-546-152) and
Streptavidin-Alexa Fluor 647 R© (1:1000, ThermoFisher, S21374)
in PBS. Subsequently, Click-iTTM EdU Cell Proliferation Kit for
Imaging, Alexa FluorTM 647 or 488 dyes (ThermoFisher, C10340
and C10637) was used to detect EdU. Slides were then washed
and mounted using ProLong Gold Antifade Mountant with
DAPI (ThermoFisher, P36931). Images were acquired using a
Keyence BZ X800 fluorescence microscope (Keyence, Japan) and
Zeiss LSM 750 confocal microscopy from at least three regions of
the left ventricle per heart.

Neonatal Cardiomyocyte Isolation and
Immunocytochemistry
Frozen hearts were placed on ice, cut into small pieces, fixed in
four percent paraformaldehyde for 1 h, and digested for 2 h at
37◦C (3.6 mg/ml collagenase B, 4.8 mg/ml collagenase D, in PBS).
Cells were incubated with primary antibody against α-Actinin
(Thermofisher, A7811, 1:500) and Connexin-43 (SigmaAldrich,
C6219, 1:1000) for 30min to label cardiomyocyte cytoplasm
and borders. After washing with PBS, cells were resuspended
with matched secondary antibodies [AF488-coupled (Abcam,
ab150110, 1:1000) and AF555-coupled (Jackson Immuno
Research, 711-546-152, 1:500)] for 30 minutes. Cardiomyocytes
were placed on a slide with a mounting medium (InvitrogenTM

ProLongTM Gold Antifade Mountant with DAPI). Images were
acquired using a Keyence BZ X800 fluorescence microscope
(Keyence, Japan) equipped with an imaging cytometer (BZ-
H4XI). Image analysis was performed in the open source software
CellProfiler 4.2.1 (24). Nuclei segmentation was performed
using the identify primary objects module with an adaptive
thresholding method to account for background variances.
α-Actinin intensities were measured in segmented nuclei, and
thresholds were determined according to their histograms. DNA
staining intensities of cardiomyocyte nuclei were measured,
and ploidy levels were plotted as histograms, from which
ploidy thresholds were determined (Supplementary Figure 4).
The number of nuclei per cardiomyocyte was determined
manually analyzing a minimum of 15 field of views for each
biological replicate.

RESULTS

Generation and Validation of TNNT2-FUCCI
in hiPSC-Derived CMs
We generated a TNNT2-FUCCI hiPSC line using a CRISPR–
Cas9 approach (see Methods). TNNT2-FUCCI hiPSCs
expressed the FUCCI construct under the control of the
cardiomyocyte-specific TNNT2 promoter (Figure 1A and

Supplementary Figure 1A). The generated TNNT2-FUCCI
hiPSC line showed a normal karyotype, and pluripotency
characterization showed high expression of bona fide
pluripotency markers and could generate three germ layers
(Supplementary Figures 1B–D). FUCCI fluorescence
(mCherry/mVenus) became visible from Day 6 post
differentiation into cardiomyocytes (Figure 1A). At Day
30, in most cells, FUCCI signal was detected (Figure 1A),
and all FUCCI-expressing cells were TNNT2+ (Figure 1B).
To further confirm the cardiomyocyte-specific expression of
TNNT2-FUCCI fluorescence, we used imaging flow cytometry.
We analyzed 50,000 cells defined by their TNNT2 expression
and found that 85.4% were mCherry-Cdt1+ (G0/G1 phase),
5.1% were mVenus-geminin+ (G2/M phase) and 1.6% of
the cardioymocytes were both mCherry-Cdt1 and mVenus-
geminin+ (G1/S phase) (Figure 1C). Importantly, we found no
FUCCI expression in the TNNT2− cell fraction. However, some
signal in the TNNT2− fraction detected in the green and red
fluorescence channels could be assigned to autofluorescence
(Supplementary Figure 2A).

To demonstrate that the TNNT2-FUCCI signal reliably
indicates the cell cycle status of cardiomyocytes, we costained
FUCCI cardiomyocytes with cyclin-dependent kinase-1
(CDK1) and found a complete overlap of mVenus+ and
CDK1+ nuclei, supporting that mVenus+ cardiomyocytes
indeed represent cells in the S/G2/M phase of the cell cycle
(Supplementary Figure 2B).

TNNT2-FUCCI cardiomyocytes showed a similar
sarcomere spacing pattern (1.97µm ± 0.06µm SEM)
and cell size (2525.4 µm2 ± 259.2 µm2 SEM) as controls
(Supplementary Figures 2C,D), suggesting that the integration
of the TNNT2-FUCCI knock-in did not compromise the
functionality of the TNNT2-FUCCI cardiomyocytes.

In summary, we showed that TNNT2-FUCCI expression
is limited to cardiomyocytes and reliably detects cell
cycle progression.

Live Cell Imaging of TNNT2-FUCCI
Cardiomyocytes Shows Differences in Cell
Cycle Progression With G2 Phase Arrest in
Polyploidy
We tracked single TNNT2-FUCCI cardiomyocytes over 72 h
(Figure 2) Among 570 cardiomyocytes analyzed, 90.4% ± 10.6%
SEM did not show any cell cycle activity, 5.1 % ± 1.5% SEM
underwent cytokinesis and cell division, 3.2% ± 1.5% SEM
became binucleated, and 1.40% ± 0.8% SEM underwent
polyploidization (Figure 2A). We could not detect any
binucleated or polyploid cardiomyocyte undergoing cell division,
supporting the notion that mainly diploid mononucleated
cardiomyocytes show proliferative capacity (9). Next, we
plotted the FUCCI oscillation pattern for cardiomyocytes
undergoing cell division, multinucleation and polyploidization
(Figures 2B–D and Supplementary Movies 1–3). In all three
cycling populations, mVenus-geminin fluorescence started to
increase concomitant with the reduction of the mCherry-Cdt1
signal, marking the end of the G1 phase and the beginning of
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FIGURE 1 | Generation and validation of TNNT2-FUCCI in hiPSC-derived CMs. (A) Schematic representation showing TNNT2-FUCCI reporter cell line generation and

differentiation towards cardiomyocytes. Upon differentiation into cardiomyocytes, the FUCCI signal became visible at Day 6. Arrowheads indicate FUCCI+ nuclei.

Scale bar, 20µm. (B) Immunocytochemistry showing cardiomyocytes at Day 30 of differentiation. Arrowheads indicate cardiomyocytes (TNNT2+) that were FUCCI+,

demonstrating the specificity of the FUCCI reporter. Scale bar, 20µm. (C) Imaging flow cytometry shows TNNT2+ cells expressing nuclear mVenus and/or mCherry,

indicating cardiomyocyte specificity of the TNNT2-FUCCI system.

the S/G2 phase. In early mitosis, mVenus fluorescence dropped
sharply concomitant with nuclear envelope breakdown in
dividing and multinucleating TNNT2-FUCCI cardiomyocytes
(Figures 2B,C). The average duration of the S/G2/M phase
was 16.38 h ± 0.84 SEM h in dividing cells and 17.29 h ± 0.55
SEM h in multinucleating cells, with no significant difference
between the two populations (p > 0.05, Figure 2E). In contrast,
polyploid cells showed a different FUCCI oscillation pattern.
An increase in the mCherry signal was detected before the
loss of mVenus, which dropped slowly, suggesting G2 phase
arrest without activation of the anaphase-promoting complex
(26). Accordingly, no mitotic features, such as cell rounding or
cytoplasmic localization of mVenus, were detected (Figure 2D).
Moreover, mVenus expression was detected over a significantly
longer period in polyploid cells compared to dividing (p =

0.0009) and multinucleating (p = 0.0029) cells, with an average
duration of the S/G2 phase of 24.5 h ± 2.77 h SEM (Figure 2E).
These data suggest that hiPSC-derived CMs that become

polyploid do not enter mitosis and remain arrested in the
G2 phase.

Live Image-Based TNNT2-FUCCI
Screening Identifies Cell Cycle Activators
Next, we devised a live screening platform in which we probed
TNNT2-FUCCI cardiomyocytes for cell cycle entry using
a library of 94 autophagy-related compounds (Figure 3A,
and Methods). TNNT2-FUCCI live cardiomyocytes were
imaged, and mVenus and mCherry nuclear fluorescence
was documented at 24 h, 48 h, and 72 h (Figure 3A).
Proproliferative activity was determined as the percentage
of mVenus+ (S/G2/M phase) cardiomyocyte nuclei and
normalized to the control group at all three time points
(Figure 3B and Supplementary Figures 3A,B). The acquisition
time point of 48 h with the smallest coefficient of variance
(24 h, 48 h, 72 h; 13.1%, 12.1%; 28.0%, respectively) was
chosen to select six pro-proliferative candidates. We
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FIGURE 2 | Quantification of cell cycle duration using live cell imaging of hiPSC-derived CMs. (A) Pie chart showing the percentage of non-cycling and cycling

cardiomyocytes (n = 570) collected from 20 movies. (B–D) left panels show oscillation patterns of FUCCI fluorescence measured by live imaging in cardiomyocytes

undergoing (B) cell division (n = 9), (C) multinucleation (n = 9), and (D) polyploidization (n = 5). Data show mean intensity ± SEM. Right panels show images of

selected intervals of the movies. (E) Quantification of the total duration of the combined S, G2, and M phases shows a significant increase in cell cycle duration in

cardiomyocytes undergoing polyploidization (n = 5) compared to multinucleation (n = 9) and polyploidization (n = 9). Data show mean intensity ± SEM. P-value was

determined by one-way ANOVA. **p <0.01, ***p < 0.001.

selected the six pro-proliferative candidate compounds
based on their increase in the percentage of mVenus+

nuclei and their biological significance (see Methods
and Supplementary Figures 3A,B).

Validation of Pro-proliferative Candidate
Compounds in mNCMs
The six selected compounds were tested at three different
concentrations to establish potential concentration dependencies
(2.5 nM, 250 nM, 25µM) in mNCMs. Cell cycle activation
was validated by EdU incorporation after 72 h which can
detect DNA synthesis during S-phase (Figure 3C). We
found two compounds that significantly increased cell cycle
activity at all tested concentrations. Of these, the alpha-
adrenergic and imidazoline receptor agonist clonidine
showed the most pronounced concentration-dependent
effect (2.78-fold increase compared to untreated, p <

0.0001) on cell cycle activity in mNCMs (Figures 3C,D
and Supplementary Figure 3C). Hence, we continued
to explore the pro-proliferative potential of clonidine
(Supplementary Figure 3D).

Clonidine Triggers Proliferation in
hiPSC-Derived CMs and Cell Cycle Activity
in mNCMs
We assessed whether clonidine-induced cell cycle activity
results in proliferation or polyploidy in hiPSC-derived CMs
(Figures 4A–E). Cell cycle activity was first determined by Ki-
67 expression. A cell cycle related gene, which expression is
gradually increased during cell cycle progression, reaching a
maximum at G2/S (27). Although there are reports that Ki-67
expression is linked to DNA damage response (27, 28), Ki-67
is widely used to demonstrate cell cycle activity (28). We could
show a high fidelity of Ki-67 in detecting cell cycle progression
(S/G2/M) in neonatal mice (14). We measured an increase
in cell cycle activity after clonidine treatment through Ki-67
expression from 9.0% ± 1.23% SEM to 22.0% ± 4.51% SEM
at 72 h after treatment in hiPSC-CMs (p = 0.03, Figure 4A).
Clonidine did not cause any changes in polyploidy (p > 0.05,
Figure 4B, and Supplementary Figure 4A) or in binucleation
(p > 0.05, Figure 4C), suggesting that most clonidine-induced
cell cycle activity results in proliferation. Consistent with these
findings, we found an increase in aurora B kinase (AurKB)-
positive midbodies, indicative of late phase cytokinesis, from
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FIGURE 3 | Live-image-based TNNT2-FUCCI hiPSC-derived cardiomyocyte screen identifies compounds that induce cell cycle activity. (A) Schematic drawing of the

screening experiment. hiPSC-derived CMs were seeded in 96-well plates and stimulated with 94 compounds of an autophagy-related compound library at a

concentration of 25µM. FUCCI signal was documented at 24 h, 48 h, and 72 h. (B) The effect of each compound is shown as the percentage of mVenus+ nuclei

relative to the control at the 48 h time point. Results are from one screen with three replicate wells on separate plates. Error bars represent STDEV between the

triplicates. Six compounds that increased the percentage of mVenus+ cardiomyocyte nuclei were subjected to further validation, these are indicated with colors. (C)

Six compounds were further tested in mNCMs at three different concentrations (2.5 nM, 250 nM and 25µM). Cell cycle activity was validated by EdU incorporation

and subsequent detection at 72 h. The experiment was repeated three times, each with three replicates wells. Values are mean ± SEM. P-values were determined by

one-way ANOVA. *p < 0.05, ***p < 0.001, ****p < 0.0001. (D) Representative immunocytochemistry images of untreated and clonidine-treated mNCMs with EdU

incorporation detected in magenta and cardiac troponin I in green. Scale bar, 20µm.

0.83% ± 0.17% SEM in untreated hiPSC-derived CMs to 1.69%
± 0.24% SEM in clonidine-treated hiPSC-derived CMs (p= 0.04,
Figures 4D,E).

Next, we investigated whether clonidine elicits similar
effects in mNCMs that are more restricted in their capacity
to proliferate. We found an increase in cell cycle activity,
measured through Ki-67 expression, from 10.97% ± 1.68%
SEM in untreated mNCMs to 23.23% ± 2.63% SEM in
clonidine-treated mNCMs (p = 0.002, Figure 4F). The ratio
of binucleated cardiomyocytes was not altered by clonidine
treatment (p > 0.05, Figure 4H), but we found an increase
in nuclear ploidy with an increase in the tetraploid fraction
from 26.52% ± 0.54% SEM in untreated mNCMs to 38.93%
± 2.32% SEM in clonidine-treated mNCMs (p = 0.0004,
Figure 4G, Supplementary Figure 4B), suggesting that a
substantial proportion of clonidine-induced cell cycle activity
can be attributed to nuclear polyploidy. Additionally, we
performed AurKB staining on clonidine-treated and control
mNCMs. Although we observed AurKB+ cardiomyocyte
nuclei in all cultures (Supplementary Figure 4C), we could
not detect any positive midbodies in these cultures (more than
10,000 cardiomyocytes analyzed), suggesting that clonidine

does not stimulate cytokinesis in cell cycle-active mNCMs. In
agreement with this, cardiomyocyte cell count did not show any
significant increase (p > 0.05, Supplementary Figure 5D)
in the number of cardiomyocytes after
clonidine treatment.

Clonidine Induces Cell Cycle Activity in the
Neonatal Mouse Heart
To explore whether clonidine triggers cell cycle activity in the
mouse heart, similar to what we found in vitro, we administered
clonidine to neonatal mice. Clonidine was given along with EdU
daily from P1 to P5 (60 ng/day), and the hearts were collected for
analysis at P7 (Figure 5A). The number of EdU+ cardiomyocyte
nuclei (EdU+/PCM-1+) was significantly increased in the
clonidine-treated group (36.15% ± 2.72% SEM) compared to
control animals (25.54%± 1.80% SEM) (p= 0.02, Figures 5B,C),
demonstrating that clonidine triggers cardiomyocyte cell cycle
activity as more cells have entered S-Phase in both in vitro
and in vivo mouse neonatal hearts. In contrast to neonatal
cardiomyocyte in vitro, nuclear ploidy levels remained
constant (Figures 5D,F and Supplementary Figure 5C),
whereas the fraction of mononucleated cardiomyocytes
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FIGURE 4 | Effect of clonidine on cell cycle activity and proliferation in human and mouse cardiomyocytes (A) Quantification of Ki-67+ hiPSC-derived CMs after 72 h

of clonidine treatment. P-values were determined by unpaired t-test. Datapoints represent four individual wells from one experiment. (B,C) Cell cycle activity induced

by clonidine did not show any changes in (B) nuclear ploidy or (C) binucleation. Datapoints represent four individual wells with 11 fields of view analyzed per well.

P-values were determined by two-way ANOVA. (D,E) AurKB+ midbodies, indicative of late phase cytokinesis, increased significantly in clonidine-treated

hiPSC-derived CMs. Datapoint represent three individual wells. Scale bar, 20µm. P-values were determined by unpaired t-test. (F) Clonidine significantly increased

the percentage of Ki-67+ mNCMs. Datapoints represent six individual wells, P-values were determined by unpaired t-test. (G) Quantification showed an increase in

nuclear ploidy in mNCMs treated with clonidine. Datapoints represent six individual wells. P-values were determined by two-way ANOVA. (H) Ratios of binucleated

mNCMs were not altered by clonidine treatment. P-values were determined by two-way ANOVA. Values are mean ± SEM. *P < 0.05, **p < 0.01, ***p < 0.001.

Datapoints represent nine wells with three fields of view analyzed for each well.

was reduced in clonidine treated animals from 14.8% ±

1.3 SEM%, compared to 22.3% ± 1.7% SEM in controls
(p = 0.01, Figure 5E), demonstrating mitotic activity
without cytokinesis.

As alpha adrenergic signaling is not restricted to
cardiomyocytes (29), we explored the possibility that cell cycle
activity is altered in other cell types of the heart. Whereas, we did
not see any changes in fraction of EdU+ endothelial cells (control:
29.4% ± 2.8% SEM vs. clonidine: 30.1% ± 1.7% SEM, p = 0.85),
we found an increase in smooth muscle cell cycle activity from
44.2% (29.4–46.9%, interquartile range) in controls to 59.3%
(51.9–61.7%, interquartile range) in clonidine treated animals
(p= 0.04, Supplementary Figures 5D–F).

DISCUSSION

Heart failure is among the leading causes of death in theWestern
world, and currently available treatment is limited to salvaging
existing cardiomyocytes or heart transplantation. Augmenting
the proliferation of existing cardiomyocytes is often proposed
as a promising future strategy for reverting disease progression
(30). To achieve this goal, detailed knowledge of the human
cardiomyocyte cell cycle and how it can be manipulated is
crucial. Here, we generated TNNT2-FUCCI cardiomyocytes to
reveal cell cycle kinetics in human cardiomyocytes undergoing
proliferation, binucleation and polyploidization. To show
the versatility of TNNT2-FUCCI, we devised a live cell
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FIGURE 5 | Clonidine induces cell cycle activity in neonatal mice. (A) Neonatal mice were subjected to four days (P1-P5) of clonidine (60 ng/pup) and EdU treatment

(20mg/kg). Pups were sacrificed and hearts were collected at P7. (B,C) Quantification of EdU+ cardiomyocyte (PCM-1+) nuclei in sectioned mouse hearts showed an

increase in EdU incorporation in clonidine-treated neonatal mice. Three sites per heart section were imaged and a minimum of 100 cardiomyocytes nuclei were

analyzed per sample. Each point represents a biological replicate, clonidine n = 8, untreated n = 4. Values are mean ± SEM. P-value was determined by unpaired

t-test. *P < 0.05. Scale bar, 50µm. (D) Shows compilation of individual representative images of digested P7 cardiomyocytes stained with α-actinin and connexin-43.

Scale bar, 20µm. (E) Quantification of mono and binucleated cardiomyocytes with clonidine treatment (n = 8) and untreated (n = 3). At least 100 cardiomyocytes per

biological replicate were analyzed. Values are mean ± SEM. P-value was determined by unpaired t-test. *P < 0.05. (F) Quantification of nuclear ploidy on

cardiomyocytes with clonidine treatment (n = 8) and untreated (n = 4) shows no significant difference. At least 422 cardiomyocyte nuclei were analyzed per mouse.

screening platform to assess the pro-proliferative effects of
compounds from an autophagy library. Using this platform,
we identified clonidine as a compound that induces cell
cycle activity in cardiomyocytes, resulting in the proliferation
of hiPSC-CMs.

Generation and Characterization of a
hiPSC Line With the
Cardiomyocyte-Specific TNNT2-FUCCI
Reporter
The identification of cycling cardiomyocytes is critical for
studying cardiomyocyte proliferation (10, 14, 31–34). Here,
we generated the TNNT2-FUCCI hiPSC reporter line and
differentiated it into cardiomyocytes. Consistent with previous
data, we showed that inactivation of one TNNT2 locus by
FUCCI knock-in did not cause structural impairments in
cardiomyocytes (35). After 6 days in culture, we found the first
cells expressing TNNT2-FUCCI along with the appearance of
beating cardiomyocytes at Day 8 of differentiation (17). We
found a complete overlap of cyclin-dependent kinase 1 (CDK1),
which oscillates in the cell cycle and shows activity in S/G2/M
phases (36), with mVenus-geminin+ cardiomyocytes, verifying
the fidelity of geminin expression and thereby with the TNNT2
-FUCCI system.

Single-Cell Live Imaging of Cycling
Cardiomyocytes
Video time-lapse microscopy is considered the gold standard
to unequivocally determine the outcome of the cardiomyocyte
cell cycle as division, multinucleation or polyploidization (10,
14, 37). Here, we combined time-lapse microscopy with our
TNNT2-FUCCI sensor to determine the length and distinct
phases of the cardiomyocyte cell cycle. We found that the
S/G2/M phase took approximately 18 h for both dividing
and binucleating cells with similar TNNT2-FUCCI fluorescent
oscillation patterns, documenting a slightly longer cell cycle
length than in mouse embryonic E14.5 cardiomyocytes (10.4 h)
(15) and in mNCMs at P0 (15.1 h) (14). In contrast, human
cardiomyocytes undergoing polyploidy showed a longer S/G2/M
phase duration of ∼25 h and prominent changes in the TNNT2-
FUCCI fluorescence intensity pattern, exemplifying the difficulty
in estimating annual cell cycle activity rates based on a fixed
duration of cell cycle length (38, 39). Furthermore, our data
suggest that polyploidy is not only a result of karyokinesis failure
(40) because we did not observe nuclear envelope breakdown
in cardiomyocytes but can also be a result of G2-phase arrested
cycling cardiomyocytes.

Live TNNT-FUCCI Screening Platform
Here, we developed a fluorescence-based live imaging screening
platform based on the TNNT2-FUCCI system. This screening

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 April 2022 | Volume 9 | Article 8401471516

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Murganti et al. TNNT2-FUCCI Cell Cycle Dynamics

platform does not require immunofluorescence staining and
eliminates the need for total cell counts and the incorporation
of nucleotide analogs (e.g., BrdU and EdU). Live imaging
of cycling cardiomyocytes allows for multiple imaging time
points to establish the efficacy time course of pro-proliferative
compounds. Due to the cardiomyocyte specificity of the
TNNT2-FUCCI system, we eliminated false-positive detection
of proliferative events originating from non-depleted cycling
non-cardiomyocytes. Moreover, TNNT-FUCCI cardiomyocyte
specificity allows sophisticated cocultures of cardiomyocytes with
other cell types and could even be combined with recently
developed cardiac organoids (41, 42). Our platform can be used
with any type of library to identify pro-proliferative candidates.
In this study, we subjected TNNT2-FUCCI hiPSC-derived CMs
to a library of compounds regulating autophagy. Autophagy has
been implicated in heart regeneration (43) and exerts numerous
roles in myocardial stress responses (44). Autophagy reduces
cellular stress caused by reactive oxygen species, which in turn
plays a role in cardiomyocyte cell cycle exit (45).

Validation of Screen-Identified Compounds
in mNCMs
We selected six compounds for further validation in mNCMs
(Supplementary Table 1), which are considered more mature
than iPSC-derived CMs (18), with a partial loss of their capacity
to proliferate. We found that only two of the six compounds
significantly enhanced cell cycle activity, potentially due to higher
levels of maturation inmNCMs compared to hiPSC-derived CMs
and cross-species variation in cardiomyocyte physiology. One
of these two compounds was dihydrocapsaicin, an analog of
the active component of chili pepper with documented effects
on cardiomyocytes, including autophagy induction (46) and
attenuation of mitochondrial function (47).

The most robust and dose-dependent effect on cardiomyocyte
cell cycle entry was elicited by the alpha-adrenergic and
imidazoline agonist clonidine. Although clonidine is an alpha2-
adrenergic agonist, it also shows binding to alpha1-adrenergic
receptors (48). Furthermore, clonidine activates the imidazoline
receptor, leading to a decrease in the level of cAMP in cells,
resulting in downstream autophagy activation (49). Alpha-
adrenergic receptors are predominantly found on smooth muscle
cells of blood vessels, mediating vasoconstriction (29), but
can also be detected on cardiomyocytes (50). Accordingly,
we found an increase in cell cycle activity of smooth muscle
cells in clonidine treated neonatal hearts. Single cell RNA
sequencing data, re-analyzed from our previous study (14),
showed expression of alpha1B and beta1 adrenergic receptors in
P0 and P7 mNCMs. Apart from adrenergic receptor expression,
we also found nischarin (Nisch), the mouse homolog of human
imidazoline receptor I1 candidate (51), robustly expressed
in mNCMs (Supplementary Figures 5A,B). We hypothesized
that clonidine mainly elicits its pro-proliferative effects via
direct alpha1 adrenergic receptor (50), and imidazoline receptor
interaction on cardiomyocytes (52). Alpha1 adrenergic receptors
are members of the G protein-coupled receptor superfamily.
They activate mitogenic responses and regulate growth and

proliferation of many cell types through several downstream
signaling cascades such as the c-Jun NH2-terminal kinase (JNK)
and the mitogen activated protein kinase (MAPK) pathways
(53). Thus, we chose to further investigate whether clonidine
treatment in addition to cell cycle entry also results in successful
mitosis and cytokinesis.

Based on detected AurKB+ midbodies, clonidine promotes
cytokinesis in hiPSC-derived CMs. While the increase in cell
cycle activity did not alter the ratio between diploid and polyploid
cells in hiPSC-derived CMs, in mNCMs, we did observe an
increase in polyploid cardiomyocytes and no AurKB+ midbody
formation after clonidine treatment. The latter indicates that
clonidine-induced cell cycle activity was not productive and that
for successful completion of mitosis and cytokinesis in mNCMs,
additional stimuli are required. Cardiomyocyte maturation is
linked to a number of processes including changes in structure,
metabolism and gene expression, and plays a major role in
cardiomyocyte cell cycle exit (54). Whereas, immature hiPSC-
derived CMs still have the capacity to divide given optimal
condition (55), mNCMs gradually lose their proliferative capacity
during the first postnatal days (1, 2, 45). Silencing of cell cycle
and cytokinesis related genes such as AURKB and ECT2 along
with an activation of mitochondrial biogenesis and a metabolic
switch to oxidative phosphorylation has been attributed to a
proliferation-to-hypertrophy transition in the developing and
neonatal heart (45, 56). These changes could explain why
clonidine acts differently on hiPSC-derived CMs and mNCMs in
this study.

In conclusion, we generated TNNT2-FUCCI hiPSCs and
demonstrated that TNNT2-FUCCI hiPSC-derived CMs enable
analysis of cell cycle entry and progression, providing a powerful
platform for screening and validation of pro-proliferative
candidates in human cardiomyocytes.
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Supplementary Movie 1 | Time-lapse recording of a TNNT2-FUCCI

cardiomyocyte undergoing polyploidization.

Supplementary Movie 2 | Time-lapse recording of a TNNT2-FUCCI

cardiomyocyte undergoing cytokinesis.

Supplementary Movie 3 | Time-lapse recording of a TNNT2-FUCCI

cardiomyocyte undergoing binucleation.

Supplementary Figure 1 | Characterization of TNNT2-FUCCI hiPSC line. (A)

Schematic representation of the FUCCI technology. The FUCCI system is based

on two cell cycle regulator proteins, Geminin and Cdt1, which are fused to a green

(mVenus) and red (mCherry) fluorescent protein respectively. During the cell cycle,

Geminin and Cdt1 are ubiquitinated by specific ubiquitin E3 ligases and are then

targeted to the proteosome for degradation. During the G0/G1 phase, Geminin is

degraded and only Cdt1 is present and therefore the nuclei of the cells appear

red. During the G1/S transition and S phase both proteins are present and the

nuclei appear yellow. During the G2/M phase Cdt1 is degraded and only Geminin

tagged with mVenus is present, resulting in green nuclei. At the end of the M

phase and at the beginning of G0/G1 phase both proteins are absent and the

nuclei appear colorless. (B) The CRTD5-TNNT2-FUCCI hiPSC line was

karyotyped by Giemsa banding and showed an intact chromosome set similar to

the parental line. (C) Immunocytochemistry staining shows the capacity to

differentiate into the three germ layers; markers are shown in green. (D) Flow

cytometry analysis showing high levels of expression of the pluripotency markers

OCT4, SOX2, SSEA4 and TRA1-60. Blue markers indicate no antibody control,

and red indicates the antibody-stained sample. The percentages shown refer to

antibody-stained sample.

Supplementary Figure 2 | Characterization of TNNT2-FUCCI cardiomyocytes.

(A) Imaging flow cytometry recordings of non-myocytes. All signals observed in

the TNNT2− fraction in the green and red fluorescence channels could be

assigned to autofluorescence. (B) Co-staining of FUCCI cardiomyocytes with

cyclin-dependent kinase-1 (CDK1) shows an overlap of mVenus+ and CDK1+

nuclei. Scale bar, 20µm. (C) TNNT2-FUCCI cardiomyocytes showed similar

sarcomere spacing patterns, as determined using TNNT2 and α-actinin staining.

Datapoints represent the analysis from a single cardiomyocyte (n = 10), from a

two well experiment. Scale bar, 20µm. (D) Cell size was not compromised in

FUCCI cardiomyocytes. Scale bar, 20µm. Datapoints represent the analysis from

a single cardiomyocyte (n = 30), from a two well experiment.

Supplementary Figure 3 | Autophagy compound screen of TNNT2-FUCCI

cardiomyocytes. (A,B) Plots showing additionally acquired timepoint of the

screen. The effect of each compound is shown as the percentage of mVenus+

nuclei relative to the DMSO control (=100%). Timepoints of 24 h and 72 h were

used to generate these graphs. Error bars represent STDEV between triplicates.

(C) Quantification and representative immunocytochemistry images of untreated

and clonidine (25µM and 100µM)-treated mNCMs with EdU incorporation in

purple and cardiac troponin I in green. N = 6 individual wells. Scale bar, 50µm.

Values are mean ± SEM. ∗P < 0.05, ∗∗p < 0.01. (D) Schematic representation of

the experimental strategy for the validation of Clonidine as an inducer of cell cycle

activity in hiPSC-derived CMs and in mNCMs in vitro and in vivo.

Supplementary Figure 4 | Ploidy of noncycling in mNCMs. (A,B) Histograms

showing the DNA intensity distribution of non-cycling nuclei (cardiac troponin

I+/Ki-67−) of (A) hiPSC-derived CMs and (B) mNCMs. Mean of 1203 ± -211 SEM

cardiomyocyte nuclei were analyzed to generate these 4 histograms. (C) Nuclear

AurKB staining (red) indicates G2/M activity of mNCMs (green, arrowheads). More

than 10,000 cardiomyocytes were analyzed, but no AurKB+ midbody assembly at

the site of abscission was detected. Arrowheads indicate nuclear localization of

AurKB in cardiomyocytes. Scale bar 20µm. (D) No significant difference in

cardiomyocyte cell count was found after clonidine treatment. Datapoints

represent individual wells (n = 9).

Supplementary Figure 5 | Receptor expression and cell cycle activity in

cardiomyocytes and non-cardiomyocytes in vivo. (A,B) Expression levels of

adrenergic receptor and imidazolin-1 receptor genes measured by single cell RNA

sequencing in ventricular cardiomyocytes from P0 (A) and P7 (B) neonatal mouse

hearts (expression plotted as normalized log counts). Data taken from (14) (C)

Histograms showing the DNA intensity distribution of P7 cardiomyocyte nuclei

(troponin I+) untreated or with clonidine treatment. Mean of 19028 ± -13009 SEM

cardiomyocyte nuclei were analyzed to generate the histograms. (D)

Immunohistochemistry images showing smooth muscle cells (α-SMA) and

endothelial cells (Isolectin B4) and cells that have incorporated EdU. Scale bar,

20µm. (E) Quantification of percentage of EdU+ of α-SMA+ cells, Values are

Median ± quartile. ∗P = 0.04, Mann-Whitney U test shows a significant increase

in cycling smooth muscle cells. (F) Quantification of percentage of EdU+ of

isolectin B4+ cells, values are Mean ± SEM.

Supplementary Table 1 | Characterization of candidate compounds.

Supplementary Graphical Abstract | FUCCI-based live imaging platform

reveals cell cycle dynamics and identifies pro-proliferative compounds in human

iPSC-derived CMs.
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Over the past decades, shockwave therapy (SWT) has gained increasing interest as a
therapeutic approach for regenerative medicine applications, such as healing of bone
fractures and wounds. More recently, pre-clinical studies have elucidated potential
mechanisms for the regenerative effects of SWT in myocardial ischemia. The mechanical
stimulus of SWT may induce regenerative effects in ischemic tissue via growth factor
release, modulation of inflammatory response, and angiogenesis. Activation of the
innate immune system and stimulation of purinergic receptors by SWT appears to
enhance vascularization and regeneration of injured tissue with functional improvement.
Intriguingly, small single center studies suggest that SWT may improve angina, exercise
tolerance, and hemodynamics in patients with ischemic heart disease. Thus, SWT may
represent a promising technology to induce cardiac protection or repair in patients with
ischemic heart disease.

Keywords: shockwaves, angiogenesis, regeneration, ischemic heart disease, translational research

BACKGROUND

Ischemic heart disease (IHD) remains the most frequent cause of death in the Western World
(1). IHD can result in necrotic death of cardiomyocytes and their subsequent replacement by
non-functional scar tissue (2). Contractile function of the scarred and ischemic myocardium
is impaired in ischemic cardiomyopathy (ICMP). One strategy to preserve myocardial tissue is
myocardial protection. For example, myocardial protection may be achieved during cardiac surgery
by applying cold cardioplegic solution to decrease myocardial oxygen consumption and thus, avoid
myocardial damage during ischemia. Remodeling of the heart is an alteration in the dimensions
of the ventricular wall and/or chambers. Correction of myocardial ischemia can lead to reduced
left ventricle chamber volume. Myocardial regeneration is achieved when new myocardial cells
(cardiomyocytes, endothelial and/or vascular smooth muscle cells) are generated from progenitor
cells or proliferation of resident cardiac cells. The optimal management of ICMP would restore
perfusion, increase proliferation and function of cardiac cells, to improve ventricular function and
structure.

One way of improving heart function is the re-establishment of adequate blood supply to
perfuse the chronically ischemic border zone recruiting hibernating myocardium (3). Surgical
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or interventional revascularization is limited to large coronary
vessels, and a microvascular deficit may remain.

Angiogenic and regenerative treatment options may address
this deficit. Cardiac shockwave therapy (SWT) has had promising
effects in small clinical trials, and pre-clinical studies indicate that
this benefit may be due to angiogenic, vasculogenic, and tissue
regenerative responses (4–7). Several studies over the past years
have repeatedly confirmed the angiogenic and regenerative effects
of SWT in cell culture and various animal models, including
hind limb ischemia and acute or chronic myocardial ischemia (8–
11). In parallel, clinical studies investigating cardiac SWT have
observed symptomatic relief in patients with refractory angina
(5, 12, 13) as well as improvement of left ventricular function in
patients with ICMP (14–16) indicating its promise in clinical use.

This review summarizes our present knowledge on this
promising technology and addresses gaps of knowledge that have
yet to be answered in future trials.

SAFETY ASPECTS

Shockwaves are specific sound-pressure waves appearing as
transient pressure oscillations with characteristic wave profiles.
The specific features defining the different types of shockwaves
and the four technologies currently available to produce them
have been discussed in previous reviews (17, 18). Notably, only
focused shockwaves are used in the context of heart failure
therapy. Shockwaves were originally applied for the purpose of
lithotripsy to disintegrate kidney and urethral stones (19). As
an incidental finding, iliac bone thickening was observed upon
SWT. This serendipitous observation led to studies to assess
SWT for bone regeneration in patients with non-unions and
bone defects (20). Subsequent studies revealed that SWT could
enhance healing of soft tissue defects or non-healing wounds
(21, 22).

The observed regenerative effects were mainly attributed to
inducing micro-injuries to the tissue, followed by subsequent
repair. However, studies published over the recent years clearly
showed a beneficial effect of SWT even at lower energies.
Thorough examinations of tissues after SWT were not able
to detect any signs of cellular damage. Transmission electron
microscopy analyses of hearts treated with SW showed no
changes of the myocardial ultrastructure upon therapy (7).
Treatment of ischemic hearts in large animal models resulted in
no signs of arrhythmia or functional impairment (23). A recent
paper provided evidence for a therapeutic range of SWT, showing
no cellular damage of cardiac cells beneath energy levels of
0.27 mJ/mm2 total flux density. Regenerative effects including
endothelial cell proliferation and angiogenic gene expression
are induced dose-dependently until 0.15 mJ/mm2 energy flux
density. In vitro studies to characterize the effects of SWT
revealed that in addition to the intensity of shockwaves, the effects
of SWT were influenced by the geometry of the cell culture flask
due to physical phenomena including reflection and interference
(24). Moreover, the number of impulses has an impact on cell
viability (25). However, there is no evidence that SWT induces
cellular damage when used within a therapeutic range.

PROLIFERATION

One crucial mechanism underlying the regenerative effect of
SWT is the induction of cellular proliferation. With respect
to the heart, this proliferative effect was described mainly
for endothelial cells. Although SWT induces proliferation of
fibroblast cell lines in vitro possibly via transforming growth
factor beta (TGF-β) upregulation (25), there is no evidence of
proliferation of cardiac fibroblasts upon SWT in vivo (24). As
cardiomyocytes are post-mitotic cells with very limited capacity
of proliferation, it seems very unlikely that SWT might cause
proliferation in primary cardiac myocytes. Indeed, in vitro studies
of a cardiomyocyte cell line showed no proliferative effects of
SWT upon treatment, irrespective of treatment dose (24).

There is ample evidence that SWT induces proliferation of
endothelial cells (26). This might be due to the release of vascular
endothelial growth factor (VEGF) and activation of VEGF
receptor 2 (VEGFR2) with subsequent activation of AKT/ERK
pathways resulting in endothelial cell proliferation (growth
factor release upon SWT is discussed below). Interestingly, the
proliferative effects of SWT are abolished upon inhibition of
VEGF or VEGFR2 (27). Moreover, proliferation of endothelial
cells upon SWT was described in vivo after induction of hind limb
ischemia (28).

PRO-SURVIVAL/ANTI-APOPTOTIC

Myocardial hypoxia causes loss of cardiac cells. Tissue necrosis
within the ischemic core is accompanied by apoptosis of cells
in adjacent cardiac tissue, especially in the border zone of
infarcted areas (29). At the same time, the evolutionary conserved
process of autophagy is initiated, recycling damaged cellular
components (30). Autophagy allows cells to adapt to various
environmental stresses via degradation of defective proteins or
organelles by lysosomes. Post-mitotic cells rely on autophagic
processes upon stress since cell replacement is not an option (31).
In rat cardiomyocytes, SWT promotes autophagy after hypoxia,
probably via regulation of mammalian target of rapamycin
(mTOR) and subsequent activation of AMP-activated kinase
(AMPK) and Beclin 1 (32).

The limitation of cell death upon infarction is a valuable
therapeutic strategy to preserve cardiac function after ischemia
(33). SWT inhibits apoptosis in a myocardial cell line upon
in vitro hypoxia and increases cell viability, thereby having a
protective rather than regenerative effect on cardiomyocytes. It
increases the expression of the crucial anti-apoptotic protein Bcl-
2 and decreases the expression of the pro-apoptotic protein Bax.
This effect reduces the activation of Caspase 3, a crucial mediator
of the intrinsic pathway of apoptosis. The anti-apoptotic effects
might depend on phosphorylation of AKT (34) (Figure 1).

GROWTH FACTOR RELEASE

The release of growth factors is crucial for successful
regeneration. Growth factors are tissue-specific proteins with
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FIGURE 1 | Molecular mechanisms of shockwave therapy in ischemic heart disease. Several mechanisms of positive impacts mediated by SWT on the course of
ischemic heart disease have been described. By regulation of anti-apoptotic proteins, cardiomyocyte survival is enhanced and hence, cardiac damage limited.
Angiogenesis upon shockwave therapy is mediated via release of endothelial growth factors VEGF and PlGF. SDF-1 acts as a chemoattractant of angiogenic bone
marrow derived stem cells. Migration of these progenitor cells is crucial for induction of vasculogenesis and revascularization of ischemic tissue. Moreover,
shockwave therapy was shown to reduce the number of fibrocytes within chronic ischemic myocardium, thereby promoting reverse LV remodeling.

pivotal roles in both development and healing. The subtype of
released growth factor upon SWT depends on the treated tissue
and pathology. Regenerative effects of SWT in musculoskeletal
disorders are mediated by released TGF-β, insulin-like growth
factor 1 (IGF-1) and bone morphogenetic proteins (BMPs) (35,
36). These growth factors regulate proliferation of mesenchymal
cells, thereby mediating bone, cartilage, and tendon repair.
On the other hand, healing of chronic wounds depends on
different factors, as these wounds are associated with persistent
inflammatory dysregulation. SWT has beneficial effects on the
healing of chronic wounds by modulating the inflammatory
response. The release of platelet-derived growth factor (PDGF)
modulates macrophage recruitment and function and thus
contributes to wound healing (37). Macrophages play a
prominent role in wound healing by creating granulation tissue,
protecting from infection, and facilitating re-epithelization (38).
Besides modulation of inflammation, induction of angiogenesis
is the key for successful wound healing. Angiogenic growth
factors such as VEGF and fibroblast growth factor (FGF) are
major determinants of microvessel formation (27, 39). In
ischemic tissue, including the heart, SWT induces the release
of angiogenic growth factors including VEGF, placenta growth
factor (PlGF) and FGF (26, 27, 40). These growth factors might be
stored in the extracellular matrix and released upon mechanical
stimulus (27).

ANGIOGENESIS

Angiogenesis is a vital part in regeneration of ischemic tissue.
It improves perfusion preventing further ischemic damage
and restores tissue function. Angiogenesis is defined as the
formation of new capillaries from pre-existing vessels. This
process is initiated by angiogenic growth factors driving
the sprouting and proliferation of endothelial cells. The
most prominent and angiogenic factor is VEGF. VEGF
appears in four isoforms, VEGF-A, VEGF-B, VEGF-C, and
VEGF-D (41). These peptides bind to and activate their
receptors VEGFR1, VEGFR2, and VEGFR3. VEGFR3 is
activated by VEGF-C and VEGF-D and generally limited to
lymphatic endothelial cells. VEGFR2 binds the most abundant
form VEGF-A and facilitates endothelial cell proliferation,
migration and survival. Activation of VEGFR1 by VEGF-B
and PlGF, another member of the VEGF-subfamily, leads to
monocyte recruitment rather than induction of angiogenesis
(41). Hence, decisive angiogenic mechanism are depending
on VEGFR2 activation. SWT induces VEGF release and
subsequent VEGFR2 activation in endothelial cells in vitro,
resulting in endothelial cell proliferation (42). Moreover,
SWT promotes the sprouting of new vessels from ex vivo
cultured aortic rings (40). In this assay, the same molecular
mechanisms are observed.
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Similarly, SWT induces angiogenesis in a variety of animal
models and tissues. Shockwaves enhance blood flow in epigastric
skin flaps and hence, improves skin flap survival. In this
case, the increase in microvascular density is associated with
the generation of VEGF and nitric oxide (NO) (43, 44). NO
is synthesized by endothelial nitric oxide synthase (eNOS),
a direct downstream target of VEGFR2-signaling. NO is a
potent vasodilator, which also regulates endothelial cell growth
and cellular homeostasis (45). SWT similarly improves limb
perfusion and function in a hind limb ischemia model in
rodents, an effect which is associated with an increase in
VEGF and VEGFR2 activation. The treatment increases the
number of endothelial cells and capillaries in the ischemic limb
musculature (28). Similar results are obtained in the ischemic
heart. Shockwave therapy enhances capillary density in the
border zones of experimental myocardial infarction, resulting
in decreased infarct size and hence, improved cardiac function
(27). In addition to angiogenesis, the increase in capillary density
might also be due to vasculogenesis, the process by which
circulating progenitor cells contribute to the microvasculature.
Of interest, shockwave-treated hearts show a greater number
of arterioles within the ischemic myocardium, indicative of
arteriogenesis, which is the positive remodeling of existing
collateral channels.

PROGENITOR CELLS

Circulating progenitor cells may play a role in revascularization.
Such circulating cells may be capable of differentiation toward
mature endothelial cells and participate directly in the formation
of new vessels (46). On the other hand, other circulating
progenitor cells may act in a paracrine fashion by releasing
growth factors and creating an angiogenic milieu. Physiologically,
endothelial progenitor cells (EPCs) and mesenchymal stem cells
(MSCs) are involved in revascularization of ischemic tissue.
EPCs are capable of both differentiation toward endothelial
cells and release of growth factors (46). Only a small subset
of EPCs is of true endothelial lineage in humans, most
being of hematopoietic lineage. The great majority of these
circulating angiogenic cells promote angiogenesis by secreting
angiogenic cytokines and matrix metalloproteinases (47, 48).
Some circulating cells that contribute to angiogenesis may be
derived from mature endothelial cells from other sites that are
mobilized into the systemic circulation by angiogenic cytokines
released from the ischemic tissue (49). In addition, resident tissue
MSCs may differentiate into pericytes stabilizing the endothelial
network and supporting blood vessel growth via paracrine
secretion (50).

Shockwave therapy may affect progenitor cells in several
ways. First of all, SWT induces the release of stromal-
derived factor 1 (SDF-1), a chemoattractant and ligand of
CXC chemokine receptor 4 (CXCR-4) on EPCs (28, 51,
52). Hence, increased numbers of EPCs migrate to the
ischemic tissue and contribute to the process of new vessel
formation. Enhanced recruitment of multipotent cells and
concomitant vasculogenesis is observed in shockwave-treated

ischemic hind limbs as well as in chronic IHD (28, 53).
Since SWT improves migration of intrinsic multipotent cells
via upregulation of chemoattractants, it is also able to induce
homing of systemically injected stem cells (52). In addition, SWT
appears to enhance regenerative potential of injected cardiac stem
cells significantly in human patients (54). Mechanistically, AKT-
mediated upregulation of eNOS upon SWT induces beneficial
effects on migration, proliferation, and angiogenic potential
of injected cells (52). Moreover, SWT induces the release of
adenosine tri-phosphate (ATP) from mesenchymal cells and,
activation of purinergic receptors (55). Purinergic signaling
enhances stem cell proliferation significantly. Notably, treated
progenitor cells maintain multipotency in vitro and improve
wound healing significantly by their enhanced differentiation
potential (55, 56).

LEFT VENTRICULAR REMODELING

Acute myocardial infarction leads to a loss of cardiomyocytes
and subsequent replacement of viable myocardium with
non-contractile fibrotic scar tissue. Notably, extensive
fibrosis emerging from the infarction border zone can be
found as well in non-infarcted myocardium. This process
of adverse left ventricular (LV) remodeling extends tissue
damage, further impairs cardiac function, and ultimately
worsens heart failure. LV remodeling is associated with poor
prognosis and revascularization often fails to ameliorate this
pathologic process. Several studies observed beneficial effects
of mechanical stimulation with SWT after acute myocardial
infarction. Thereby, cardiac function is preserved, possibly
by limiting fibrotic remodeling of the heart (15). Effects are
accompanied by angiogenesis as well as lower numbers of
fibrocytes within the infarction border zone (9). Similarly,
a reduced number of TGF-β positive cells is found upon
SWT in a model of acute myocardial infarction in rats (57).
A potential mechanism by which SWT reduces cardiac
fibrosis in ischemic hearts might be through the regulation
of the phosphoinositide-3-kinase (PI3K)/AKT pathway, as
inhibition of PI3K abolished the observed improvement
of left ventricular function and reduced cardiac fibrosis
(58). Notably, similar effects are observed in myocardial
ischemia/reperfusion injury (59). This model is of high clinical
relevance, as SWT might be beneficial to alleviate cardiac
ischemia/reperfusion injury.

INFLAMMATION

Upon myocardial infarction, subsequent inflammation
determines the fate of the myocardium contributing to cell
death, fibrosis, healing, and scar formation. Wound healing upon
myocardial infarction occurs in a biphasic manner with an initial
strong pro-inflammatory response followed by a prolonged
resolution of inflammation, which governs tissue repair and scar
formation (60). Accordingly, a balanced inflammatory response
is crucial for adequate healing (61). An early proinflammatory
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response is necessary to remove cellular debris after ischemia,
whereas the later anti-inflammatory response promotes a milieu
of angiogenesis and tissue repair (62).

SWT improves myocardial function via modulation of the
inflammatory response. SWT of endothelial cells induces the
release of endogenous RNA, causing activation of innate immune
receptor Toll-Like receptor 3 (TLR3) (63). This inflammatory
signaling via TLR3 activation promotes angiogenesis after
SWT in ischemic hind limbs. In vivo, restoration of blood
flow in ischemic tissue is abolished in Tlr3−/− animals (63).
TLR3 typically activates an early pro-inflammatory and a late
anti-inflammatory response (64). In this manner, shockwave-
induced activation of TLR3 leads to an initial release of
pro-inflammatory cytokines including cyclophilin A and
interleukin 6 (IL-6). With some delay after treatment, anti-
inflammatory interleukin 10 (IL-10) is upregulated (65). IL-10
is a major regulator of inflammation by restricting excessive
pro-inflammatory cytokine production of migrating immune
cells (66). Migrating immune cells, primarily macrophages,
are mainly responsible for cytokine production within
ischemic tissue (67). In the tissue, macrophages polarize
toward a M1 or M2 subtype. M1 macrophages maintain the
inflammatory cytokine production and enhance the further
recruitment of immune cells (68). M2 macrophages on the
other hand suppress the immune response and resolve acute
inflammation (67). Polarization toward anti-inflammatory
M2 macrophages is driven again by IL-10 and SWT thereby
enhances this process (69). Similar observations of enhanced
M2-presence are observed in ischemic mouse hind limbs treated
with SWT (70).

In addition, SWT elevates NO levels via eNOS (51, 57)
and neural NOS (71) induction and even non-enzymatic NO
formation (72). Elevated NO levels increase local blood flow
and thereby reduce ischemic necrosis and ensuing inflammatory
processes (21). Thus, SWT reduced inflammation in a porcine
model of myocardial ischemia (51). In the ischemic rat
heart, it suppresses the infiltration of TGF-β positive cells
and reduces the release of several pro-inflammatory cytokines
while enhancing anti-inflammatory cytokines (57). Overall,
these findings confirm that a modified inflammatory response
mediated by TLR3 is involved in the positive effects elicited by
SWT (Figure 2).

Besides the above-described mechanisms, recent research
showed an emerging role of TLR3-mediated inflammation on
cellular plasticity and concomitant cell fate transitions. This
process, termed transflammation, may provide a mechanism
by which mechanical activation of immune signaling facilitates
angiogenesis in ischemic tissue.

TRANSFLAMMATION

As described earlier, activation of pattern recognition receptors
(such as TLR3) by cellular damage or pathogens triggers cell-
autonomous inflammatory signaling that leads to the release
of inflammatory cytokines and chemokines that initiate tissue

inflammation. We have discovered another limb of this pathway
that mediates cellular plasticity.

Specifically, we have observed that inflammatory signaling
causes a global alteration in the expression and activity
of epigenetic modifiers. For example, activation of TLR3
by retroviral RNA increases the expression of histone
acetyltransferases (HATs) and reduces the expression of
histone deacetylases (HDAC). This change in the balance of
epigenetic enzymes favors histone acetylation and thereby an
open chromatin state, which can facilitate cell fate transitions
(73). Furthermore, inflammation leads to nuclear translocation
of inducible nitric oxide synthase (iNOS). There, it binds to,
and S-nitrosylates epigenetic modifiers such as elements of the
polycomb repressive complex (PRC1) and the NURD complex,
causing these suppressive epigenetic enzymes to dissociate
from the chromatin, enabling access to previously repressed
transcriptional programs (74, 75). Finally, this inflammatory
pathway activates a glycolytic switch, which supplies more citric
acid to the nucleus, where it is converted to Acetyl-CoA to
facilitate histone modifications (76).

This process of transflammation is required for changes in
somatic cell fate, such as that which occurs when a fibroblast
is reprogrammed to an induced pluripotent stem cell, or to
an endothelial cell (73, 77, 78). Furthermore, transflammation
appears to be activated in the setting of ischemia and may play
a role in perfusion recovery. Specifically, we have observed a
role for transflammation in the transdifferentiation of resident
fibroblasts to endothelial cells in recovery of limb ischemia. Anti-
inflammatory agents impair the transdifferentiation of fibroblasts
to endothelial cells, impair perfusion recovery, and exacerbate
tissue necrosis in a murine model of limb ischemia (79).

Since the underlying mechanism of this regenerative process is
a modest activation of inflammatory signaling, as observed after
shockwave therapy, further research should be done to clarify
if mechanical conditioning could potentially have its effect on
therapeutic cell fate transitions.

MECHANOTRANSDUCTION

The beneficial effects of SWT were initially thought to be due
to mechanical, non-selective tissue damage followed by repair
mechanisms. However, more recent work indicates that SWT
induces a specific tissue response. How the physical stimulus of
SWT is translated into a specific biological response is beginning
to be elucidated. Cells are equipped with mechanosensors
responsible for the translation of mechanical input to a
biological response, a process termed “mechanotransduction”
(80). Integrins play a major role within the process of
mechanosensing. Integrins are cell surface receptors binding
proteins of the extracellular matrix (80). They are linked
intracellularly to actin filaments of the cytoskeleton, initiating
their reorganization, and transducing molecular mechanism
among others via AKT/ERK activation. Mechanical stimulation
of cells with shockwaves induces this particular integrin-
mediated AKT/ERK signaling (81). Besides activation of
cellular mechanosensors, the cellular membrane itself is highly
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FIGURE 2 | Mechanotransduction and modulation of inflammatory response upon SWT. Mechanical stimulation with shockwaves induces cellular mechanosensing.
Activation of beta 1 integrin on the cell surface induces intracellular upregulation of ERK, which in turn activates caveolin 1 (CAV-1). Caveolin is a potent regulator of
microvesicle release and hence, intercellular communication. Microvesicles, particularly exosomes, are loaded with specific cargo and released to the extracellular
space. Uptake of shockwave-derived exosomes activates the innate immune receptor TLR3. TLR3 signaling results in an inflammatory response that may induce
epigenetic alterations required for the regenerative effects of SWT.

responsible to mechanical stimulation. Under the influence of
SWT, the membrane can release vesicles from its surface. These
reactive mechanisms rely on expression of caveolin 1 (CAV-
1), which is upregulated upon SWT (81). CAV-1 governs the
release of microvesicles, an important component of intercellular
communication (82).

These observations are consistent with findings that
SWT induces paracrine effects, as transfer of supernatant
from SWT-treated cells recapitulates the direct effect of
SWT. Treated supernatants contained increased amounts of
released growth factors, protein/RNA complexes as well as
exosomes (26, 83, 84). These specific extracellular vesicles
are derived from cytosolic multivesicular bodies upon
treatment and show distinct angiogenic potential in vitro
as well as in vivo. Shockwave-derived exosomes improve
vascularization and cardiac function in ischemic hearts. Of
interest, inhibition of exosome release abolished the angiogenic
effects of SWT. Intriguingly, shockwave-derived exosomes
differ from control exosomes by their cargo. The angiogenic
microRNA miR19a-3p mediates angiogenesis and reduction
of myocardial fibrosis upon SWT (83). Use of miR19a-3p
obtained the same results as shockwave-derived exosomes,
whereas antagonizing this specific miRNA abolished the
angiogenic potential of SWT exosomes. Further studies are
needed to elucidate the exact mechanisms of extracellular vesicle
release upon SWT and their potential interplay with innate
immunity (Figure 2).

DISCUSSION AND PERSPECTIVE

Ischemic heart disease and ischemic heart failure are ever
increasing in the western world. Together they are a leading cause
of death and disability, representing a major socio-economic
burden for healthcare systems (1). Current treatment strategies
fail to regenerate damaged heart muscle. Cell-based regenerative
options have been disappointing (85). However, small single-
center studies suggest that SWT may be useful in patients
with ICMP (5). However, most clinical studies of cardiac SWT
used symptomatic relief as a primary endpoint rather than
objective improvement in heart function. Moreover, all available
clinical data was generated by extracorporeal application of SWT.
Extracorporeal application of SWT to the ischemic heart has
several limitations: (a) a small acoustic window, (b) accessible
treatment regions being restricted to the anterior myocardium,
and (c) the risk of potential lung injuries (86, 87). Hence, a direct
epicardial approach during surgical procedures may be more
favorable to obtain optimal treatment efficacy since beneficial
effects are directly associated with the intensity of mechanical
stimulation (24). A new clinical trial of direct epicardial SWT
in patients with ICMP undergoing coronary artery bypass
grafting aims to determine if direct application of SWT to the
myocardium can increase cardiac function (88).

To conclude, effects of shockwaves have been studied
extensively in ischemic tissue, including the ischemic heart.
Thereby, it is application has been tested in models of both acute
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and chronic myocardial ischemia (23, 27, 58). In both settings
SWT showed positive effects on cardiac function, although
clinical settings are mainly focused on chronic IHD. SWT
induces various molecular mechanisms leading to the release
of angiogenic growth factors, enhanced survival of hypoxic
cells and regenerative epigenetic mechanisms via induction
of inflammatory signaling. Underlying these observed effects
is the process of mechanotransduction, the translation of a
mechanic stimulus to a biological signal. The cell membrane is
highly responsive to shockwaves and sheds extracellular vesicles
upon treatment. These vesicles have angiogenic activity and
are capable of improving vascularization in ischemic tissue
(83). The effect of SWT to induce angiogenesis may not
fully explain the observed improvement of LV remodeling.
Although angiogenesis is the most prominent factor in
regenerating chronic ischemic tissue, mechanical conditioning
also seems to have a protective role via anti-apoptotic
effects. Both effects are accompanied by reduction of cardiac
fibrosis, either by preventing its initial formation or by
degradation of fibrotic material when tissue perfusion is restored.
Further research should show whether mechanical stimulation
via shockwaves may induce cardiac-specific mechanisms in
comparison to other soft tissue applications. Furthermore, it
remains to be clarified which cell types within the ischemic
heart are primarily responding to the mechanical stimulation
with shockwaves since different cell types showed varying
effects upon treatment in vitro (24). In addition, further
in-depth analysis of the SWT-induced release of exosomes
and their cargo is required to provide more comprehensive

insight how this may interplay with or activate other crucial
mechanisms such as the inflammatory response. Although the
molecular mechanisms are incompletely characterized, evidence
is accumulating that SWT has beneficial effects in patients
suffering from myocardial ischemia. Notably, existing data
is restricted to small observational monocentric studies with
limitations regarding variations in extent of myocardial injury,
treatment protocols and endpoint analyses. Therefore, multi-
center adequately powered randomized double-blind studies are
warranted to assess the safety and efficacy of SWT in IHD.
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The mortality due to heart diseases remains highest in the world every year, with
ischemic cardiomyopathy being the prime cause. The irreversible loss of cardiomyocytes
following myocardial injury leads to compromised contractility of the remaining
myocardium, adverse cardiac remodeling, and ultimately heart failure. The hearts of
adult mammals can hardly regenerate after cardiac injury since adult cardiomyocytes exit
the cell cycle. Nonetheless, the hearts of early neonatal mammals possess a stronger
capacity for regeneration. To improve the prognosis of patients with heart failure and
to find the effective therapeutic strategies for it, it is essential to promote endogenous
regeneration of adult mammalian cardiomyocytes. Mitochondrial metabolism maintains
normal physiological functions of the heart and compensates for heart failure. In
recent decades, the focus is on the changes in myocardial energy metabolism,
including glucose, fatty acid, and amino acid metabolism, in cardiac physiological
and pathological states. In addition to being a source of energy, metabolites are
becoming key regulators of gene expression and epigenetic patterns, which may
affect heart regeneration. However, the myocardial energy metabolism during heart
regeneration is majorly unknown. This review focuses on the role of energy metabolism
in cardiac regeneration, intending to shed light on the strategies for manipulating heart
regeneration and promoting heart repair after cardiac injury.

Keywords: heart regeneration, cardiomyocyte proliferation, fatty acid metabolism, glucose metabolism, amino
acid metabolism, metabolism regulation

INTRODUCTION

Heart failure is a burgeoning public health problem (1). It is a common and complex
disease and has a poor prognosis in most patients. Ischemia is one of the main factors that
contribute to heart failure. Following myocardial infarction (MI), the function and morphology
of the cardiac cells begin to change. In the early phase of ischemia, cardiomyocytes lack
oxygen and nutrients, resulting in a large-scale loss. Myofibroblasts in the heart became
activated and produce collagen and other extracellular matrix components to compensate
for the maintenance of the basic heart structure. In the later phase of ischemia, a large
number of myofibroblasts accumulate, which thickens the ventricular wall and changes the
mechanics of the heart, thereby impairing the cardiac pump function (2). As the proliferative
capacity of adult cardiomyocytes is very low, they fail to repair the damaged area. This
results in maladaptive cardiac remodeling and fibrosis, which ultimately progresses to an
irreversible late-stage heart failure (3). With the exception of heart transplantation, current
treatments, such as ventricular assist devices, fail to replenish the massive loss of cardiomyocytes
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after injury. Xenotransplantation and cardiac tissue engineering
are achieving the encouraging progress for replacing damaged
heart tissues (4). However, cardiac regeneration through altering
cardiomyocyte fate plasticity is emerging as a promising approach
to compensate for the loss of functional cardiomyocytes and
repair cardiac functions.

A previous study revealed that in several non-mammalian
lower vertebrates, endogenous cardiac regeneration occurs
after cardiac damage (5). However, there has been a long-
standing assumption that the mammalian heart is a terminally
differentiated organ and that the adult mammalian heart cells
are incapable of cell division and proliferation. Intriguingly, a
study by Engel et al. (6) for the first time showed that adult
mammalian ventricular cardiomyocytes could be induced not
only to enter the cell cycle but also to undergo cytokinesis
resulting in cell division. However, previous research showed that
neonatal mice possessed remarkable endogenous cardiomyocyte
proliferation and cardiac regeneration capacity before postnatal
day 7 (P7) (7). Further evidence revealed that the heart of P3
mice/rat could not regenerate anymore, which might be due
to cell cycle withdrawal and changes in energy metabolism
occurring around P3 in mice and rats (8). Thus, establishing
a neonatal mouse cardiac regeneration model provides a way
to elucidate the mechanisms of cardiac regeneration. After
birth, there is a shift in the source of nutrition from placenta-
dependent to postnatal nutrition. This in turn triggers a dramatic
change in the availability of energy substrates and leads to
a shift in the metabolism of cardiomyocytes. Moreover, from
embryonic to adult life, the oxygen status alters, thereby shifting
the energy metabolism of cardiomyocytes. Interestingly, the
shift in myocardial energy metabolism coincides with the time
point of cardiomyocyte cycle withdrawal and loss of myocardial
regenerative capacity in postnatal mice (9). This raises a question
whether changes in metabolism are the cause of cell cycle exit
or a consequence thereof. To sum up, these researches insinuate
that myocardial metabolism plays a key role in the regenerative
capacity of the heart.

In this review, we summarize the changes in major energy
metabolic pathways, including fatty acid oxidation, glycolysis,
amino acid metabolism, and tricarboxylic acid cycle (TCA),
occurring during heart regeneration. We also discuss the
key metabolic targets that point the way to research on
cardiac regeneration.

ENERGY METABOLISM IS INVOLVED IN
HEART REGENERATION

Oxygen Content Is Closely Related to the
Regenerative Capacity in Lower
Vertebrates
Lower vertebrates, such as zebrafish (Danio rerio) and axolotl,
have the incredible potential for heart regeneration. The Mexican
cavefish have been reported to regenerate their hearts after an
injury (10). Zebrafish have the ability to regenerate cardiac
muscles throughout their lifetime (11). After removing 20% of

the ventricular volume, the heart can be completely regenerated
within 2 months, with myocardial contractility returning to
normal levels (11). The reasons for the high regenerative
capacity of lower vertebrates might be divided into three
aspects. First, the circulatory system of zebrafish is relatively
hypoxic. This is because the zebrafish heart consists of a
single atrium and a single ventricle, causing mixing of arterial
and venous blood, which leads to low oxygen content in
circulating blood (12, 13). Second, previous research found
that centrosomes were intact in cardiomyocytes of zebrafish
and salamander, while in mammalian cardiomyocytes they
were disintegrated, impairing proper cell division (14). Finally,
zebrafish cardiomyocytes are small and mononuclear throughout
their life cycle and maintain proliferative potential (13, 15, 16).
In addition, the oxygen content in the natural aquatic habitat
of zebrafish is 1/30 of that in atmospheric air (17, 18).
A previous study found that hypoxia promoted myocardial
regeneration by altering the metabolic state. In contrast, exposing
zebrafish to hyperoxic water at 45 kPa (vs. normoxic water at
21 kPa) inhibited myocardial regeneration (19). In addition,
the change in environmental oxygen level from embryonic
to adult stage triggers a switch in energy metabolism of the
postnatal heart, which generates mitochondrial reactive oxygen
species (ROS). The DNA damage response (DDR) is triggered,
and the cell cycle of postnatal cardiomyocytes is thus stalled
(17). Moreover, a research found that ROS altered the activity
of metabolically critical enzymes and hence played a role in
cardiac regeneration of zebrafish. Since elevated H2O2 levels are
detrimental, investigators identify protein tyrosine phosphatase
1b (Ptp1b) as a downstream target of ROS and propose that
inhibition of Ptp1b promotes myocardial regeneration (20).
In addition, MSI-1436, a small molecule inhibitor, selectively
represses Ptp1b and hence promotes regeneration (21). Dual-
specificity phosphatase 6 (Dusp6), a member of the PTP family,
is sensitive to the redox effects of ROS. Moreover, the change
in Dusp6 expression correlates with the regenerative window
of the heart, which suggests Dusp6 might have a key role
in the early cardiac regeneration process (22). Furthermore,
by single-cell transcriptome analysis of regenerated zebrafish
myocardium, researchers found that cardiomyocytes in the
proliferative border zone underwent a shift in energy metabolism
after heart cryoinjury (23). This suggests that proliferation and
regeneration of cardiomyocytes after cardiac injury in zebrafish
involve energy metabolism.

Energy Metabolism in Cardiac
Regeneration of Mammals
Morphology of murine neonatal heart is similar to that of
zebrafish heart (24). Hence, researchers turned their attention
to find out whether mammalian heart could regenerate
after damage. The size of human cardiomyocyte increases
approximately 8.6-fold during the first 20 years of life (25).
Although adult cardiomyocytes can temporarily self-renew,
their self-renewal rate is extremely low (26). In addition, the
regeneration ability of adult cardiomyocytes is very limited and
is not enough to repair the damaged myocardial tissue. Hence,
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adult mammalian myocardial tissue cannot regenerate after
heart damage. However, recent data suggest that cardiomyocyte
renewal occurs in adulthood in mammals including humans (27,
28). Interestingly, in 2011, researchers discovered that neonatal
mice had an amazing myocardial regenerative potential (7).
This study showed that 1-day-old newborn mice heart had the
ability to regenerate resected myocardium after apical resection.
Nonetheless, this regenerative ability is lost after 7 days of
birth (7).

Further, on investigating the reasons for reduced regenerative
capacity of adult mice, researchers found that differences in
the type of energy metabolism were influential factors that
determined the ability of the myocardium to regenerate. There
are two main ways by which cardiac energy in mice is altered.
On the one hand, a change in oxygen status from embryonic
to postnatal causes a shift in cardiac metabolism. Due to
exposure to relatively hypoxic environment, embryonic blood
shunt circulation in the mammalian heart results in significant
mixing of arteriovenous blood (29). However, after birth, the
shift in circulation and the rapid increase in arterial oxygen
change the oxygenation status of cardiomyocytes within minutes
(17). Therefore, mammalian cardiomyocytes are capable of
generating energy through metabolic conversion to adapt to high
energy demands after birth (30). The main source of adenosine
triphosphate (ATP) is cardiac metabolism, and ATP maintains
cardiac homeostasis and function (31, 32). Mitochondria perform
energy conversion, and more than 95% of the ATP is produced
through energy substrates for the heart (33). After birth of mice,
energy metabolism of neonatal cardiomyocytes changes, and the
number of cardiomyocyte mitochondria dramatically increases in
the adult heart (34). One research found that mitochondrial DNA
copy number was lower in the neonatal murine heart compared
with the adult murine heart (17). At present, many studies focus
on understanding the regulation of mitochondrial metabolism
in postnatal cardiomyocyte cycle arrest and influencing future
regeneration strategies.

On the other hand, nutrient supply is altered after birth
of mice (35), and the shift in metabolic pattern causes
cardiomyocyte maturation and cell cycle exit (36). Previous
studies on porcine and rabbit hearts indicated that postnatal
cardiomyocytes underwent a shift in energy source compared
with embryonic cardiomyocytes due to different nutrients
(37, 38). Therefore, the increased oxygen content at sharp
atmosphere stress and changes in metabolic matrix postnatally
together alter the type of energy metabolism in cardiomyocytes
and reduce their proliferation capacity (Figure 1). In all, the
regenerative capacity of the myocardium is related to the
metabolism of cardiomyocytes.

HYPOXIA REGULATES METABOLIC
REPROGRAMING TO PROMOTE
CARDIAC REGENERATION

Hypoxia refers to reduced and insufficient oxygen supply, and it
influences myocardial energy metabolism and cardiac contractile
function (39, 40). Chronic hypoxia decreases the activity of

FIGURE 1 | Comparison of the regenerative capacity of representative lower
vertebrates, neonatal, and adult mammals. Hypoxia can promote heart
regeneration and increase the regenerative capacity. During the growth of
neonatal mice, the shift in metabolic state of the heart due to the increased
oxygen and nutrients leads to a decrease in the myocardial regenerative
capacity.

fatty acid oxidase (40), which in turn reduces fatty acid uptake
and oxidation in mitochondria (41). In addition, it increases
glycolysis and glycolytic enzyme activity (42). Moreover, chronic
hypoxia decreases mitochondrial utilization of fatty acid and
pyruvate substrates and reduces the enzymatic activities of
electron transport chain (ETC) complexes I, II, and IV in
the mitochondria of cardiomyocytes, thereby lowering the
production of ROS (43). Hence, the regenerated cardiomyocytes
show characteristics of proliferative cardiomyocytes in the
embryonic stage, which exhibits hypoxic environment.

Professor Sadek’s team found that moderate hypoxia
promoted myocardial regeneration after myocardial infarction
(44). They reported that gradually reducing inhaled oxygen by 1%
and maintaining oxygen concentration level at 7% for 2 weeks,
reduced ROS production and DDR, however, restarted mitosis in
cardiomyocytes. Hypoxia-inducible factor (HIF)-1 family adjusts
the cells to hypoxic environment. HIF-1 is a class of specialized
heterodimers composed of unstable alpha subunits (HIF-α).
HIF-1α protein is steady under hypoxic conditions and activates
transcription of multiple genes involved in glycolysis, fatty acid
metabolism, mitochondrial metabolism, and cell cycle regulation
(45). Stem cells or progenitor cells of some organs are relatively
hypoxic and maintain their normal physiological functions by
stabilizing the HIF-1α subunit (46). In 2012, researchers found
that hypoxia promoted cardiomyocyte dedifferentiation and
myocardial regeneration in adult zebrafish, and HIF-1α played
the important role in this (19). However, another study found
that the complete activation of HIF-1α signal led to the dilated
cardiomyopathy and heart failure (47, 48). These findings suggest
that the moderate activation of HIF-1α hypoxia signal may be a
potential strategy for heart regeneration. In addition, the authors
found that HIF-1α deficiency impaired glycolysis and inhibited
proliferation of hypoxic fetal cardiomyocytes, which in turn
led to transient reprograming of amino acid metabolism and
activation of HIF2 (19, 49, 50). This shows that the embryonic
heart is metabolically flexible.

In conclusion, chronic severe hypoxia enhances the expression
of glycolytic and cell cycle genes, whereas it inhibits the
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expression of fatty acid oxidation genes and cell cycle
inhibitory genes (51), and thus, it metabolically reprograms
embryonic heart. These genetic and metabolic changes promote
myocardial regeneration, which is referred to as the hypoxia-
induced cardiomyocyte proliferation and the infarcted zone
revascularization.

DIFFERENT TYPES OF ENERGY
METABOLISM AFFECT THE
MYOCARDIAL REGENERATIVE
CAPACITY

The heart is the most energy-intensive organ of the body (52). In
the physiological state, the heart of adult mouse produces ATP
in two ways to maintain its contractile function. Mitochondrial
oxidative metabolism produces approximately 95% of the cardiac
energy, while glycolysis produces only 5% of it. About 40–60% of
the energy in mitochondrial oxidative metabolism is generated
through free fatty acids and glucose metabolism, while the
remainder of this is produced by the oxidation of ketones, lactate,
and amino acids (53, 54). Compared with glucose oxidation,
fatty acid oxidation requires more oxygen. Hence, the aerobic
oxidation efficiency of glucose is higher than that of fatty acids
(53). During the perinatal period, glycolysis and lactate oxidation
are the main sources of cardiac ATP (55–57), while fatty acid
oxidation produces only a small fraction of ATP (55). In the
early postnatal period (from P1 to P7), glycolysis produces almost
half of the ATP for the neonatal murine heart (55). While
7 days post-birth, glycolysis gradually decreases, providing only
a small amount (10%) of ATP for cardiomyocyte metabolism.
However, there is a significant increase in fatty acid oxidation
to maintain cardiomyocyte energy metabolism (38, 55). In the
neonatal period, the source of cardiac energy is β-oxidation of
fatty acids, which produces ATP at levels close to those found
in the heart of adult animals (58). The researchers measured
metabolite levels, such as fatty acids, in the cardiac arteries of
fetal, newborn (1–4 days), and juvenile (7 weeks) lambs (57, 59).
They found that fatty acid flux was zero in the embryonic
heart. Interestingly, there was an increase in fatty acids in the
myocardium of newborn lambs, but there was no net flux of
fatty acid (57). And the flux of fatty acids was increased in the
juvenile lambs (57). Glucose and lactate were sources of energy
metabolism for embryonic and neonatal (3–15 days) lamb hearts
(60). In addition, a research found that fatty acids promoted
proliferation of P4 cardiomyocytes but inhibited proliferation of
P5 cardiomyocytes (61). In all, different developmental stages
and oxygen levels result in altered energy sources for the mouse
heart. This leads to varying metabolic states of cardiomyocytes
that affect their proliferative capacity (Figure 2).

Fatty Acid Metabolism and Cardiac
Regeneration
Studies indicate that fatty acid oxidation is the main source
of cardiac energy for the adult heart (62). After entering
cardiomyocytes, fatty acids generate ATP mainly through

FIGURE 2 | Different metabolic patterns in physiological and pathological
states affect the myocardial regenerative capacity. (A) Under physiological
conditions, the main mode of metabolism in the murine neonatal heart is
glycolysis, whereas that in the hearts of adult mice is fatty acid oxidation.
(B) In the pathological state, glycolysis, hypoxia, NAD(P)+ synthesis,
mevalonate pathway, and appropriate reduction in heart rate promote heart
regeneration, while fatty acid oxidation and reactive oxygen species (ROS)
inhibit myocardial regeneration in the neonatal mouse heart regeneration
models (apical resection, cryoinjury, or myocardial infarction).

oxidation via the TCA in the mitochondria. Among all energy
substrates, fatty acids produce the highest ATP content and have
the highest oxygen demand. Therefore, fatty acids are myocardial
energy substrates with the lowest metabolic efficiency (ATP
production/oxygen consumption) (33).

A research found that feeding fatty acid-deficient milk to
postnatal mice prolonged the proliferation window of their hearts
(63). Carnitine palmitoyltransferase 1 (CPT1) transfers fatty acids
from the cytoplasm to the mitochondria and is the key enzyme
regulating fatty acid oxidation. CPT1 activity in the neonatal
murine heart is very low, while it increases significantly in the
heart of a 7-day-old mouse, which coincides with the time
when mammalian cardiomyocytes lose their ability to proliferate
(64). One research found that etomoxir (ETO) could inhibit
the activity of CPT1, thereby reducing fatty acid oxidation
and promoting proliferation of neonatal mouse cardiomyocytes
and heart regeneration in neonatal mice (61). Previous study
showed that the low expression of carnitine palmitoyltransferase
2 (CPT2), which is an essential enzyme for fatty acid oxidation
(65), could promote cardiomyocyte proliferation in P14 mice
(66). Acyl-CoA synthetase long-chain family member 1 (ACSL1)
mediates the uptake of cellular lipids and is a key enzyme
regulating lipid metabolism. On examining the expression of
glycolipid-related enzymes in heart tissue of mice at different
ages, it was found that ASCL1 expression increases with the age of
mice (67). Inhibition of ACSL1 expression with a corresponding
decrease in cardiomyocyte lipid uptake in cardiomyocytes of
adult mice post-MI and primary neonatal mouse cardiomyocytes
upregulated the expression of cell cycle-activating genes, but
downregulated the expression of cell cycle-inhibiting genes (67).

However, the view that fatty acid oxidation inhibits
myocardial regeneration is still debatable. A research
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found that peroxisome proliferator-activated receptor alpha
(PPARα)-mediated β-oxidation of fatty acid promoted primary
neonatal mouse cardiomyocyte hypertrophy and maturation
and enhanced the presence of binucleated cardiomyocytes
at postnatal day 5. Moreover, it caused the withdrawal of
cardiomyocytes from cell cycle (61). Nevertheless, it is interesting
to note that PPARα-mediated β-oxidation of fatty acid promoted
G0/G1 cell cycle entry rate and proliferation of cardiomyocytes
in mice at postnatal day 4 (61). What makes fatty acid oxidation
has opposite regulatory effects on myocardial regeneration? In
this context, the authors speculate that the reduced proliferation
rate of cardiomyocytes at postnatal day 5 is due to the presence
of binucleated cardiomyocytes and cardiomyocytes leaving the
cell cycle (61). These results suggest that the effect of fatty acids
on myocardial regeneration is inconclusive and needs to be
studied in the future.

Glucose Metabolism and Cardiac
Regeneration
Glycolysis is the primary mode of energy metabolism in
the neonatal murine heart. A previous study reported that
glycolysis promoted myocardial regeneration in adult zebrafish
(68). Glucose is an important fuel and produces ATP through
cytoplasmic glycolysis and mitochondrial oxidation in the heart.
In the heart, glucose transporter 1 (GLUT1) and GLUT4
transport glucose into cardiomyocytes. Under physiological
conditions, GLUT1, whose the expression increases by HIF-1α

(69), is the main glucose transporter in embryonic and neonatal
hearts (70, 71). A research found that overexpression of GLUT1
promoted glycolysis in the neonatal murine heart (72, 73) and
increased nucleotide synthesis, thereby promoting myocardial
regeneration by enhancing glucose metabolism after cryogenic
injury in neonatal mice at P21 and P40 (9).

The key glycolytic enzymes play important roles in myocardial
regeneration. Phosphofructokinase 2 (PFK2) regulates the level
of fructose-2,6-bisphosphate (Fru-2,6-P2) by phosphorylating
fructose-6-phosphate (F6P) during glycolysis. A research
revealed that PFK2 could increase the contractility of hypoxic
cardiomyocytes in mice, suggesting that it affects the metabolism
of cardiomyocytes while maintaining their function (74).
Pyruvate dehydrogenase kinase (PDK) inhibits the activity
of pyruvate dehydrogenase (PDH). Previous studies found
a significantly high expression of PDK in the infarct area of
the adult heart (71) and zebrafish (68) after cryogenic injury
of the heart. Moreover, PDK4 deletion promoted cardiac
regeneration in adult mice after MI and proliferation of primary
adult mouse cardiomyocytes by increasing glycolysis (63). In
contrast, a report implied that PDK3 overexpression promoted
cardiomyocyte proliferation by enhancing glycolysis during the
early stages of cardiac regeneration in zebrafish, while there
was no scar repair in the later stages (68). What is the reason
for the difference between early and late stages? Since PDK3
overexpression can promote cardiomyocyte proliferation, can
it also promote maturation of new cardiomyocytes to replace
injured cardiomyocytes, and thus promote scar repair? Of note,
PDK3 and PDK4 are both isozymes of PDK, so why do they

exhibit opposite effects on cardiomyocyte proliferation? Their
distributions are different, but the mechanisms involved require
further study. Notably, studies have shown that M2-pyruvate
kinase (PKM2) can promote the phosphopeptide pathway
and inhibit oxidative stress (75, 76). A research found that
knockout of PKM2 in mice post-MI promoted catenin beta
1 (Ctnnb1) translocation to the nucleus and trans-activation
of key genes that mediate cell cycle progression (77). In
zebrafish, the Pkma2 gene encodes M2-pyruvate kinase. It
has been found that pkma2 knockdown in zebrafish decreases
glycolysis and thereby inhibits cardiomyocyte proliferation (68).
Magadan’s team found that overexpression of PKM2 promoted
cardiomyocyte proliferation and regeneration after MI in adult
mice, by increasing the expression of glucose-6-phosphate
dehydrogenase (G6PD) (78). Therefore, PDK and PKM2 serve
as promising treatment strategies for promoting cardiac repair
and regeneration.

Interestingly, some key regulatory genes can regulate cardiac
regeneration by promoting glycolysis. Myeloid ecotropic
viral integration site 1 (MEIS1) is an important transcription
factor that regulates the cardiomyocyte cycle. A research
found that myocardium-specific knockout of MEIS1 in
neonatal mice could extend the proliferation window of
cardiomyocytes and that these cardiomyocytes could re-enter
the cell cycle (79). Conversely, another finding indicated that
inhibiting MEIS1 expression in primary fetal and neonatal
sheep cardiomyocytes resulted in the increased mitochondrial
activity and decreased glycolytic genes, leading to the enhanced
cardiomyocyte maturation (80). The discrepancy in MEIS1
function between mice and sheep may be related to the
differences in cardiomyocytes themselves from these two species.
Further studies are needed to understand the mechanism of
MEIS1 regulation on the metabolic state as well as the cell cycle
of cardiomyocytes.

It is worth noting that cardiomyocyte proliferation-related
pathways can also affect glycolysis. Furthermore, Yes-associated
protein (YAP), a component of the Hippo pathway, is involved
in glycolytic metabolism during heart development (81).
A previous study found that the defect in Hippo pathway could
activate Yap signaling to promote cardiomyocyte proliferation
in adult mice (82–84). Studies on adult cardiomyocytes showed
that direct and indirect target genes of activated Yap were
associated with glycolysis and mitochondrial metabolism (84–
86). In addition, the interaction between neuregulin 1 (NRG1)
and its receptors, ErbB2 or ErbB4, facilitated glycolysis and
inhibited mitochondrial oxidative phosphorylation (87), which
was vital for cardiomyocyte proliferation in zebrafish (88) and
newborn mice (89). Researchers showed that ErbB2 affected
cardiac regeneration via downstream activation of YAP (81).
Moreover, Wnt/β-catenin and ERK/MYC signaling pathways
promoted glycolysis and cell proliferation by upregulating
cyclin–CDK complex in neonatal mouse cardiomyocytes and
immature human pluripotent stem cell-derived cardiomyocyte
(hPSC-CM) (90, 91). Overexpression of c-Myc could promote
glycolysis and cardiomyocyte proliferation in mice during
both gestation and adult life (92). In contrast, Wnt/β-
catenin signaling in adult mice was cardioprotective but
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did not induce cardiomyocyte proliferation (91). Thus, the
role of Wnt/β-catenin signaling in mice at different stages
depends on the metabolic state of cardiomyocytes (91). Taken
together, these pathways and genes can regulate cardiomyocyte
proliferation by influencing glycolysis. However, which gene
or component of the glycolytic pathway is affected is not
yet elucidated. Moreover, whether these pathways only affect
glycolysis or also affect lipid and other metabolic pathways
remains to be determined.

In all, these studies indicate that glycolysis plays an
essential role in modulating cardiomyocyte proliferation
and cardiac regeneration after injury. As a result, targeting
glucose metabolism is an interesting strategy to promote adult
heart regeneration.

Amino Acid Metabolism Followed by
Heart Regeneration
Cardiomyocytes require protein synthesis during growth, after
birth, and during maturation. The increased protein synthesis
results in the increased amino acid metabolism. Amino acid
oxidation is also a source of cardiac ATP, with branched-chain
amino acids (BCAAs) playing a major role. BCAA includes
three amino acids, namely, leucine, isoleucine, and valine.
Although BCAA oxidation produces only 2% of the total ATP
generated by the heart (93), BCAAs play an important role
in regulating cardiac signaling pathways, including insulin and
mTOR signaling pathways (94).

Metabolomic analysis of mouse heart tissues at different
developmental stages revealed that BCAAs showed differential
levels in the heart at different developmental stages (95).
Valine, leucine, and isoleucine concentrations gradually increased
postnatally reaching a peak at day 9 and then decreased until
they reached to the postnatal day 1 (P1) level on P23 (95). Most
of the differentially expressed genes (DEGs) directly correlated
with BCAA concentrations and were upregulated at the mRNA
level between P9 and P23 (95). Therefore, we speculate whether
inhibiting enzymes of the BCAA breakdown pathway could
promote cardiomyocyte proliferation.

Glutamine is an amino acid transporter. Elevated
glutamine expression in zebrafish and neonatal mouse
cardiomyocytes activated the amino acid-driven mTOR
signaling pathway, which promoted mitochondrial maturation
and regulated cardiomyocyte proliferation (96). In addition, high
concentrations of leucine and glutamate were found to activate
the mTOR pathway and promote regeneration (96). Since leucine
concentration rises in the postnatal week, does the concentration
of BCAA also affect the ability of cardiomyocytes to proliferate?
Researchers found that cardiomyocyte injury initiated Wnt/β-
catenin signaling during zebrafish cardiomyocyte regeneration,
which in turn initiated mTOR activation and metabolic
remodeling (97). As previously described, Wnt/β-catenin
signaling pathway promoted glycolysis and activated mTOR
signaling pathway together with BCAAs (91, 98). This suggests
that metabolic pathways are not independent but interact
with each other. Thus, alterations in amino acid metabolism in
cardiomyocytes affect their proliferation. However, studies in this
research area are limited and need to be investigated in the future.

Tricarboxylic Acid Cycle Metabolites and
Cardiac Regeneration
Tricarboxylic acid cycle occurs in the mitochondrial matrix. It
is the metabolic center of the carbohydrate–lipid–amino acid
linkage and the last metabolic pathway of the three nutrients.
The transformation of energy metabolism and an increase in
mitochondrial DNA after birth of mice lead to a significant
increase in ROS produced by mitochondria (17). This increased
ROS production damages proteins, lipids, and DNA and leads
to cell cycle arrest (99–102). Therefore, clarifying the role of
mitochondrial metabolites in regulating metabolic switch is
essential for identifying metabolic targets that will promote adult
heart regeneration.

To begin with, the primary approach to promote
cardiomyocyte proliferation by inhibiting mitochondrial
metabolism is to suppress ROS production by mitochondrial
oxidation. Studies have reported that overexpression of
mitochondrial catalase (mCAT) and the ROS scavenger
N-acetylcysteine (NAC) system reduces DDR and promotes
cardiomyocyte proliferation (17). Martin’s team found that
the activation of the antioxidant response after cardiac injury
could reduce ROS and thereby promote cardiac repair (84).
In cardiomyocytes, nuclear factor-erythroid-2-related factor
2 (Nrf2) directly regulates the expression and subcellular
location of paired-like homeodomain 2 (Pitx2). Genome analysis
indicated that Pitx2 activates genes in response to oxidative
response by recruiting YAP (103). The knockdown of Pitx2 in
the neonatal mouse heart leads to the failure of regeneration after
cardiac injury. This suggests that antioxidant stress response
pathways are critical for cardiomyocyte proliferation and
cardiac regeneration (84). These include genes encoding ETC
components and ROS eliminator that protect cells from ROS
damage and promote cardiomyocyte regeneration (84, 103).
Pei et al. (104) confirmed that hydrogen sulfide (H2S) could
scavenge ROS, and hence, cardiomyocytes could re-enter the
proliferation cycle. Researchers used propargylglycine (PAG) to
inhibit H2S synthesis and found that it promoted the deposition
of ROS in the murine neonatal heart and inhibited proliferation
of cardiomyocytes (104). In contrast, sodium hydrosulfide
hydrate (NaHS), an H2S donor, could reduce ROS accumulation
and promote cardiomyocyte proliferation and regeneration by
alleviating H2S-mediated cardiomyocyte injury (104). These
findings reveal that antioxidant pathways play an important role
in the regeneration of the heart. In addition, cardiac sarcomere
contraction after birth promoted mitochondrial metabolism
and activated p53 to produce ROS and DNA damage responses
(105). It is known that p53 causes cardiomyocytes to exit the
cell cycle by repressing Cyclin B1 gene (106). We speculate that
cardiac sarcomere contraction affects the proliferative capacity
of cardiomyocytes by regulating their metabolism. However,
this speculation remains to be validated. Overall, sarcomere
disassembly in cardiomyocytes can preclude ROS production
and promote proliferation of cardiomyocytes (105).

Succinate dehydrogenase (SDH) converts succinate to
fumarate in the TCA cycle. During ischemia, succinate
concentration increases and inhibits SDH activity. A previous
study revealed that injecting succinic acid in neonatal mice
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inhibited the proliferation of cardiomyocytes. In contrast,
malonate, an SDH inhibitor, prolonged the regeneration window
of the heart after birth and promoted the proliferation of
cardiomyocytes and heart regeneration in adult mice after MI
(107). Similarly, malonate injection in neonatal mice promoted
myocardial regeneration after an injury (108). In addition,
malonic acid induced the formation of a new coronary vascular
system within the infarcted tissue (108), given that glycolysis
promoted angiogenesis through apical cell formation (109). In
short, malonate promotes proliferation of cardiomyocytes and
vascularization would be a candidate therapeutic target. In terms
of clinical translation, delivery of SDH inhibitors directly to the
heart may be more effective because SDH deficiency can lead
to tumorigenesis (108). Nonetheless, the role of other critical
enzymes of the TCA cycle is not yet clear. In short, these studies
suggest that in addition to glycolipid metabolism, changes in the
activity of critical enzymes of the TCA cycle also have different
impacts on cardiomyocyte proliferation.

SEVERAL BIOSYNTHETIC PATHWAYS
AFFECT THE MYOCARDIAL
REGENERATIVE CAPACITY

Interestingly, researchers found that in addition to classical
metabolic pathways, several biosynthetic pathways could
affect cardiomyocyte proliferation. A study revealed that
simvastatin inhibited cardiomyocyte proliferation by inhibiting
the mevalonate pathway of isoprene synthesis in cardiomyocytes
of human-induced pluripotent stem cell (hiPSC)-cardiac
organoids (110). Previous studies found that the expression
of genes that regulated ancillary biosynthetic pathway
enzymes increased in cardiomyocytes in response to cell
cycle stimulation by four cell cycle factors, namely, cyclin
B1, cyclin D1, CDK1, and CDK4. These enzymes were
related to the hexosamine biosynthesis pathway (HBP),
serine biosynthesis pathway, protein O-GlcNAcylation, and
those involved in NAD(P)+ (111). Researchers found that
overexpression of O-GlcNAcase (OGA) was associated with
HBP and prevented cardiomyocyte cycle entry and progression,
while knockdown of nicotinamide phosphoribosyltransferase
(NAMPT) inhibited cycle entry of human iPSC cardiomyocytes
(hiPSC-CM) (111). In addition, investigators found that
overexpression of phosphoenolpyruvate carboxykinase 2
(PCK2), a gluconeogenic pathway enzyme that catalyzed
the transformation of oxaloacetate to phosphoenolpyruvate,
promoted proliferation of hiPSC-CM (111). In general, the
crossover point metabolites in these synthetic pathways are
provided by the glycolytic pathway, which again highlights
the importance of the glycolytic pathway in the process of
myocardial regeneration.

Previous research found that cardiomyocyte-specific
overexpression of PPARδ induced cell cycle progression
in cardiomyocytes after MI in mice and improved cardiac
function (112). In addition, carbacyclin, a PPARδ activator,
induced proliferation of neonatal and adult rat mononuclear
cardiomyocytes via (PPARδ)/PDK1/Akt/GSK3β/β-catenin

pathway (112). Glycogen synthase kinase-3β (GSK-3β) is a
serine/threonine kinase originally identified as a key enzyme
in glycogen synthesis. The authors do not indicate whether
myocardial metabolism is altered during PPARδ-mediated
myocardial regeneration. In addition, we cannot speculate
whether PPARδ ultimately promotes myocardial regeneration by
enhancing glycogen synthesis during this process. In contrast,
previous studies have shown that PPARβ/δ overexpression in the
heart increases glucose utilization by enhancing the expression
of glucose transporter protein type 4 (Glut4) (113, 114). Can this
be considered that PPARδ promotes cardiomyocytes to enter the
cell cycle by enhancing glycolysis? This should be further delved
into future studies.

In addition to its ability to regulate glycolysis, PKM2 has been
reported to redirect glucose carbon flow to oxidative pentose
phosphate pathway (PPP), thereby reducing oxidative stress and
causing increased expression of cell cycle genes in postnatal
cardiomyocytes (78). It has been shown that overexpression of the
glucose transporter protein Glut1 leads to an increase in glucose
metabolites and thus nucleotide supply in heart regeneration
of neonatal mice (9). Recently, researchers have found that
metabolic pathways can combine with biosynthetic pathways
to affect the cardiomyocyte proliferation. Moderate heart rate
reduction (HRR) can induce cardiomyocyte proliferation by
altering the metabolic pattern of cardiomyocytes (115). On the
one hand, glucose metabolism enzymes exert non-enzymatic
activity to promote cell cycle progression. On the other hand,
the PPP is activated to supply the biosynthetic metabolic
demand required for promoting cardiomyocyte proliferation
(115). In addition, researchers found that lowering the heart
rate upregulated the expression of cyclin D1. Moreover,
they also observed an increase in the nuclear transport
of PKM2, which promoted cyclin D1 and thus restarted
cardiomyocyte proliferation (115). This suggests that the three
biological properties of cardiomyocytes, namely continuous
rhythmic beating, unique energy metabolic pattern, and limited
proliferative capacity, are intrinsically linked. In addition, PPP
may be a prospective regenerative strategy for cardiac injury.
Overall, reducing the heart rate of cardiomyocytes can affect
their energy metabolic patterns and thus promote cardiac
regeneration. However, some questions have not been explored
yet. For example, what specific molecules and signaling pathways
of PPP are affected by HRR regulation? Are there any other
biosynthetic pathways that are also affected? Furthermore, this
suggests that future studies combine metabolism and synthesis,
rather than a single aspect, to explain the phenomenon of
cardiac regeneration.

DIFFERENCES IN ENERGY
METABOLISM BETWEEN THE FETAL
HEART AND THE FAILING HEART

Heart failure is the end stage of many heart diseases, including the
ischemic cardiomyopathy and non-ischemic cardiomyopathy. In
this regard, MI is a common ischemic cardiomyopathy, while
cardiac hypertrophy due to pressure-loaded cardiomyopathy is a
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TABLE 1 | Summary of recent studies demonstrating the role of metabolism in heart regeneration.

Metabolic
pathway

Species Cells Intervention targets Results References

Fatty acid
oxidation

Postnatal mice — Fatty acid availability Fatty acid-deficient milk prolonged the proliferation window of
their hearts

(63)

Infant mice Primary neonatal mouse cardiomyocytes
and primary 3-week-old mouse
cardiomyocytes

Carnitine palmitoyltransferase 1 (CPT1) Inhibition of the activity of CPT1 reduced fatty acid oxidation and
increased cardiomyocyte proliferation

(61)

P14 mice — Carnitine palmitoyltransferase 2 (CPT2) Partial depletion of CPT2 enhanced cardiomyocyte proliferation (66)

Adult mice post-MI Primary neonatal mouse cardiomyocytes Acyl-CoA synthetase long-chain family
member 1 (ACSL1)

ACSL1 knockdown inhibited fatty acid oxidation and enhanced
the cardiomyocyte proliferation

(67)

Infant mice Primary neonatal mouse cardiomyocytes
and primary 3-week-old mouse
cardiomyocytes

Peroxisome proliferator-activated
receptor (PPAR) α

PPARα-mediated fatty acid β-oxidation promoted proliferation of
cardiomyocytes in P4 mice, while it enhanced the presence of
binucleated cardiomyocytes in P5 mice

(61)

Glycolysis Mouse embryo Fatal mouse cardiomyocytes Hypoxia-inducible factor α (HIF-α) HIF-1α deficiency impaired glycolysis in mouse heart and
inhibited cardiomyocyte proliferation

(19, 49, 50)

Heart cryoinjury of
P21 and P40 mice

— Glucose transporter 1 (GLUT1) The increase in glucose metabolism mediated by Glut1
overexpression promoted cardiac regeneration in neonatal
mouse heart

(9)

Adult mice after
myocardial
ischemia-reperfusion

Isolated adult mouse cardiomyocytes Phosphofructokinase (PFK) 2 PFK2 overexpression increased the contractility of hypoxic
cardiomyocytes

(74)

Adult mice post-MI Primary adult mouse cardiomyocytes Pyruvate dehydrogenase kinase (PDK) 4 PDK4 deletion decreases DNA damage and promotes cardiac
regeneration

(63)

Zebrafish and adult
mice post-MI

Neonatal rat CMs and adult mouse CMs M2-pyruvate kinase (PKM2) Pkma2 knockdown in zebrafish decreased glycolysis and
inhibited cardiomyocyte proliferation; overexpression of PKM2
promoted cardiomyocyte proliferation and regeneration after MI
in adult mice

(68, 78)

Neonatal sheep Primary fetal and neonatal sheep
cardiomyocytes

Myeloid ecotropic viral integration site 1
(MEIS1)

Inhibiting MEIS1 expression promoted sheep cardiomyocyte
maturation by decreasing glycolytic genes expression

(80)

Adult murine heart Adult mouse cardiomyocytes Yes-associated protein (YAP) Activation of YAP enhanced glycolysis and promoted
cardiomyocyte proliferation

(84–86)

Neonatal mice and
zebrafish

Neonatal, juvenile and adult CMs Neuregulin 1 (Nrg1)- Erbb2 Activation of Nrg1-Erbb2 enhanced glycolysis and promoted
cardiomyocyte proliferation

(88, 89)

Neonatal mice Immature human pluripotent stem
cell-derived cardiomyocyte (hPSC-CM)

β-catenin Activation of β-catenin enhanced glycolysis and promoted
cardiomyocyte proliferation

(91)

Fatal and adult mice Islet1+ cardiac progenitors and primary
adult mouse cardiomyocytes

c-Myc Activation of c-Myc enhanced glycolysis and promoted
cardiomyocyte proliferation

(92)

TCA cycle
metabolism

Neonatal mice Primary neonatal mouse cardiomyocytes Paired-like homeodomain 2 (Pitx2) Pitx2 knockdown inhibited myocardial regeneration of neonatal
mice through producing ROS

(84)

Adult mice after MI
and neonatal mice

Adult mouse cardiomyocytes Succinate dehydrogenase (SDH) Malonate (SDH inhibitor) promoted adult mouse cardiomyocyte
proliferation by reducing succinate accumulation

(107)

Anabolic
pathways

Neonatal mice and
adult mice

Human PSC-cardiac organoids and
hPSC-derived cardiomyocytes (hPSC-CM)

Simvastatin Simvastatin suppressed cardiomyocyte proliferation by inhibiting
the mevalonate pathway of isoprene synthesis

(110)

— Human iPSC cardiomyocytes (hiPSC-CM) O-GlcNAcase (OGA) Overexpression of O-GlcNAcase (OGA) was associated with
HBP and prevented cardiomyocyte cell cycle entry

(111)

— Human iPSC cardiomyocytes (hiPSC-CM) Nicotinamide phosphoribosyltransferase
(NAMPT)

Knockdown of (NAMPT) inhibited cardiomyocyte cycle entry (111)

— Human iPSC cardiomyocytes (hiPSC-CM) Phosphoenolpyruvate carboxykinase 2
(PCK2)

Overexpression of PCK2 promoted proliferation of hiPSC-CM (111)
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FIGURE 3 | Major metabolic pathways and signaling pathways in heart regeneration after cardiac injury. Glucose metabolism (blue), fatty acid metabolism (purple),
BCAA metabolism (orange), and biosynthetic pathways (green background). The boxed section shows the factors affecting the metabolic pathways. Wnt/β-catenin
pathway and Nrg1-ErbB pathway affect the metabolism of heart regeneration. Acetyl-CoA is the final effector of these three metabolism pathways (fatty acid
oxidation, glycolysis, and amino acid metabolism) and regulates the initiation of the TCA cycle. GLUT, glucose transporter type; Glucose-6-P, glucose-6-phosphate;
Fructose-6-P, fructose-6-phosphate; Glyceraldehyde-3-P, glyceraldehyde-3-phosphate; PFK, phosphofructokinase; PKM2, M2-pyruvate kinase; PDK, pyruvate
dehydrogenase kinase; PDH, pyruvate dehydrogenase; CD36, cluster of differentiation; FAT, fatty acid transport carrier; CPT, carnitine palmitoyltransferase; BCAAs,
branched-chain amino acids; BCAT, branched-chain amino acid transferase; BCKA, branched-chain alpha-keto acids; BCKDH, branched-chain alpha-keto acid
dehydrogenase; mTOR, mammalian target of rapamycin; TCA, tricarboxylic acid cycle; SDH, succinate dehydrogenase; αKG, α-ketoglutarate; ROS, reactive oxygen
species; H2S, hydrogen sulfide; NAC, N-acetylcysteine; NAMPT, nicotinamide phosphoribosyltransferase; PAG, propargylglycine; mCAT, mitochondrial catalase;
Pitx2, paired-liked homeodomain transcription factor 2; Nrf2, nuclear factor-erythroid-2-related factor 2; CDK, cyclin-dependent kinases; HBP, hexosamine
biosynthesis pathway; Pck2, phosphoenolpyruvate carboxykinase 2; OGA, O-GlcNAcase. The yellow sun represents the promotion of heart regeneration, while the
red lightning represents the inhibition of heart regeneration.

common non-ischemic cardiomyopathy. These processes include
a wide range of remodeling in metabolism, cardiac structure,
and cardiac electrophysiology (116). There is growing evidence
that metabolic remodeling precedes most pathological processes
and may play an important role in myocardial hypertrophy and
heart failure (33, 117–119). In the failing heart, mitochondrial
ROS production increases and also mitochondrial autophagy
decreases. This results in the impaired mitochondrial function
and reduced mitochondrial oxidative metabolism (120, 121).
Hence, to increase the ATP supply, there is a compensatory
increase in glycolysis (122). In addition, the energy metabolism
shifts to a “fetal”-like pattern of energy substrate metabolism
after cardiac hypertrophy (123, 124). That is, glycolysis increases
and fatty acid oxidation decreases in pressure-overload cardiac
hypertrophy (122, 125).

Although major changes in glycolysis and fatty acid oxidation
in both failing and hypertrophic hearts resemble the major
metabolic pattern of the embryonic heart, the cardiomyocyte
proliferation capacity varies. For this reason, the specific
metabolic patterns in the embryonic and failing hearts are
intrinsically different. The primary difference is the substrate of
energy metabolism and the way of metabolism.

In the ischemic heart, anaerobic glycolysis is the main source
of cardiac ATP and leads to the production of lactate (126).
In the absence of blood perfusion, glucose is not available
to cardiomyocytes, and hence, previously stored glycogen is
used to produce ATP (127). Since glycolysis produces less
ATP than oxidative phosphorylation, ATP is consumed more
than it is produced. The intracellular lactic acid accumulates,
leading to cellular acidosis, and inhibits enzymes of the glycolytic
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FIGURE 4 | Venn diagram of metabolic genes associated with cardiomyocyte proliferation overlapping in different animals and cardiomyocytes. (A,B) The metabolic
genes associated with cardiomyocyte proliferation in different animals (A) and cardiomyocytes (B). ACSL1, acyl-CoA synthetase long-chain family member 1; PFK,
phosphofructokinase 2; PPARα, peroxisome proliferator-activated receptor; HIF-α, hypoxia-inducible factor α; PDK4, pyruvate dehydrogenase kinase 4; MEIS1,
myeloid ecotropic viral integration site 1; PCK2, phosphoenolpyruvate carboxykinase 2; CPT, carnitine palmitoyltransferase; NAMPT, nicotinamide
phosphoribosyltransferase; YAP, yes-associated protein; Nrg1, neuregulin 1; SDH, succinate dehydrogenase; GLUT1, glucose transporter 1; Pitx2, paired-like
homeodomain 2; hiPSC-CM, human-induced pluripotent stem cell cardiomyocytes; hPSC-CM, human pluripotent stem cell-derived cardiomyocytes; P14, postnatal
day 14; P21, postnatal day 21; P40, postnatal day 40.

pathway (116). Hence, the efficiency of glycolysis decreases
during prolonged ischemia (127). Glycolysis ceases despite
the availability of glycogen stores in cardiomyocytes (127). In
addition, the lack of blood perfusion leads to the accumulation
of intracellular protons that inhibits glycolysis in a feedback
manner (128, 129). However, during the embryonic period, the
heart obtains energy mainly through glucose. Due to low oxygen
concentration during the embryonic period, the embryonic
heart produces energy mainly through anaerobic glycolysis,
which promotes heart regeneration (68). This suggests that the
substrates of energy metabolism are different in the ischemic and
regenerative heart.

On the one hand, researchers found that aerobic glycolysis
was the main source of cardiac ATP in pressure-overload-
induced heart failure (130–132), whereas, anaerobic glycolysis
was the main source of cardiac ATP during myocardial
regeneration in neonatal mice (133). On the other hand, glucose
oxidation was lower in hypertrophied hearts than that in
non-hypertrophied hearts (134, 135). When the heart rates
were appropriately reduced, P1 cardiomyocytes were more
dependent on glucose oxidation (115). This suggests that glucose
oxidation promotes myocardial proliferation. Thus, regenerative
and hypertrophic hearts are metabolized in different ways.
Besides, researchers tested 13 key genes for energy metabolic
substrates, including “adult” isoform genes and “fetal” isoform
genes. They found that the expression of “adult” isoform of
metabolic genes was reduced in the failing adult heart (124).
This suggests that the reversion of the metabolic pattern in
the failing heart is similar to the metabolic pattern of the
embryonic heart (124). However, some studies had different
conclusions. It was found that fatty acid oxidation (FAO)

was either unchanged or increased, whereas glycolysis was
either unchanged or decreased in the hypertrophied heart
(132). Another research showed that myocardial FAO was
unchanged, glycolysis was slightly reduced, and glucose and
lactate oxidation was decreased in angiotensin II-induced
myocardial hypertrophy (136). These discrepancies suggest that
the metabolism of failing and regenerating hearts is different.
Hence, the failing cardiac metabolism evolving from infarction
and myocardial hypertrophy is different from the cardiac
metabolism of neonatal mice.

CONCLUDING REMARKS AND
PERSPECTIVES

Heart failure is by far the leading cause of mortality and
disability throughout the world. Neonatal mice have an ability
of myocardial regeneration and thus serve as a model for
the treatment of heart failure. In this review, we summarize
the current status of research on the metabolic regulation
of myocardial regeneration, including recent findings and
controversies (Table 1 and Figure 3). Glycolipid–amino acid
metabolism and biosynthesis are critical for the regulation of
heart regeneration. Based on this, changing metabolism of
related components, making cardiomyocytes to re-enter the cell
cycle, promoting proliferation of cardiomyocytes, and enhancing
cardiac regeneration serve as effectives therapies for heart
diseases that eventually evolve into heart failure (Figure 4
and Table 1). However, further studies are required to find
solutions for the following problems: For example, several
metabolic pathways are closely related to each other, so which
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molecule or mechanism controls the direction of metabolic
changes? What are the mechanisms by which the metabolic
alterations eventually affect the cardiomyocytes proliferation and
heart regeneration? Many metabolisms end up affecting the intra-
nuclear epigenetic mechanisms. So, whether the combination
of metabolism and epigenesis influences the process of heart
regeneration? In addition to the four major metabolisms
discussed in this review, are other metabolic pathways involved
in the regulation of cardiac regeneration? For example, is the
current and popularly studied novel metabolism of metal ions
(iron and copper metabolism) related to other heart diseases?

The primary step of heart regeneration is to promote
the cardiomyocytes to enter the cell cycle for division and
proliferation. The interphase of the cell cycle is metabolically
active and is the period during which the cells synthesize various
enzymes, RNA, DNA, and proteins. During the S-phase, the cell
cycle can be promoted by metabolic enzymes and proliferation
pathways that target nucleic acid and protein synthesis, thereby
promoting entry of cardiomyocytes into the cell cycle. However,
specific biosynthetic pathways and metabolic enzymes need to be
further explored, in order to increase the proliferative capacity
of cardiomyocytes.

Certain questions are still unanswered. For example, are there
other cardiac component cells (such as immune cells, endothelial
cells, and fibroblasts) that interact with cardiomyocytes to
influence their metabolism and thus alter their proliferative
potential? Macrophages are required for myocardial regeneration
in neonatal mice (137). However, it is unclear whether
macrophages reprogram cardiomyocyte metabolism through
intercellular interaction or paracrine effects. The angiogenesis
of vascular endothelium supports regenerating cardiomyocytes
after MI (138). The vascular endothelium supplies paracrine
factors to cardiomyocytes so that they participate in regeneration.
However, whether it affects the metabolism of cardiomyocytes is
unclear. Besides, the investigators suggest that in situ modulation
of cardiac cells in infarct foci can promote cardiomyocyte
proliferation to repair scars and thus avoids the need of
transplantation (139). Cardiac fibroblasts constitute a large
proportion of the cardiac cells, and previous studies suggest
that the cocktail therapy could potentially reprogram the
fibroblasts in infarct foci directly into cardiomyocytes by
modulating the transcription factors (139). Nonetheless, it is
unclear whether cardiomyocyte metabolism is altered in this
case? In addition, is it possible to enhance the proliferation

of cardiomyocytes directly with small molecule drug-targeted
metabolites?

Currently, hypoxia-induced glycolysis is the most studied
among the metabolic pathways and has the greatest impact on
myocardial regeneration. In future, translational studies can be
conducted in depth from glycolysis to provide new targets for
future clinical translation. It is important to further explore
the relationship between myocardial regeneration mechanisms
and changes in myocardial energy metabolism. However, we
should note that almost none of the published studies have
proven that their manipulations improve cardiac function by
directly increasing the number of cardiomyocytes. The improved
heart function is mainly correlated with the enhanced cell
cycle activity and the improved functioning of the remaining
cardiomyocytes, which might be due to a metabolic shift. Thus, it
is essential to uncover the signaling pathways and key regulatory
factors that affect energy metabolism accompanied by myocardial
regeneration to develop effective therapeutic approaches. In all,
we are optimistic that it will be possible to achieve great progress
in human heart regeneration.
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The epicardium has recently gained interest in the cardiovascular field due to its capacity

to support heart regeneration after ischemic injury. Models to study the epicardium of

large animals in vitro are limited andmainly based on epicardial cell isolation/differentiation

from stem cells, followed by 2D cells culture. In this method paper, we describe

the procedure to obtain and culture 3D organotypic heart slices presenting an intact

epicardium, as a novel model to study the epicardial physiology and activation. Epicardial

slices are obtained from porcine hearts using a high-precision vibratome and retain a

healthy epicardial layer embedded in its native extracellular environment and connected

with other cardiac cells (cardiomyocytes, fibroblasts, vascular cells etc.). Epicardial slices

can be cultured for 72 h, providing an ideal model for studying the epicardium physiology

or perform pharmacological interventions/gene therapy approaches. We also report on

methods to assesses the viability and composition of the epicardial slices, and evaluate

their architecture in 3D through tissue decoloration. Finally, we present a potential

application for a nanomaterial-based gene transfer method for tracking of epicardial

cells within the slice. Crucially, given the similarity in morphology and physiology of

porcine heart with its human counterpart, our system provides a platform for translational

research while providing a clinically relevant and ethical alternative to the use of small

animals in this type of research.

Keywords: epicardium, ex vivo model, organotypic culture model, regenerative medicine, myocardial infarction

INTRODUCTION

After myocardial injury, adult epicardial cells transiently re-express embryonic genes and actively
participate to cardiac repair both through direct differentiation into cardiac cells and by producing
reparative paracrine factors (1, 2). Recent discoveries of the role of the epicardium in heart repair
have generated interest in developing strategies to exploit its regenerative potential for patient
therapy (3–5). Due to the biological complexity of the cardiovascular system, the choice of the
animalmodel is critical owing to significant inter-species differences (6, 7). Currently, studies on the
epicardium are based either on 2D in vitro culture systems or on fate-tracking animal models, such
as zebrafish and mice. In vitro experiments conducted with stem cell-derived epicardial cell lines,
immortalized cell lines or primary isolated epicardial cells, provided a comprehensive knowledge
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of the secretome and transcriptional profiling of the epicardium
(4, 8–12). In vivo, zebrafish represent an interesting model due to
its remarkable heart regeneration capacity, which is dependent
on epicardial signals and epicardial cell trans-differentiation
(13–16). Zebrafish studies have provided valuable mechanistic
insights into the regenerative process of the heart and specifically
the epicardial contribution (16). Mouse models are extensively
utilized for their amenability to genetic modification, which
allows the study of single gene function in vivo and fate mapping
studies. These animal models were crucial in the identification
of the pivotal role of the transcription factors WT1, Tbx18
and TCF21 in guiding the epicardium development and driving
its repair potential (2, 17–19). However, for research aimed
at clinical translation, it is essential that results from small
vertebrates’ studies are confirmed in a large animal models that
more closely resemble the human heart physiology (6, 19).

Cardiac slices are well-established ex vivomodels consisting of
thin tissue slices obtained from the cardiac muscle (20, 21), and
have been used in the past two decades for electrophysiological
and pharmacological drug testing (21, 22). In our recent paper we
described for the first time the preparation and characterization
of heart slices derived from the epicardial portion of the heart,
and their use for the investigation of this intriguing reservoir
of regenerative cells (23). Our epicardial slices encompass the
epicardial/myocardial interface while also preserving the cellular
and extracellular structure of the cardiac tissue. Here we aim
at producing an extensive and detailed protocol to support
interested user in the production of epicardial slices, and
their culture.

In part, this is due to technical difficulties as the epicardium
is normally sacrificed to attach the specimen to the vibratome
holder in order to ensure the alignment of the myocardial fibers
within the tissue during cutting (24, 25). In this protocol, we
modified previously developed tissue embedding (26, 27) and
cutting (28, 29) procedure by flattening the tissue against a
compliant surface during the embedding and then cutting the
tissue starting from the epicardial side. This protocol exclusively
enables to preserve the epicardial layer and obtain both healthy
epicardial slices and functional cardiac slices. Epicardial slices
contain both the epicardium and the myocardium and are
amenable to culture for up to 72 h, maintaining vitality and
morphology of the epicardial cells. They provide a suitable
platform for multiplexing assays for drug/gene therapy discovery
focused on the epicardium, and to study its interaction with the
myocardial tissue, in a tunable culture system.

Importantly, epicardial slices have the potential to replace
and reduce the use of small animals for research on the
epicardium. Our slices were successfully derived from both
experimental and abattoir porcine tissues, and with an adult heart
yielding to 15–25 slices, each providing one experimental sample.
This enables the multiplexing of assays, improving consistency
and helping reducing the number of small animals used in
cardiovascular research.

In summary, in this method paper we described in detail
a robust and efficient protocol for obtaining and culturing
epicardial slices, that can be used to study the physiological and
reparative roles of the epicardium in an easy and cost-effective

manner. Our system is based on large animal tissue, which closely
resembles the human heart and has the potential to substitute or
reduce the use of small animals in this type of research.

MATERIALS AND EQUIPMENT

Tissue Samples
Four to Six weeks old piglet hearts were obtained from The
Pirbright Institute, UK. Animal procedures were carried out
under the Home Office Animals (Scientific Procedures) Act
(1986) and approved by the Animal Welfare and Ethical Review
Board (AWERB) of The Pirbright Institute. The animals were
housed in accordance with the Code of Practice for the Housing
and Care of Animals Bred. All procedures were conducted
by Personal License holders who were trained and competent
and under the Project License PPL70/8852. Sixteen to twenty
weeks old pig heart were obtained from Newman’s Abattoir
(Farnborough, UK).

Preparation of Solutions
Preparation of cardioplegia solution: This solution is required
for the perfusion of the piglets’ hearts and the transportation of
cardiac tissue. To prepare 1 liter of solution, add the following:
6.43 g of sodium chloride (final concentration: 110mM), 1.19 g
of potassium chloride (final concentration: 16mM), 3.25 g of
magnesium chloride (final concentration: 16mM) and 0.13 g
of calcium chloride (final concentration: 1.2mM), in 800ml
of double-distilled water (ddH2O). Once all the reagents are
dissolved, measure and adjust the pH to 7.4 with 10mM sodium
bicarbonate solution and then add ddH2O to reach final volume
(1 L). Cool down the solution to 4◦C (see info in Table 1).

Preparation of Normal Tyrode’s (NT) solution: Cardiac
tissue is cut in ice cold NT solution with the addition of
2,3-Butanedione monoxime (BDM), an excitation–contraction
uncoupler that block cardiomyocytes’ beating preventing their
damage during slicing. After cutting, the epicardial slices
recover for at least 30min at room temperature in the same
solution. To make 1 liter of NT solution, add the following to
800ml of ddH2O: 1.00 g of BDM (final concentration: 10mM),
4.09 g of sodium chloride (final concentration: 140mM), 0.45 g
of potassium chloride (final concentration: 6mM), 1.8 g of
glucose (final concentration: 10mM), 2.38 g of HEPES (final
concentration: 10mM), 0.20 g of magnesium chloride (final
concentration: 1mM) and 0.20 g of calcium chloride (final
concentration: 1.8mM). Once all the reagents are dissolved,
adjust the pH of the solution to 7.4 by adding drops of
2M sodium hydroxide solution (Sigma-Aldrich) and then add
ddH2O to reach final volume (1 L). Tip: to improve slice viability,
measure and fine tune the pH at the working temperature of the
NT solutions (4◦C for slicing NT solution and room temperature
for recovery NT solution) and check the osmolarity of the NT
solution to be in between 290 and 320 mOsm/L (see info in
Table 1).

Equipment and Reagents
Equipment and reagents to obtain epicardial slices are listed
separately for each phase of the protocol.
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TABLE 1 | Components of solution.

Cardioplegia Normal Tyrode’s solution Normal Tyrode’s solution for recording

Composition Manufacturer Concentration (mM) Composition Manufacturer Concentration (mM) Composition Manufacturer Concentration (mM)

NaCl VWR Chemicals 110 NaCl VWR Chemicals 140 NaCl VWR Chemicals 140

CaCl2 Sigma-Aldrich 1.2 CaCl2 Sigma-Aldrich 1.8 CaCl2 Sigma-Aldrich 1.8

KCl Sigma-Aldrich 16 KCl Sigma-Aldrich 6 KCl Sigma-Aldrich 4.5

MgCl2 VWR Chemicals 16 MgCl2 VWR Chemicals 1 MgCl2 VWR Chemicals 1

Glucose Sigma-Aldrich 10 Glucose Sigma-Aldrich 10

HEPES VWR Chemicals 10 HEPES VWR Chemicals 10

BDM Sigma-Aldrich 10

*add NaHCO3 (10mM) to pH 7.4 *add NaOH (10M) to pH 7.4 *add NaOH (10M) to pH 7.4

*The component needs to be added to adjust the pH of the solution.

Excision of the Heart
• Anatomical forceps, Curved, 10 cm (Graefe)
• Disposable sterile scalpel (Torge Surgical Scalpels -size 21)
• Hermetic plastic box
• Scissors, straight, 16.5cm (Lexer)

Heart Perfusion
• 3-way valve (Tro-venoflow 3, Torge)
• Anatomical forceps, curved, 10 cm (Graefe)
• Nylon cable ties 100× 2.5 mm
• Polycarbonate connector female luer hose barb adapter 1/4"

(Masterflex Fitting)
• Polystyrene box with lid
• Scissors, straight, 16.5 cm (Lexer)
• Syringe 100ml sterile (BD Plastipak Catheter-Tip)

Reagents:

• Cardioplegia solution 1L at 4◦C

Slicing
• 2× Petri dishes 92× 16mm (Sarstedt)
• 3–4× Sterile plastic Pasteur pipettes (Agar scientific)
• 3D printed plastic ring (details in Supplementary File 1)
• 6- well Millicell cell culture inserts, pore size 0.4µm (Merck)
• 6-well plates ×3 (Customized with holes in the base of each

well, Sarstedt)
• Anatomical forceps, curved, 10 cm (Graefe)
• Disposable sterile scalpel (Torge surgical scalpels -size 21)
• Double edge razor blades (Wilkinson Sword)
• High precision vibratome (Leica, VT1200S)
• Plastic box 30× 40× 7cm
• Polystyrene Box 60× 40× 40cm
• Self-sealing sterilization pouch (Qualitix)
• Single edge steel blades (Fast Mover Tools)
• Thermometer (RS PRO Digital Thermometer)
• Water bath set at 37◦C

Reagents:

• Agarose (Invitrogen UltraPure Agarose)
• Cyanoacrylate glue (Solv-X)

• Low melting agarose (ThermoScientific, TopVision Low
Melting Point Agarose)

• NT solution: 0.5 L at 4◦C and 1 L at room temperature

Culture
• 12- well plates (Sarstedt)
• 3D-printed petri dish insert (Supplementary File 2)
• 8 mm-high Polydimethylsiloxane (PDMS) pillars array
• Anatomical forceps, curved, 10cm (Graefe)
• BioFlo120 R© control station (Eppendorf)
• CO2 incubator (Galaxy R© 48R – Eppendorf)
• Entomologist pins (A1 - 0.14× 10mm,Watkins & Doncaster)
• Petri dish 92× 16mm (Sarstedt)
• Self-sealing sterilization pouch (Qualitix)
• Syringe Filter Unit, 0.22µm, polyethersulfone, 33mm

(Medical Millex-GP, Merck)

Reagents:

• Polydimethylsiloxane (PDMS) (SYLGARD 184)
• 2,3-Butanedione monoxime (BDM) (Sigma-Aldrich)
• Ethanol 70% (AnalaR NORMAPUR)
• NT solution: 50ml at room temperature
• Medium 199 (Sigma-Aldrich)
• Insulin, transferrin, and sodium selenite (ITS) Liquid Media

Supplement (100×) (Sigma-Aldrich)
• Penicillin-Streptomycin (Sigma-Aldrich)

METHODS

This protocol uses hearts from animals euthanized for
research purposes or human consumption obtained from
the Pirbright Institute (Pirbright, UK) or the Newman’s Abattoir
(Farnborough, Hampshire, UK). Before transportation, adult
hearts are dissected and piglets’ hearts are perfused. Tissue
samples are then transferred to the laboratory (within 20–
30min) submerged in cardioplegia solution to arrest the
heart in non-contracted state, preventing tissue damage. Once
in the lab, 8 × 8mm cubes are obtained from the cardiac
tissue and embedded in low meting agarose and sliced. Our
embedding procedure allows to maintain flat and alive the
epicardium during slicing. Tissue slices are then transferred to
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the recovery bath for at least 30min before further handling.
In the following paragraphs we describe in detail the steps to
produce epicardial/myocardial slices for ex vivo culture.

Excision of the Heart
Piglets weighing between 6 and 12 kg are euthanized with an
intravenous administration of 10ml of pentobarbital (Dolethal
200 mg/ml solution for injection, Vetoquinol UK Ltd). After
exsanguination, the thorax is opened with a sterile scalpel by
practicing two symmetrical cuts from the sternum toward the
diaphragm membrane along the costal margins, severing the
costal cartilages. Mediastinum is exposed by pulling down the
severed portion toward the bladder with sterile forceps, and
a transversal incision of the sternum allows the access to the
heart. After transection of the great vessels, the heart is removed
maintaining the pericardial membrane intact and immediately
submerged in a hermetic plastic box filled with iced cold
cardioplegia solution (∼300ml) to wash the excess blood. Next,
piglets’ hearts are perfused as described in 3.2.

Adult pig hearts are obtained from farm pigs euthanized at
the abattoir and immediately washed with iced cold cardioplegia.
Upon excision, ventricles are immediately surgically separated
from the rest of the tissue by cutting along the left anterior
descending artery and the posterior descending artery and
transported in a hermetic plastic box containing 500–600ml of
ice cold cardioplegia solution.

In both cases, the transportation is performed in an insulated
polystyrene box filled with cooler packs.

Heart Perfusion
• Critical step: to ensure maximum/maximal survival of tissues,

heart perfusion must be performed within few minutes from
the excision.

• Screw a polycarbonate connector to one end of a 3-way valve,
insert the luer in the aorta, and block it in position with a nylon
cable tie (Figure 1).

• Fill a 100ml sterile syringe with cold cardioplegia and connect
at the 3-way valve, carefully pushing the cardioplegia though
the valve. Tip: to avoid the formation of bubbles, turn the valve
to direct the flow through the open end and flush the bubbles
out before commencing the heart perfusion.

• Slowly inject the cardioplegia into the heart (c.a. 10–
20 ml/min). Tip: successful perfusion can be assessed by
monitoring the displacement of the blood by the colorless
cardioplegia within the coronary arteries.

• After perfusion, the pericardial membrane is opened and the
epicardium exposed.

• The ventricles are then removed and washed from any residual
blood with cardioplegia and are ready for transportation
(Figure 2). Important tip: for best results limit transportation
time to a maximum of 1 h.

Tissue Embedding and Slicing
Tip: Upon arrival in the laboratory, the solution temperature
must be measured to ensure the preservation of the cold
environment between 3 and 6◦C.

FIGURE 1 | Schematic setting of heart perfusion system. Heart is perfused

with cold cardioplegia via a 100ml sterile syringe connected to a the 3-way

valve. The valve is screw to a female luer connector, which is inserted in the

ascending aorta and fixed in position by a nylon cable tie.

FIGURE 2 | Representative images of piglet’s ventricles after excision. Images

showing the left (a) and the right (b) ventricles carefully removed from a piglet

heart after heart perfusion. Freshly dissected tissue can be stored for up to 1 h

in cold cardioplegia without affecting the epicardial viability. Scale bar, 1 cm.

Source: Maselli et al. (23).

NOTE: the equipment must be set up as described below
before sample arrival:

Vibratome Setup
Clean the vibratome with 70% ethanol and distilled water and
mount the blade (Wilkinson sword). It is essential to check
the optimum positioning of the blade using Leica’s VibroCheck,
which minimizes the vertical vibration during cutting avoiding
damage to the tissue. Set the cutting amplitude at 1.5mm and
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FIGURE 3 | Embedding procedure and slicing. Images showing the steps of

tissue preparation for cutting epicardial slices. (a) The ventricles are isolated

avoiding any direct handling of the epicardium and placed on ice throughout

the procedure. (b) Tissue blocks are dissected by making an incision through

the ventricular wall with a single edge steel blade and (c) placed on cold

agarose inside a 3D printed plastic ring, the epicardium facing down. (d) The

plastic ring is filled with low melting agarose. (e) Once solidified, the block is

removed from the ring, squared and mounted on the holder using

cyanoacrylate glue. (f) Epicardial slices are cut using a vibratome, with the

blade speed at 0.03 mm/s. (g–i) Epicardial slices are pinned to pillared Petri

dishes, and either cultured in static conditions changing medium every 24 h, or

connected to BioFlo120r benchtop bioprocessor through a custom

3D-printed insert, enabling flow culture and control of the culture conditions.

Source: Maselli et al. (23).

adjust z-axis deflection of the blade, following the manufacturer
instructions, at values comprised between −0.2 and 0.2µm.
Once the blade alignment is optimal, the vibratome bath can be
mounted. The outer part of the bath is filled with ice, the inner
part is filled to the top with cold NT solution (4◦C). The solution
is bubbled with 99.5% oxygen for at least 30min before starting
to cut.

Preparation of Tissue Dissecting and Embedding

Equipment
For the tissue dissection and embedding area the following
material is needed: a polystyrene box full of ice, a petri dish and
the agarose cushion already prepared, organized as in Figure 3a.
Tip: to avoid delays, set up the dissection area in the vicinity of a
water bath and a fridge.

• To prepare tissue embedding solution, dissolve 5% lowmelting
agarose in NT solution (w/v). Heat the mixture and stir it until
the agarose has completely melted. Leave the solution to cool
down in a water bath set at 37◦C.

• Tissue embedding is performed on a cushion of 2% (w/v)
cold agarose prepared in NT solution. To prepare the agarose

cushion, dissolve 2% (w/v) agarose in NT solution, and after
heating, pour the melted agarose solution into a petri dish lid
and let solidified at room temperature.

• Additional required equipment are single edge steel
blades, anatomical forceps, 3D printed plastic ring
(Supplementary File 1), plastic Pasteur pipettes and
cyanoacrylate glue.

Preparation of Recovery Bath
The recovery bath for the epicardial slices should be prepared
in advance by placing 6-well dishes with central holes in a large
plastic box filled with recovery solution at room temperature and
bubbled with 99.5% oxygen. In each well of the 6-well plate, place
a cell culture insert.

Once the low melting agarose solution is equilibrated at 37◦C,
the dissecting area is prepared and the agarose cushion is set, it is
possible to start cutting the epicardial slices.

• Place the ventricle on a petri dish on ice (epicardium up),
dissect out an 8 × 8mm tissue block by making incisions
through the full thickness of the ventricular wall with a single
edge steel blade (Figure 3b).

• Lightly blot the surfaces of the tissue block, avoiding touching
the epicardium, to remove the excess of solution.

• Gently place the tissue block on the agarose cushion with the
epicardium facing the cushion and make the whole surface
adhere to the agarose to flatten the cutting surface. Critical
step: if the epicardial surface does not adhere completely to
the agarose surface the viability of the myocardial side of the
slice will be compromised.

• Place the 3D printed plastic ring to surround the tissue
(Figure 3c) and use a Pasteur pipette to transfer the low
melting agarose solution into the plastic ring (5–8ml).
Continue adding until all the tissue is covered and the solution
is over the edge of the ring (Figure 3d).

• Once solidified, remove the block from the cushion and cut off
the excess of the agarose along the ring top.

• Carefully remove the block from the ring and square one side
of the agarose cylinder to obtain a flat surface and orientate the
tissue on the specimen holder facilitating the alignment of the
blade (Figure 3e).

• Apply a drop of cyanoacrylate glue on the specimen holder
and place on it the endocardial side of the embedded tissue
block, waiting until the block is firmly glued on the holder,
then mount on the vibratome.

• Position the vibratome’ blade on top of the block and set this
position as starting point, then set the cutting thickness to
400–500µmand start slicing (Figure 3f). Critical step: this step
is critical to obtain thin and homogenous tissue slices, and
to minimize the difference between the setup value and the
final thickness. The critical point is to set the starting point
as close as possible to the block surface. Tip: the blade has
to make contact with the block surface to improve precision
of the positioning. If possible, ensure this is done on the
agarose surrounding the tissue. Avoid sliding the blade over
the epicardial layer.
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• While slicing, advance the blade at 0.03 mm/s. Once the blade
has completely cut through the tissue, reaching the agarose on
the posterior part of the block, stop the blade and return it
to the starting position. Carefully collect the slices with the
forceps by holding it from the corner, removing the excess
agarose, and transfer in one of the cell culture inserts in the
recovery bath. Let the slices recover at least 30min to up
to 4–5 h in the recovery bath. Slices might start to curl, but
this will not affect viability, their culture or the outcome of
the experiments.

• Multiple epicardial slices can be obtained from different
blocks. After the removal of the epicardial slice, myocardial
slices can be cut from the same block.

Culture of Epicardial/Myocardial Slices
Once recovered, slices can be cultured epicardium-up in Petri
dishes modified by creating a PDMS pillar arrays at the bottom.
Culture system is a modification of the previously published
air/liquid interface method (24). The pillars are used to pin
the slices, positioning an entomologist pin at each of the four
corners of slice. This helps maintaining flatness and maximizes
the contact between the tissue and the culture medium. Here is
described an efficient and inexpensive method to produce the
pillar array.

PDMS Pillar Array Fabrication
The PDMS is prepared by mixing the liquid silicone base with
the curing agent (10:1, w/w) and carefully mixing avoiding
formations of bubbles. To create the pillar array, pour 25ml of
the elastomer mixture in a shallow container (such as the lid of a
multi-well dish) and press a 1,000ml tip rack on top, ensuring
that the solution fills the holes. Any master mold with spaced
holes 5–8 millimeters deep would be appropriate. Polymer is
cross-linked at 65◦C for 3 h. Once solidified, the array can be
cut to fit in the Petri dish as in Figure 3g and autoclaved in a
sterilization pouch. The same array can be washed, autoclaved
and re-used multiple times.

Culture System Setting
Epicardial slices can be cultured efficiently in the pillared Petri
dish, changing medium every 24 hours (Figure 3h). However,
here we describe a tunable culture method which enables a
fine and real-time control/adjustment of the culture parameters,
such as: pH, dissolved O2 and CO2, and medium exchange rate.
We implemented this culture method using the BioFlo120 R©

benchtop bioprocessor which monitors and regulates these
parameters in a reservoir and pumps the medium from the
reservoir to the culture dish via a custom 3D-printed insert,
as shown in Figure 3i. The insert, made of thermo-resistant
plastic (PA12 Nylon), was printed according to the design
in the Supplementary File 2. Before culture, the reservoir is
filled with 300ml of medium (Medium 199 + 1X ITS Liquid
Media Supplement + 1% Penicillin/Streptomycin Penicillin-
Streptomycin + 10mM of BDM) and parameters are set at
pH 7.4, 21% oxygen level and medium flow of 4 ml/min,
following to the manufacturer’s instructions. The 3D insert must

be autoclaved with input and output valves closed with caps
before every use.

The following steps must be carried out in a sterile laminar
flow hood:

• Transfer the slices from the recovery bath to the hood using
a clean multi-well plate. Then, under the hood, move the
slices in a new sterile multi-well plate and wash the slices by
gently adding 0.22µmfiltered NT solution supplemented with
2% Penicillin-Streptomycin.

• Using sterile forceps, put the slice on top of the pillar array,
and stick each corner on a pillar using entomologist pins,
previously sterilized with 70% ethanol. Add 25ml of medium
into the dish.

• Place the 3D printed insert in between the plate and the lid and
move the plate to the incubator, before removing the caps and
connecting the input and output tubes.

• Activate the medium flow and incubate at 37◦C in 5% CO2 for
up to 72 h.

Immunohistochemical Analysis
The slice viability, morphology and cellular composition
can be assessed by histological analysis. Following is a
protocol to obtain cross sections of the slices and perform
immunohistochemical analysis.

• Fix the slices in 4% PFA (Paraformaldehyde, Santa Cruz
Biotechnology) overnight at 4◦C.

• Wash with phosphate buffer saline (PBS) and incubate
overnight in 30% sucrose (Sigma-Aldrich) solution in
PBS (w/v).

• To embed slices, lay them flat in a mold, cover in OCT
Compound (Agar scientific) and snap freeze in isopentane
cooled in liquid nitrogen.

• Cut 5µm thick longitudinal cryosections (Hyrax C25
Cryostat, Zeiss), perpendicular to the epicardial surface, and
collect them on SuperFrost slides (Menzel-Glaser, Germany).
Slides can be stored at−20◦C for up to 3 months.

• Hematoxylin/eosin staining can be performed for histological
investigations. Results in Figure 5 were obtained using
Hematoxylin and Eosin Stain Kit (Vector Laboratories, H-
3502) following the manufacturer’s instructions.

• Antibody staining conditions must be optimized by the
operator; however, below are some suggestions to improve the
results of desired immunohistochemical assays:

◦ Antigen retrieval is performed using citrate buffer (0.1M
Citric Acid, pH 6.0) for 5min, 3 times in microwave
at 759W.

◦ For nuclear antigens, permeabilize at room temperature
for 30min with 0.1% Triton-X 100 (v/v) in PBS (Sigma-
Aldrich).

◦ Block unspecific antigen binding using 20% (v/v) Goat
serum (Sigma-Aldrich) in PBS for 1 h.

◦ Incubate with primary antibody at 4◦C overnight. Results
in Figure 5 were obtained using the following antibodies
and concentrations: WT1 1:50 (ab89901), CD31 1:100
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(ab28364) both from Abcam; Mesothelin 1:100 (NB110-
85538) from Novus Biologicals; α-Actinin (Sarcomeric)
1:800 (A7732), α-smooth muscle actin (α-SMA) 1:400
(A5228) both from Sigma-Aldrich; Connexin 43 1:300 (71-
0700), Vimentin 1:100 (MA5-11883) both from Thermo
Fisher Scientific, followed by the appropriate Goat anti-
Mouse and/or Goat anti-Rabbit Alexa Fluor (Thermo
Fisher Scientific) secondary antibody diluted 1:200 for 1 h
at 37◦C.

◦ Stain the nuclei with DAPI 1 ug/ml (4
′
,6-Diamidine-2

′
-

phenylindole dihydrochloride, Sigma-Aldrich) for 10min
at room temperature.

◦ To help to reduce tissue autofluorescence, incubate 30min
with 0.1% (w/v) Sudan Black (Sudan Black B, Santa Cruz
Biotechnology) solution in 70% ethanol (w/v).

Whole mount histological analysis can be performed after
tissue fixation (4% PFA, overnight at 4◦C) and decoloration
with CUBIC (Clear, Unobstructed Brain/body Imaging cocktails
and Computational analysis) solution made with 25% (w/v)
of urea (Sigma-Aldrich), 25% (w/v) of N,N,N,N-tetrakis(2-
hydroxypropyl)ethylenediamine (Alfa Aesar) and 15% (w/v)
Triton X-100 (Sigma-Aldrich) in water (30, 31). Briefly, whole
slice decolouration is carried out for 6 days at room temperature
on a slow shaker, changing solution every 2 days. Slices are
then blocked with 20% (v/v) Goat serum (Sigma-Aldrich) in
PBS for 24 h. Primary antibody incubation is performed at room
temperature for 48 h (as in Figure 6, WT1 1:50 from Abcam
and Mesothelin 1:100, from Novus Biologicals), followed by
washing for 6 h in PBS. Finally, incubate with the appropriate
Goat anti-Mouse and/or Goat anti-Rabbit Alexa Fluor secondary
antibody at room temperature for 48 h and wash in PBS for
24 h.

Nanoneedle-Mediated Tracking of
Epicardial Cells
Nanoneedles are an innovative nanoscale transfection tool (32–
34) capable of transferring a variety of payloads, including nucleic
acids and fluorescent quantum-dots, into the cytoplasm of cells
without affecting their viability. Porous silicon nanoneedles are
arranged vertically in an array with 2µm spacing on an 8 ×

8mm chip; each needle is tailored to be 5µm long with tips
<50 nm and 50–70% porosity. The high porosity and the sharp
tip geometry combine a high loading capacity with an efficient
intracellular delivery (32, 35). Using this platform, we can
deliver plasmids expressing reporter genes or cell impermeable
dyes to the cells residing on the surface of the slice, within
the epicardium.

Here we describe a protocol to deliver pcDNA3.1-GFP
plasmid to the epicardial cells situated on the superficial layer
of our slices using nanoneedles. Tagging the cells will enable fate
mapping studies in large animals’ adult tissues ex vivo. Similar
approaches can be devised to transfer other genes of interest
exclusively to the epicardium, to test their function.

• Nanoneedles are fabricated as previously reported (35) and
treated with oxygen plasma for 10min (0.4 mbar, 200 Watt),

FIGURE 4 | Epicardial slices viability. Viability was assessed using Calcein AM

live staining. Live cells are stained green. (a) Representative image of live

staining of an epicardial slice imaged using confocal microscopy. Scale bar,

100µm. (b) Representative images of Z-stack confocal acquisition of live/dead

staining of epicardial slice, showing epicardial cells monolayer on the surface

of the slice (red outline) and underlying fibroblasts/myocardium (yellow outline).

(c) Quantification of alive area of the surface of piglet slices (Mean and SEM:

71.21 ± 4.61%; N of slices = 17/ N of Pigs = 10) and (d) abattoir-derived

slices (Mean and SEM: 61.65 ± 8.88%; N of slices = 7/ N of Pigs = 4). (e)

Representative field potential traces recorded from cardiomyocytes within the

epicardial slices and (f,g) field potential duration, measured as the time

between the depolarisation peak (FPMIN) and the repolarization peak (FPMAX )

(Mean and SEM was 254.87 ± 8.86ms; N of slices = 10/ N of Pigs = 3).

followed by coating 1 h with poly-L-lysine solution 0.1% (w/v,
Sigma-Aldrich) in H2O at room temperature. Nanoneedles are
then washed for 30 s with 2NHCl (Sigma-Aldrich) followed by
two washes for 30 s with distilled water.

• Plasmid loading is performed by incubating the chip surface
for 15min at room temperature with 20 µl of 1µg/ml plasmid
solution in H2O, followed by a quick wash with sterile PBS.

• Nanoneedle chips are then applied on epicardial surface of the
tissue slices for 30min and then carefully removed.

• GFP expression is visualized with Nikon Eclipse Ts2 inverted
microscope after 48 h of culture (as described above).
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FIGURE 5 | Epicardial slices structure analysis. (a) Tissue architecture evaluation of epicardial slices performed using hematoxylin and eosin coloration. Scale bar,

500µm. (b–e) Immunohistochemical staining and confocal microscopy of epicardial slices. (b) Cardiomyocytes are stained with α-sarcomeric actin and the

intercalated disk is stained with connexin-43 antibody. (c) Epicardial cells highlighted with WT1 and mesenchymal derived cells stained with MSLN. (d)

Microvasculature is stained with α- smooth muscle actin and the endothelial marker CD31. (e) Mesenchymal cells are stained with vimentin. Nuclei are labeled with

DAPI. Scale bars, 50µm.

FIGURE 6 | Epicardial slices decolouration. Immunohistochemical staining

and confocal analysis 3D reconstruction of decolorized epicardial slices

obtained from piglet hearts, showing (a) low magnification image of the

epicardial layer stained with MSLN (green) and (b) high magnification image

showing the epicardial monolayer stained with MSLN (green) and WT1 (red)

from the bottom. Low magnification (c) and detail view (d) of the vasculature

present into the epicardial slice a stained with smooth muscle marker α-SMA

(red) and the endothelial marker CD31 (green). Scale bars, 50µm.

(ANTICIPATED) RESULTS

Viability of Slices
We used different assays to test the viability of the
epicardial/myocardial slices. Epicardial cells metabolic
activity/viability can be evaluated by Calcein acetoxymethyl
(Calcein AM) (Thermo-Fisher) live staining, while for the
myocardium utilized multi-electrode array (MEA) (MEA1060,
Multi Channel Systems, Reutlingen, Germany) which allow
non-invasive multifocal recording of extracellular field potential.

Live Staining
Calcein AM (Thermo Fisher Scientific, C1430) is a cell-
permeant compound, converted in green fluorescent calcein by
intracellular esterases. Microscopic imaging of the tissue stained
with Calcein AM provides both functional and morphological
information: the fluorescent conversion indicates the metabolic
activity of cells and highlight the typical cobblestone morphology
of the squamous epithelium (Figure 4a). Sporadic interruptions
of the epicardial monolayer exposes the underlaying connective
tissue and fibroblasts (Figure 4b). Morphological evaluation of
the slices is fundamental to assess the outcome of the slice
cutting protocol, with successful preparations presenting brightly
fluorescent epicardium and extensive epicardial coverage. Briefly,
slices are stained in NT solution supplemented with 10µM
Calcein AM cell-permeant dye at room temperature for 45min
under continuous shaking. Slices are then washed twice for 5min
with NT solution to remove all the Calcein AM residues and kept
on ice until imaging by confocal microscopy. Z-stack confocal
images are captured from random fields of the slice surface,
using a 10× objective on a Nikon Eclipse Ti A1-A confocal laser
scanning microscope and max projection images are quantified
to estimate the percentage of live surface. We found that on
average 71.21 ± 4.61% of the surface of epicardial slices from
piglets (Figure 4c) and 61.65 ± 8.88% of the abattoir-derived
slices were viable (Figure 4d).

Multi-Electrode Array Measurements
MEA system can be utilized to electrically stimulate the
myocardial fibers present on the underside of the slices,
evaluating the electrophysiology of the tissue (29). Data were
acquired using a dish which contains 60-microelectrode arranged
in an 8 × 8 matrix and an inter-electrode distance of 700µm,
providing a recording area of 4.9 × 4.9 mm2. Slices are
positioned in the center of the MEA dish, over the recording
area, and submerged in oxygenated NT solution for recording
at 37◦C (see info in Table 1). Myocardial fibers within the
epicardial slices exhibit viable field potential traces in the
large majority of microelectrodes within the first 5 h following
cutting, when elicited by 1Hz stimulation (Figure 4e). This result
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demonstrates full functionality and the maintenance of electrical
connections between cardiomyocytes within the cardiac slices.
The measurement of the field potential duration (Figure 4f),
which is defined as the time between the depolarisation peak
(FPMIN) and the repolarisation peak (FPMAX), estimates the
action potential duration at 90% of repolarisation (APD90)
(36). Our analysis, performed with Clampfit software (Axon
Instruments, USA), indicate an average baseline of field potential
duration of 254.87 ± 8.86ms, which is in line with the value of
field potential duration measured in cardiac slices of comparable
size mammals (29) (Figure 4g).

Morphological Analysis
The tissue architecture of the slices can be investigated using
different techniques. Here we show the results from the
hematoxylin and eosin coloration and immunohistochemistry,
following tissue sectioning, and the whole mount staining on
decolorated epicardial/myocardial slices.

Tissue Sections
Histochemical analysis of the epicardial/myocardial slices
performed with hematoxylin and eosin (Figure 5a) shows
the orientation of myocardial fibers running parallel to the
epicardial layer. Large coronary vessels and low levels of adipose
tissue and connective tissue are also visible. High magnification
images show the results obtainable from immunofluorescence
staining of the slices (Figures 5b–e). Sarcomeric actin (α-SA)
and connexin43 staining indicate the preservation of the
myocardial tissue architecture, with sarcomeric structures and
intact gap junctions (Figure 5b). Retention of intact epicardial
monolayer is assessed by the expression of the epicardial
progenitor transcription factor WT1 and the membrane marker
mesothelin (MSLN) (Figure 5c). Preserved vascular tree is
evidenced by the staining of capillaries, venules and arterioles
with endothelial cell marker CD31, in some cases enveloped
by α-SMA+ perivascular cells (Figure 5d). Connective
tissue is identified by the expression of vimentin, which is
typically highly expressed by mesenchymal/fibroblast cells
(Figure 5e).

Slices Decoloration
Weused the optical clearingmethod to visualize the expression of
WT1 and MSLN in the full thickness of the epicardial monolayer
(Figures 6a,b). We also obtained a comprehensive 3D map of
the macro- and micro-vasculature within the slices by CD31 and
α-SMA labeling (Figures 6c,d).

Culture
To keep the epicardial/myocardial slices alive, we developed
a culture system which builds on the air-liquid interface
protocol previously reported for the culture of myocardial
slices (37). Our method allows tissue-medium contact at
both epicardial and myocardial side, which is proven to be
positive for the performance of the slices in culture (38).
Notably, en face staining showed high epicardial cells viability
and the retention of the typical cobblestone morphology in
both piglets and adult swine hearts after 72 h of culture
(Figures 7a,b).

FIGURE 8 | Nanoinjection of plasmid. Schematic representation of

nanoneedles-mediated delivery of GFP-carrying plasmid on epicardial cells.

Confocal imaging indicated expression of GFP 48 h after nanoinjection in the

epicardium of cultured slices. Scale bars, 50µm.

Nanoinjection of Plasmid
GFP-carrying plasmid can be efficiently loaded on nanoneedles
and delivered to the epicardial cells on the slice surface. Confocal
imaging indicated expression of GFP 48 h after nanoinjection in
the epicardium of cultured slices (Figure 8).

TROUBLESHOOTING GUIDE

In this section, we address the most common issues related to
the preparation of epicardial/myocardial slices and suggest some
possible solutions.

Tissue Block Shows Decoloration at the
Edges After Embedding
• Low melting agarose solution is too warm:

◦ Check the temperature of the solution and ensure the water
bath is set at 37◦C.

Blade Is Unable Cut the Tissue
• Blade is damaged or not mounted correctly:

◦ Remove and replace the blade (check the z-axis deflection
with VibroCheck).

• Tissue block is dis-homogeneous due to adipose or
connective tissue:

◦ Epicardial/myocardial slice integrity and viability are
compromised, remove the tissue block and proceed with
another embedding. This issue is more frequent in
proximity of big vessels, try to avoid these areas when
preparing the tissue block.

Epicardium Slice Is Not Flat
• Embedding agarose block is not flat or not well glued on to the

specimen holder:

◦ Myocardial side viability is compromised, this affects the
viability of the whole slice in long-term culture. Remove
the tissue block and proceed with another embedding. Be
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FIGURE 7 | Epicardial slices viability in culture. Calcein AM live staining performed on (a) piglet and (b) adult swine-derived slices, after 72 h of culture. Both tissues

display large portion of living epicardial cells and the retention of the typical cobblestone morphology. Scale bars, 100µm.

careful during the embedding and when removing the block
from the plastic ring not to damage the agarose or press
in correspondence of the tissue as this might cause the
epicardium to bulge.

Epicardial Slice Appear to Be Thick
• Wrong position of the blade:

◦ This can affect the viability of the slice. Remove the
tissue block and proceed with another embedding. Set the
vibratome’s z-axis cutting blade starting position at the top
edge of tissue block, ensure the blade is in contact with
tissue/agarose when you set it.

Epicardial Slices Curl-Up Quickly in
Recovery Solution
• Solutions were made incorrectly:

◦ Slice viability can be compromised. Prepare the solution
using ultrapure sterile water, adjust the pH at the exact
working temperature of the solution, check the osmolarity
to be in between 290 and 320 mOsm/L.

Poor Survival in Culture
• Lack of air-liquid interface:

◦ The culture medium must skim the edges of the slice while
leaving the epicardium partially exposed to the atmosphere,
ensuring liquid interchange by capillarity. The correct
amount of medium and the pump’s speed need to be
calibrated by the users.

ADVANTAGES AND LIMITATIONS

The increasing interest in the epicardium’s regenerative capacity
stimulated the development of numerous protocols to obtain

cell systems for in vitro studies. Epicardial cells can be isolated
by enzymatic digestion, by exploiting their ability to migrate
from epicardial explant or by differentiation from stem cell
sources (39–41). In terms of isolation strategy, epicardial
outgrowth implies a degree of cell activation, while marker
expression-based isolation and differentiation is complicated
by the heterogeneity of the epicardial population, and the
ectopic expression of markers (e.g., WT1) (23, 42, 43). The
resulting cell population might therefore be contaminated by
unwanted cell types and/or present different characteristics
as compared to the in vivo counterpart. Furthermore, these
primary cell lines have a tendency to undergo spontaneous
epithelial-to-mesenchymal transition in culture, limiting their
suitability for this type of studies (40). While primary cell studies
have undoubtedly yielded important findings, epicardial slices
represent a powerful tool in the investigation of the epicardium.
Indeed, epicardial cells within the slices are embedded in their
natural microenvironment, reducing spontaneous differentiation
while at the same time enabling studies of the interaction
between different cell populations within the cardiac tissue
(23). In addition, epicardial/myocardial slices present significant
advantages in respect to the currently available models: (i)
Organotypic slices can be easily obtained and cultured in vitro
while preserving the complexity of the tissue in vivo,maintaining
tissue/cell morphology and the connections within cells and
with the extracellular matrix. This integrated system allows
to measure the effect of a treatment on multiple cell targets
at once, providing information on epicardial, myocardial and
non-contractile cells of the heart as well as the extracellular
matrix. (ii) Slice preparation is cost effective as compared to
large animal experiments. Moreover, from a single heart is
possible to obtain up to 15–20 slices, increasing the number of
samples/replicates and reducing the intra-assay variability. (iii)
Our ex vivomodel is accessible to the majority of the laboratories,
as epicardial slices can be obtained from abattoir-derived hearts.
(iv) Additionally, the wider application of epicardial/myocardial
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slices will encourage the reduction of the number of animals used
in research, replacing in part the use of rodents, large animals and
zebrafish. At the same time, given the close similarities between
porcine and human heart, results obtained on the slices will be
clinically relevant.

While presenting some obvious advantages, slices also have
some limitations: (i) The procedure is time-consuming and
requires training and some preparatory experiments to ensure
the success of the procedure. However, this limitation has to be
weighed against the equally complex and time-consuming and
ethically challenging training for in vivo work. (ii) Short-term
viability in culture, as compared to classic in vitro models. Slices
can be cultured up to 72 h, that could represent a limitation
when mimicking chronic disease onset. Extended culture might
be possible, although we expect some loss of viability in the
myocardial compartment, and further studies are required to
increase the lifespan of the slices. (iii) Lack of the inflammatory
cells in the culture environment. Due the increasing interest
for the role of the immune system in cardiovascular diseases,
the integration of inflammatory cells in slices culture is one of
the main targets for the development of this model. Immune
cells and inflammatory stimuli can be added to the culture
media as in a normal in vitro experiment, helping to identify
specific mediators. (iv) Difficulties to distinguish the epicardial
contribution due to the complexity of the tissue. The role
of the epicardium can be assessed both by tracking the cells
using methods such as the nanoinjection described here, or by
comparison withmyocardial slices obtained from the same block.
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The mammalian heart possesses entire regeneration capacity after birth,

which is lost in adulthood. The role of the kinase network in myocardial

regeneration remains largely elusive. SGK3 (threonine-protein kinase 3) is

a functional kinase we identified previously with the capacity to promote

cardiomyocyte proliferation and cardiac repair after myocardial infarction.

However, the upstream signals regulating SGK3 are still unknown. Based

on the quantitative phosphoproteomics data and pulldown assay, we

identified cyclin-dependent kinase 9 (CDK9) as a novel therapeutic target

in regeneration therapy. The direct combination between CDK9 and SGK3

was further confirmed by co-immunoprecipitation (Co-IP). CDK9 is highly

expressed in the newborn period and rarely detected in the adult myocardium.

In vitro, the proliferation ratio of primary cardiomyocytes was significantly

elevated by CDK9 overexpression while inhibited by CDK9 knockdown. In vivo,

inhibition of CDK9 shortened the time window of cardiac regeneration

after apical resection (AR) in neonatal mice, while overexpression of

CDK9 significantly promoted mature cardiomyocytes (CMs) to re-enter

the cell cycle and cardiac repair after myocardial infarction (MI) in adult
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mice. Mechanistically, CDK9 promoted cardiac repair by directly activating

SGK3 and downstream GSK-3β/β-catenin pathway. Consequently, our study

indicated that CDK9 might be a novel target for MI therapy by stimulating

myocardial regeneration.

KEYWORDS

myocardial regeneration, myocardial infarction, CDK9, cardiac repair, GSK-3β/β-
catenin pathway

Introduction

Myocardial infarction (MI) and subsequent heart failure
are the leading causes of morbidity and mortality in patients
with cardiovascular disease (CVD) worldwide (1). Therefore,
myocardial regenerative therapy for MI has become a research
hotspot in recent years, and the discovery of the neonatal
myocardial regeneration period provides a new theoretical basis
for studying endogenous myocardial regeneration (2). Neonatal
mice can achieve complete functional and structural repair
by endogenous myocardial regeneration within 7 days after
MI or apical resection (AR), but this ability is rapidly lost
(3). Therefore, the relevant studies based on the regulation of
the myocardial regeneration period can indicate the return of
mature cardiomyocytes (CMs) to the cell cycle after injury to
achieve myocardial regeneration and repair.

The cyclin-dependent kinases (CDKs) family has a
remarkable role in promoting proliferation. CDKs control
critical cell cycle checkpoints and transcriptional events in
response to extracellular and intracellular signals leading to
mammalian cell proliferation. The intervention of CDKs has
been a hot topic in cancer therapy, among which inhibitors
that block the activity of CDK4 and CDK6 enzymes (CDK4/6)
have been approved by the FDA to treat metastatic hormone
receptor-positive breast cancer (4). Positive cell cycle regulators
such as cyclin D1, CDK4/6, Rb, and E2F transcription factors are
highly expressed in fetal CMs but significantly down-regulated
in neonatal and adult CMs, consistent with postnatal CMs
cycle arrest (5). DiStefano et al. found that neonatal and adult
CMs could re-enter the cell cycle by knocking out endogenous

Abbreviations: SGK3, threonine-protein kinase 3; CDK9, cyclin-
dependent kinase 9; Co-IP, co-immunoprecipitation; P1, postnatal day
1; AR, apical resection; MI, myocardial infarction; CVD, cardiovascular
disease; CMs, cardiomyocytes; CDKs, cyclin-dependent kinases;
CDK4/6, CDK4 and CDK6 enzymes; HVSMCs, human vascular smooth
muscle cells; IACUC, Institutional Animal Care and Use Committee;
ICR, Institute of Cancer Research; SPF, specific pathogen-free; LVEF, left
ventricular ejection fraction; LVFS, left ventricular fraction shortening;
EdU, 5-ethynyl-2′-deoxyuridine; DAPI, 4′, 6-diamidino-2-phenylindole;
CTD, C-terminal domain; RNAP II, RNA polymerase II; IGF, insulin-like
growth factor; PPAR δ, peroxisome proliferator-activated receptor δ.

CDKs inhibitors (6). The results suggest that neonatal and adult
CMs can achieve proliferative capacity by regulating CDKs key
nodes. Recently, the combined expression of CDK1, CDK4,
cyclin B1, and cyclin D1 can induce nuclear replication and
division in mice, rats, and human cardiac muscle and achieve
cardiac proliferation through stable cytoplasmic separation (7).

The role of protein kinases in CVD has also gradually
gained attention (8, 9). Cyclin-dependent kinase 9 (CDK9)
is the most representative member of the CDKs family and
plays an essential role in the development and progression
of cardiac hypertrophy (10). Sano et al. found that the
expression of CDK9 was upregulated, and its activity
increased during myocardial hypertrophy, while chronic
activation of CDK9 led to heart failure in the myocardium
of adult mice (11). Besides, CDK9 could be a potential
biomarker of atherosclerosis, which significantly increases
in the serum of patients with CVD, and plays a vital role
in inflammatory diseases (12). In addition, CDK9 inhibitor
LDC000067 and siRNA-mediated CDK9 knockdown could
reverse low-density lipoprotein-induced inflammation and
phenotypic conversion from contractile to synthetic phenotypes
of human vascular smooth muscle cells (HVSMCs) by
inhibiting the NF-kB signaling pathway in HVSMCs (13).
As a core component of positive transcription elongation
factor b, CDK9 has been involved in differentiating
mice embryonic stem cells into CMs by interacting with
GATA4 (14).

Our previous study found that serine/threonine-protein
kinase 3 (SGK3) remains highly expressed during the neonatal
stage (myocardium with regenerative capacity), consistent with
the mammalian myocardial regenerative period. Additionally,
overexpression of SGK3 kinase induces proliferation of CMs by
mediating the GSK-3β/β-catenin signaling pathway, protecting
against myocardial I/R injury (9). In exploring the mechanism
of SGK3 in myocardial protection, we surprisedly found that
CDK9 and SGK3 directly bind, and CDK9 could act as the
upstream regulator of SGK3 expression, which may play a more
significant role in promoting CMs proliferation. Therefore,
CDK9 warrants further investigation of the relevant effects as
a therapeutic target on CMs proliferation in mammals.
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Materials and methods

Mice

Neonatal 1-day-old and 8-week-old mice were used in our
study. Institute of Cancer Research (ICR) mice were purchased
from the Animal Core Facility of Nanjing Medical University
and raised in the specific pathogen-free (SPF) environment with
12 h dark and 12 h light cycle. The mice were all healthy and had
free access to water and food. As shown below, mice received
AR at 1 day of age and MI at 8 weeks of age (All experiments
involving animals are carried out following the Guidelines for
the Use and Care of Laboratory Animals. All animal protocols
have been approved by the Animal Care and Use Committee of
Nanjing Medical University).

Apical resection and apical
intra-myocardial microinjection

AR surgery was performed on neonatal mice 1 day after
birth. P1 mice were anesthetized on an ice bed for 3–4 min.
The skin was cut from the left fourth intercostal space by
microsurgery. The heart was squeezed out of the chest by
pressing the abdomen of the mice. Surgical scissors were then
used to remove 10–15% of the apex tissue from the left
ventricle. After surgery, the heart was gently returned to the
chest, and the thoracic wall and skin incision were closed
immediately using 6-0 sutures. Finally, mice were placed on
the thermostat to recover their body temperature quickly and
put back into the cage after returning to normal activities.
The sham-operated mice were subjected to the same procedure
mentioned above without AR. All mice were sent to their
mothers after surgery. After the apex of the heart is partially
resected, Ad5: cTnT-CDK9i (The target sequence of shRNA
for mice CDK9 was 5′-GGTCACCAAGTACGAGAAACT-3′)
or Ad5: cTnT-CONi (the total amount of virus injected was
1∗109 PFU) was injected around the apex of the P1 heart by
a microsyringe with a 36G needle as we previously described
(15). Briefly, the virus dilution was pre-dyed by Trypan blue
and injected to the ventricular myocardium of AR border zone.
Blue staining of the marginal myocardium indicates a successful
intra-myocardial injection.

Myocardial infarction and apical
intra-myocardial microinjection

Male mice aged 8 weeks (P56) were anesthetized by
intraperitoneal injection of 1.2% Avertin (Sigma-Aldrich, St.
Louis, MO, United States) and artificially ventilated by a small
animal ventilator. Ophthalmic scissors were used to cut the

skin along with the left fourth costal space. The intercostal
muscles were bluntly separated by ophthalmic forceps and
then entered the chest to expose the left atrial appendage.
The LAD was ligated with a 6-0 suture needle from the
lowest margin of the left atrial appendage. Then the intercostal
muscle and skin incision were sutured layer by layer with
3-0 sutures. After the operation, the mice were placed on
the thermostat to wake up. The sham-operated mice were
subjected to the same procedure mentioned above without
MI. After LAD was ligated, adenovirus AAV9: cTnT-CDK9
or AAV9: cTnT-CON was injected around the apex of P56
using a microsyringe with a 36G needle as previously described
(15) (the total virus dose was 1.5∗109 v.g.). Briefly, the virus
dilution was pre-dyed by Trypan blue and injected into the
ventricular myocardium of the infarct border zone, defined as
the myocardial tissue 1 ∼ 2 mm away from the infarction edge.
Blue staining of the marginal myocardium indicates a successful
intra-myocardial injection.

Echocardiography

Cardiac function was determined by echocardiography
Vevo 2100 (VisualSonics, Ontario, CA, United States) following
AR/MI injury at the designed timepoint (1/22 day-post-AR,
n = 7; 4/28 day-post-MI, n = 8). After aligning the transverse
B-mode with the papillary muscles, cardiac function was
measured on M-mode images. The left ventricular contractile
function parameters (LVEF/LVFS) were automatically
calculated using the accompanying software.

Histological staining and assessment of
infarct size

For histological analysis, we collected and embedded the MI
(28 days post-MI) hearts in paraffin. Three sections of each heart
(5 µm for each slide, two adjacent slides interval of 200 µm)
were collected, starting from the apex to the base. The heart
slices were then used for Masson staining to visualize the scar
area. For scar size measurement, we measured the entire left
ventricle area and the scar area for each slice with Image J,
and the mean scar size of 3 slices was used as the scar size
(%) for each heart.

Neonatal primary cardiomyocytes
isolation, culture and transfection

Neonatal ICR mice hearts were harvested at 1 day old
(50–80 hearts each time). Neonatal hearts were chopped up,
then transferred to a sterile flask for digestion with 20 ml of
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the digestive solution containing 0.06 g/100 ml trypsin (Sigma,
United States) and 0.04 g/100 ml collagenase-II (Worthington,
OH, United States) for 6–7 min each time. Cycle digestion until
the myocardial tissue is completely digested into a cellular state.
The cell suspension was resuspended using DMEM containing
10% FBS and incubated in an incubator for 45 min to remove
cardiac fibroblasts. The remaining suspension was centrifuged
with Percoll liquid (3,000 rpm, 30 min, slowly rising and falling),
and the CMs of the middle layer were collected and cultured
in an incubator with 5% CO2 at 37◦C. After 24 h of culture,
non-adherent cells were washed, and the remaining cells were
cultured for another 24 h, then transfected with adenovirus for
different experiments. To investigate the role of CDK9 in CMs
and its effect on SGK3, we used the corresponding vector to
transfect CMs for 48 h.

Recombinant adenovirus

Recombinant adenovirus of CDK9, SGK3 (Ad5: cTNT-
CDK9, SGK3) and adenovirus of control (Ad5: cTNT-CON)
were designed by CMs specific cTNT promoter obtained
from GeneChem Company (Shanghai, China). Adenoviruses
carrying scrambled shRNA for mice CDK9, SGK3 (Ad5: cTNT-
CDK9i, SGK3i) and adenovirus of control (Ad5: cTNT-CONi)
were also purchased from GeneChem Company (Shanghai,
China). The adeno-associated virus type 9 (AAV9) is driven
by CMs specific cTNT promoter cTNT: 3Flag-CDK9 (AAV9:
cTNT-CDK9) and control adeno-associated virus type 9
(AAV9: cTNT-CON) were also purchased from GeneChem
Company (Shanghai, China). In neonatal primary CMs, the
MOI (multiplicity of infection) of the effective transfection dose
for viral transfection was 50 (9, 15).

RNA extraction and quantitative
real-time polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
The quantity and quality of RNA were determined by Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific). Then the
PrimeScript RT Master Mix kit (Takara Bio, Kusatsu, Japan) was
used to synthesize complementary DNA. Gene amplification
was performed in Roche LightCycler 96 using specific primers
and SYBR Green (Vazyme Biotech, Nanjing, China; Q131-02).
The relative expression of the target genes was normalized to
the expression level of 18S. The sequences of qRT-PCR primers
are as follows: 18S-F: TAACGAACGAGACTCTGGCAT,
18S-R: CGGACATCTAAGGGCATCACAG; CDK9-F:
TGAAGGCTGCGAATGTG, CDK9-R: GTTGGTGTATCGGT
TGGG.

Flow cytometry

At the required stage in vitro, primary neonatal mouse
cardiomyocytes were washed and cultured with PBS, then
0.25% EDTA-free trypsin was added and cultured in a 37◦C
incubator for 5 min to digest the cells. The digestion was
terminated with the complete medium containing 10% FBS;
the cells were centrifuged (1,200 rpm, 5 min), washed with
PBS and centrifuged again (1,200 rpm, 5 min). Afterward, the
cell masses were resuspended in 70% ethanol and 20 µM filter
dripping and fixing overnight at 4◦C. The cells were centrifuged
(1,200 rpm, 5 min), washed with PBS, and then centrifuged
again (1,200 rpm, 5 min). The cells were resuspended in
PI/RNase staining buffer (BD Biosciences, Franklin Lakes, NJ,
United States) and incubated in a 37◦C water bath for 40 min
for flow cytometry detection. The data is generated by BD
FACSVerse (Franklin Lakes, NJ, United States).

Immunofluorescence staining

Hearts were fixed with 4% paraformaldehyde overnight and
then embedded in paraffin. The paraffin-embedded hearts were
cut into 5 µm slices and boiled in antigen retrieval buffer for
10 min. Then, the slices were immersed in PBS containing
0.2% Triton X-100 for 15 min and blocked with 5% bovine
serum albumin for 2 h. Click-iT EdU imaging Kits (Thermo
Fisher), anti-Ki67 antibody (1:200, Abcam; Ab16667) and anti-
phosphorylation-histone 3 (pH3) antibody (1:200, CST; 9701)
were used to culture with slices to identify cell cycle activity.
Anti-troponin T (cTNT, 1:200, Abcam; Ab8295) was used to
label CMs and Hoechst to label nuclei. Wheat germ agglutinin
(WGA) staining (Thermo Fisher; w32466) was performed to
stain the cell membrane. In vitro, neonatal mice CMs grown
on 24-well plates were fixed with 4% paraformaldehyde for
30 min. After being blocked with 10% goat serum for 1 h, 5-
ethynyl-2′-deoxyuridine (EdU), Ki67, and pH3 staining were
performed. cTnT or a-Actinin were used to label CMs, and 4′, 6-
Diamidino-2-phenylindole (DAPI) to label nuclei. Quantitative
data were obtained by confocal microscopy (Zeiss, Oberkochen,
Germany) and Carl Zeiss Microscopy (Jena, Germany). To
detect CM proliferation, we calculated the number of EdU+,
Ki67+, and pH3+ cardiomyocytes in the whole infarct border
zone and their proportions in all border CMs.

Western blot

For Western blot analysis, heart tissues or cells were lysed
with lysis buffer (including 0.5% PMSF, 0.1% protease inhibitor,
and 1% phosphatase inhibitor) (GeneChem, Shanghai, China).
Cytoplasmic extracts and nuclear extracts were prepared using a
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nuclear and cytoplasmic extraction reagent kit (Thermo Fisher,
United States). After determining the protein concentration by
BCA Protein Assay, equal amounts of proteins were separated in
SDS-PAGE gels and electro-transferred onto PVDF membranes
(Millipore). And the membranes were incubated overnight
at 4◦C with primary antibodies (here, add specific primary
antibody information) after blocking with bovine serum
albumin (BSA). After washing three times for 30 min with TBST,
membranes were cultured with the secondary antibodies diluted
in blocking buffer for 2 h at room temperature. Quantification of
band intensity was performed using Image J software (National
Institutes of Health, Bethesda, MD, United States).

Pull-down assay and mass
spectrometry

The CMs treated with Ad5: cTNT-SGK3 were collected and
lysed using RIPA lysis buffer (Beyotime, China). After detecting
the concentration, the protein solution was divided into two
groups and incubated overnight with IgG or SGK3 antibody at
4◦C. The protein-antibody complex was captured using agarose
beads (Millipore Corp., United States) for 4 h of rotation. SDS-
PAGE was then used to separate the target proteins, and silver
staining was used to identify the different bands between the
two groups. The eluted protein solutions were analyzed through
mass spectrometry analysis (Wuhan Genecreate Biological
Engineering Co., Ltd.) using LC-MS/MS (ekspertTMnanoLC;
AB Sciex TripleTOF 5600-plus) instrument.

Co-immunoprecipitation

For the Co-IP assay, the Ad5: cTNT-SGK3 transfected CMs,
neonatal and adult myocardial tissue were collected and lysed
using RIPA lysis buffer (Beyotime, China). The proteins were
incubated with SGK3 or CDK9 antibody overnight at 4◦C. The
protein-antibody complex was captured using PureProteomeTM

Protein A Magnetic Beads (Millipore Corp., United States)
for 4 h of rotation. Then wash twice with RIPA lysis buffer
and centrifugate to obtain the residue. Finally, the complex
with loading buffer was boiled for 10 min and analyzed
by Western blot.

Statistical analysis

All data were statistically analyzed using SPSS 22.0 (IBM,
Armonk, NY, United States) and expressed as mean ± SEM.
The unpaired Student t-test was used to assess the statistical
difference between the two groups. Comparisons between
multiple groups were performed using either one-way ANOVA
(using the Tukey multiple comparison test) or two-way

ANOVA (using the post hoc Sidak test) to determine statistical
differences. The results with P-values < 0.05 were considered
statistically significant.

Results

CDK9 interacts with SGK3 and
enhances SGK3 activity

Our previous study found and verified the critical role of
SGK3 in promoting endogenous cardiomyocyte proliferation
via the GSK-3β/β-catenin pathway. To unravel the upstream
signals of SGK3, we first selected 26 proteins detected to
directly bind to SGK3 by pulldown and mass spectrometry
analysis of SGK3 (Supplementary Figure 1 and Supplementary
Tables 1, 2). Combined with previous studies, we screened
out CDK9 as a potential SGK3-interacted kinase (Figure 1A).
To verify the relationship between SGK3 and CDK9, we used
IgG and SGK3 as baits to perform co-IP experiments in H9C2
cell lines and neonatal mice CMs, respectively. We detected
significant CDK9 expression in the SGK3 group (Figures 1B,C).
Given the high expression of CDK9 in neonatal hearts, we
performed supplementary co-IP in P1 mice myocardium and
obtained the same results (Figure 1D). Furthermore, the co-
immunofluorescence images also indicated that CDK9 and
SGK3 co-localized in the cytoplasm in the P1 myocardium
(Figure 1E). Next, to clarify the exact relationship between
SGK3 and CDK9, we overexpressed SGK3 or CDK9 in neonatal
mice CMs, respectively. The results showed that overexpression
of CDK9 could increase the phosphorylation activity of SGK3,
while the intervention of SGK3 had no significant effect on the
expression level and activity of CDK9 (Figures 1F,G).

Expression pattern of CDK9 correlates
with myocardial regeneration

To verify whether CDK9 plays a vital role in myocardial
regeneration in mice, we first examined the expression levels of
CDK9 in myocardial tissues during the embryonic and postnatal
period. The results showed that CDK9 was highly expressed
during embryonic and 3 days after birth. While the expression
level rapidly decreased after 7 days of life and was almost
undetectable in the adult stage. This expression pattern matched
the myocardial regeneration period (2, 3) (Figures 2A,B). In
addition, we constructed AR in neonatal mice at P1 and found
that CDK9 expression was significantly higher by western blot
at P7 (Figures 2C,D). Next, to further reveal the expression
characteristics of CDK9 from the dimension of time and space,
we found by nucleocytoplasmic separation and western blot
that CDK9 was markedly distributed in both the nucleus and
cytoplasm, and the expression level was significantly higher at
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FIGURE 1

CDK9 interacts with SGK3 and enhances SGK3 activity. (A–D) Silver staining of a gel showing SGK3 and the control IgG pulldown proteins
(CDK9, 42 kDa, red arrow) (A). Co-immunoprecipitation reveals that CDK942 interacts with SGK3 in the H9C2 cell line (B), neonatal CMs (C), and
P1 heart (D). (E) Co-localization of SGK3 and CDK9 in neonatal myocardium was detected by immunofluorescence. (F) SGK3, phosphorylated
(p-) CDK9 and CDK9 proteins were detected by Western blot in CMs transfected with Ad5: cTnT-SGK3 (MOI = 50). (G) CDK9, SGK3 Thr320 and
SGK3 proteins were detected by Western blot in CMs transfected with Ad5: cTnT-CDK9 (MOI = 50). CMs indicate cardiomyocytes, MW indicates
molecular weight, MOI indicates a multiplicity of infection; statistical significance was calculated with the unpaired Student t-test; data are
presented as mean ± SEM, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001.

P1 day than P56 day. While the SGK3, as we previously revealed,
was mainly distributed in the cytoplasm (Figure 2E).

CDK9 regulates cardiomyocytes
proliferation in vitro

Based on the importance of CMs proliferation in myocardial
regeneration, we next isolated and purified primary CMs in vitro

and verified the effect of CDK9 on CMs proliferation. We
first demonstrated the transfection efficiency of Ad5: cTNT-
CDK9i, Ad5: cTNT-CON and Ad5: cTNT-CDK9 in CMs via
western blot and qRT-PCR (Figures 3A,B). Then we used
immunofluorescence to detect cell proliferation indicators,
such as EdU (DNA synthesis), Ki67 (cell cycle activity)
and pH3 (mitosis). The results showed that overexpression
of CDK9 could improve the proliferative capacity of CMs
(Figures 3C–E), while knockdown of CDK9 impaired the
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FIGURE 2

Expression pattern and subcellular localization of CDK9. (A) CDK9 proteins of ventricular myocardium detected by western blot in P1–P56 mice.
(B) mRNA expression levels of CDK9 in embryo and P1–P56 mice. (C) CDK9 proteins of ventricular myocardium detected by western blot in P7
and P7-AR mice. (D) mRNA expression levels of CDK9 in P7 and P7-AR mice. (E) SGK3 and CDK9 proteins of ventricular myocardium in P1 and
P56 mice submitted to nucleocytoplasmic fractionation. MW indicates molecular weight, AR indicates apical resection; statistical significance
was calculated with the unpaired Student t-test; data are presented as mean ± SEM, ∗P ≤ 0.05, ∗∗∗P ≤ 0.001; each dot indicates a biological
replicate.

proliferation ability of CMs (Figures 3F–H). In addition, flow
cytometry analysis results also indicated that the proportion
of G1-phase CMs decreased and S-phase and G2-phase CMs
significantly increased after CDK9 overexpression, which was
contrary in the CDK9 knockdown group (Figure 3I).

CDK9 knockdown impairs myocardial
regenerative repair after apical
resection in neonatal mice

To validate the effect of CDK9 on myocardial regenerative
repair in neonatal mice, we performed AR surgery on P1
mice. Normal neonatal mice can recover entirely after AR
surgery because of their active CMs proliferation capacity
(2). We took intra-myocardial injections of Ad5: cTNT-CDK9

RNAi or Ad5: cTNT-CONi after AR surgery in neonatal mice.
Premixed EdU solution was intraperitoneally injected 4 days
after AR (5 µg/mouse diluted in PBS). Western blot analysis
at 6 days after surgery showed that the CDK9 expression level
in the AR + CDK9i group was significantly lower than in
the AR + CONi group (Figure 4A). Besides, cell proliferation
staining (EdU, Ki67, and pH3) of apical region tissues from the
two groups revealed that the proliferation efficiency of CMs in
the AR + CDK9i group was significantly lower than that in the
AR + CONi group (Figures 4B–D). Masson staining at 22 days
after surgery showed that the degree of myocardial fibrosis in
the AR + CONi group was significantly lower than that in the
AR + CDK9i group (Figure 4E). To verify the effect of CDK9
knockdown on postoperative cardiac function in neonatal mice,
we performed echocardiography in the two groups of mice
at 1 and 22 days after AR surgery. The results showed that
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FIGURE 3

CDK9 promotes cardiomyocyte (CM) proliferation in vitro. (A) Knockdown and overexpression of CDK9 proteins confirmed by western blot in
neonatal CMs treated with Ad5: cTnT-CON, Ad5: cTnT-CDK9 or Ad5: cTnT-CDK9 RNAi. (B) Knockdown and overexpression of CDK9 mRNA
confirmed by qRT-PCR. (C–E) CM proliferation quantified in neonatal CMs transfected with Ad5: cTnT-CON or Ad5: cTnT-CDK9 by
immunofluorescence for DNA synthesis (C), cell-cycle activity (D), and mitosis (E) (n = 6). (F–H) CM proliferation was quantified in neonatal CMs
treated with Ad5: cTnT-CDK9 RNAi by immunofluorescence for DNA synthesis (F), cell-cycle activity (G), and mitosis (H) (n = 6). (I) CM cell cycle
activity was detected by flow cytometry analysis after transfected with Ad5: cTnT-CON RNAi, Ad5: cTnT-CDK9, or Ad5: cTnT-CDK9 RNAi (CDK9i)
(n = 3). White arrows in representative pictures point to the proliferating CMs; scale bars, 20 µm; CMs indicate cardiomyocytes, MW indicates
molecular weight; statistical significance was calculated with the unpaired Student t-test; data are presented as mean ± SEM, ∗P ≤ 0.05,
∗∗P ≤ 0.01, ##P ≤ 0.01, ∗∗∗P ≤ 0.001; each dot indicates a biological replicate.
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FIGURE 4

CDK9 knockdown impairs myocardial regeneration after AR in neonatal mice. (A) CDK9 protein of ventricular myocardium in neonatal mice
injected Ad5: cTnT-CON RNAi or Ad5: cTnT-CDK9 RNAi (CDK9i) after AR surgery detected by western blot at 6 days after surgery. (B–D) CM
proliferation in neonatal myocardial tissue after intra-myocardial injection with CDK9i or CONi quantified by immunofluorescence for DNA
synthesis (B), cell-cycle activity (C), mitosis (D) (n = 3). (E) Comparison of scar size by Masson staining between the CONi and CDK9i groups at
22 days after AR surgery (n = 6). (F) LVEF and LVFS in P1 AR mice at 1 and 22 days after CDK9i or CONi injection was detected by
echocardiography (n = 8). (G) Overall survival rate in neonatal mice from AR + CONi and AR + CDK9i groups (n = 15). Scale bars, 500 µm; CM
indicates cardiomyocyte, MW indicates molecular weight; statistical significance was calculated with the unpaired Student t-test; data are
presented as mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001; each dot indicates a biological replicate.
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myocardial systolic function was impaired in both groups of
mice at 1 day after surgery (LVEF: AR + CONi: 76.78± 1.772%,
AR + CDK9i: 79.10 ± 1.143%, p = 0.724; LVFS: AR + CONi:
42.50 ± 1.549%, AR + CDK9i: 44.34 ± 1.186%, p = 0.755). In
contrast, the recovery of cardiac function in the CDK9i group
was significantly worse than in the CONi group at 22 days after
surgery (LVEF: AR + CONi: 72.93 ± 0.851%, AR + CDK9i:
66.02± 2.160%, p = 0.0056; LVFS: AR + CONi: 41.28± 0.706%,
AR + CDK9i: 35.97 ± 1.592%, p = 0.0034) (Figure 4F). The
overall survival rate was similar between the AR + CONi and
AR + CDK9i groups (Figure 4G).

CDK9 overexpression promotes
myocardial regenerative repair after
myocardial infarction in adult mice

To explore the effect of CDK9 on injury repair and
CMs proliferative capacity after MI in adult mice, we
orthotopically injected AAV9: cTNT-CDK9 or AAV9: cTnT-
CON at the same time after ligation of LAD in adult
mice. We harvested samples 14 days after injection to
verify successful CDK9 overexpression via western blot
(Figure 5A). The heart size, heart weight/body weight ratio,
and CM size were similar between the MI + AAV9: cTnT-
CON and MI + AAV9: cTnT-CDK9 groups (Figures 5B,C).
Then we confirmed the proliferation efficiency of CMs in
the infarct border zone by immunofluorescence staining,
which showed that the proliferative activity of CMs in the
infarct border zone was significantly higher in the CDK9
overexpression group relative to the MI + AAV9: cTnT-
CON group (Figures 5D,E). Meanwhile, Masson staining at
28 days after operation showed that the area of fibrosis in
the infarct area was significantly ameliorative in the CDK9
overexpression group than in the CON group (Figure 5F).
In addition, the results of echocardiography at 28 days after
surgery showed that cardiac function (LVEF and LVFS) and
structure (LV Mass and LV Vol d/s) was significantly improved
in the CDK9 overexpression group (LVEF: 57.04 ± 8.80%;
LVFS: 29.83 ± 5.75%) than in the CON group (LVEF:
43.94 ± 6.46%, p = 0.008; LVFS: 21.95 ± 3.75%, p = 0.010)
(Figure 5G). The overall survival rate was similar between
the MI + AAV9: cTnT-CON and MI + AAV9: cTnT-CDK9
groups (Figure 5H).

CDK9 activates SGK3 and promotes
cardiomyocytes proliferation via the
GSK-3β/β-catenin pathway in vitro

Based on our previous results, we have verified the binding
of SGK3 and CDK9 and the effect of CDK9 on myocardial

FIGURE 5

CDK9 overexpression promotes myocardial regeneration after
MI in adult mice. (A) CDK9 protein of ventricular myocardium in
adult mice injected with AAV9: cTnT-CDK9 or AAV9: cTnT-CON
after MI detected by western blot (MI + CDK9 or MI + CON).
(B) Left: cardiac morphology in adult mice subjected to
MI + CDK9 or MI + CON at 14 dpi. Right: heart weight/Body
weight (HW/BW) ratio in adult mice subjected to MI + CDK9 or
MI + CON at 14 dpi (n = 6). (C) CM size in adult mice subjected
to MI + CDK9 or MI + CON at 14 dpi was detected by wheat
germ agglutinin (WGA) immunofluorescence (n = 6). (D,E) CM
proliferation in adult myocardial tissue subjected to MI + CDK9
or MI + CON quantified by immunofluorescence for mitosis (D)
and cell-cycle activity (E) (n = 6); white arrows point to the
proliferating CMs. (F) Comparison of scar size by Masson
staining between the CON and CDK9 groups at 28 days after MI
(n = 6). (G) LVEF, LVFS, LV Mass and LV Vol d/s in adult MI mice at
4 and 28 days after CDK9 injection was detected by
echocardiography (n = 7). (H) Overall survival rate in adult mice
from MI + CON and MI + CDK9 groups (n = 14). Scale bars,
20/50 µm; CM indicates cardiomyocyte, MW indicates

(Continued)

Frontiers in Cardiovascular Medicine 10 frontiersin.org

6566

https://doi.org/10.3389/fcvm.2022.970745
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-970745 August 17, 2022 Time: 21:46 # 11

Sun et al. 10.3389/fcvm.2022.970745

FIGURE 5 (Continued)

molecular weight, IZ indicates infarct zone, IBZ indicates
infarcted border zone (<2 mm outside IZ); statistical significance
was calculated with the unpaired Student t-test; data are
presented as mean ± SEM, ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001;
each dot indicates a biological replicate.

repair. Also, previous studies have shown that GSK-3β, β-
catenin and cyclin D1 are downstream key targets of SGK3 (9).
To further verify the effect of CDK9-SGK3 and its downstream
signaling on proliferation in neonatal CMs, we examined
relevant downstream including SGK3 after overexpression of
CDK9 and found that overexpression of CDK9 significantly
increased the phosphorylation levels of SGK3, significantly
activated the phosphorylation site of GSK-3β at Ser9, and
upregulated β-catenin and cyclin D1 expression (Figure 6A).
Next, to verify whether CDK9 promotes CMs proliferation
by regulating SGK3, we first examined the effect on CMs
by intervening with CDK9 and SGK3 expression via western
blot (Figure 6B). The immunofluorescence experiment showed
that overexpression of CDK9 could promote CMs proliferation
in vitro, and inhibition of SGK3 could weaken CMs proliferation
ability. In contrast, simultaneous inhibition of SGK3 could
partially attenuate the effect of CDK9 on CMs proliferation
efficiency (EdU, Ki67, and pH3) (Figures 6C–E).

CDK9 regulates myocardial repair
through SGK3/GSK-3β/β-catenin axis
in vivo

After validating SGK3 as a critical target mediating
CDK9 facilitated CMs proliferation in vitro, we needed
to verify whether SGK3 mediated the function of CDK9
in promoting myocardial regenerative repair in vivo. We,
therefore, constructed the mice AR model and orthotopically
injected Ad5: cTNT-CDK9i simultaneously overexpressing
SGK3. We first examined the effect on the myocardium by
intervening with both CDK9 and SGK3 expression via western
blot (Figure 7A). And the immunofluorescence results showed
that the regenerative capacity of neonatal myocardium after
AR was significantly impaired by CDK9 knockdown whereas
partially alleviated by simultaneous SGK3 overexpression
(Figures 7B–D).

Research pattern diagram

Our experimental results indicate that CDK9 drives CMs
cycle activity in mice myocardium and promotes CMs
proliferation and myocardial repair by directly binding to and
activating SGK3 and its downstream signaling (Figure 8).

Discussion

The neonatal mammalian heart maintains regenerative
capacity for a transient window, which declines rapidly after
birth (16). The loss of the proliferative capacity of CMs
involves alterations in gene expression and the activity of
core regulatory components. SGK3 is a functional kinase we
previously discovered and can promote CMs proliferation
and cardiac repair after MI, while the underlying mechanism
remains unknown (9). To uncover the upstream signals that
regulate SGK3 and identify more potent key factors regulating
myocardial regeneration, we performed a pulldown assay and
mass spectrometry analysis of SGK3. We found CDK9 may
have a pivotal role in CMs proliferation via interacting with
SGK3. Therefore, CDK9 is expected to be a potential therapeutic
target that can promote myocardial regeneration and repair by
regulating SGK3.

It was reported that long-term overexposure to CDK9
may result in pathological cardiac hypertrophy; thus, CDK9
inhibitors have been investigated as new targets for treating
hypertrophic cardiomyopathy (10). It is known that moderate
hypertrophy of the myocardium after birth is regarded as a
signature of myocardial maturation. Besides, recent studies
have suggested that the proliferation and maturation of CMs
are two sides of the same coin for myocardial regeneration,
and the regulatory mechanisms of CMs proliferation and
maturation have certain analogies: HIF1α can not only
stimulate postnatal CMs to re-enter the cell cycle, but
also promote CMs hypertrophy (17). Likewise, Igf1r is also
thought to play an essential role in cardiac development
and regenerative repair (18). Myocardial proliferation and
physiological hypertrophy, as the crossroads of myocardial
development and maturation, turn left or right, or even
simultaneously, which is indeed an exciting truth to be
further revealed (19). CDK9, which can regulate myocardial
maturation, can also be used to explore the function of
myocardial proliferation.

Gianfranco Matrone et al. showed that CDK9 plays a
critical role in early cardiac development and CMs proliferation
in zebrafish, and inhibition of CDK9 dephosphorylates its
target site on the C-terminal domain of RNA polymerase
II, thereby preventing regenerative repair after myocardial
injury (20). Inhibition of CDK9 impairs the accumulation
of neutrophils after injury and inhibits the recruitment of
macrophages, thus hindering the repair of zebrafish heart
damage. In contrast, transient inhibition of CDK9 can show
positive effects (2-h window period) (21). In this study, we found
that the expression pattern of CDK9 was consistent with the
gradual loss of myocardial regenerative capacity in vivo, so we
speculated that CDK9 might be a key regulator of myocardial
regeneration. Our results indicated that the inhibition of
CDK9 blocked CMs proliferation and myocardial repair after
injury in neonatal mice. Exogenous overexpression of CDK9
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FIGURE 6

CDK9 regulates myocardial regeneration and repair through SGK3/GSK-3β/β-catenin axis in vitro. (A) p-SGK3, p-GSK3β, β-catenin and cyclin D1
proteins of ventricular myocardium in adult mice injected with Ad5: cTnT-CDK9 (CDK9) after MI detected by western blot. (B) p-SGK3, p-GSK3β,
β-catenin and cyclin D1 proteins of neonatal CMs were detected by western blot after being transfected with CDK9 and/or Ad5:SGK3 RNAi
(SGK3i). (C–E) CM proliferation is quantified by immunofluorescence for DNA synthesis (C), cell-cycle activity (D), and mitosis (E) in CMs
transfected with CDK9 and/or SGK3i (n = 6). Scale bars, 20 µm; CMs indicate cardiomyocytes, MW indicates molecular weight; statistical
significance was calculated with the unpaired Student t-test; data are presented as mean ± SEM, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001; each dot
indicates a biological replicate.

significantly promoted CMs proliferation and regenerative
repair in adult mice after MI.

CDK9 exists in two isoforms, the identified initially and
more abundant one of 42kDa and the less abundant one of
55 kDa, the latter having an additional 117 aa at its N-terminus

(22). These two isoforms are transcribed from the same CDK9
gene but are composed of two different promoters. They are
located more than 500 bp apart on the CDK9 gene, of which the
42 kDa promoter is significantly more potent than the 55 kDa
one (23). The expression of these two isoforms is differentially
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FIGURE 7

CDK9 regulates myocardial regeneration and repair through
SGK3/GSK-3β/β-catenin axis in vivo. (A) p-SGK3, p-GSK3β and
β-catenin proteins in neonatal myocardial tissue after
intra-myocardial injection with Ad5: cTnT-CDK9 RNAi (CDK9i)
and/or Ad5: cTnT-SGK3 (SGK3) after AR detected by western
blot. (B–D) CM proliferation in neonatal AR myocardial tissue
after intraperitoneal injection with CDK9i and/or SGK3
quantified by immunofluorescence for DNA synthesis (B),
cell-cycle activity (C), mitosis (D) (n = 3). Scale bars, 50 µm; CMs
indicates cardiomyocytes, AR indicates apical resection, MW
indicates molecular weight; statistical significance was
calculated with one-way ANOVA; data are presented as
mean ± SEM, **P ≤ 0.01, ***P ≤ 0.001; each dot indicates a
biological replicate.

regulated in a signal-dependent and cell-type-specific manner.
This study examined the expression of the two isoforms
of CDK9 in primary CMs and myocardium under various
physiological and pathological conditions. We found that the
42 kDa isoform plays a significant role in CMs proliferation.
The classical part of CDK9 performs biological functions in
the nucleus; CDK9 and cyclin T form a P-TEFb complex,

which facilitates the transition from abortive to productive
elongation by phosphorylating the CTD (C-terminal domain)
of the large subunit of RNA polymerase II (RNAP II) POLR2A,
SUPT5H and RDBP (22). CDK9 also regulates cytokine-induced
transcriptional networks by promoting promoter recognition
of target transcription factors (e.g., TNF-induced RELA/p65
activation and IL-6-induced STAT3 signaling), and plays a
vital role in the genetics of cell growth, differentiation, and
viral pathogenesis to promote RNA synthesis (4). However,
little is known about the function of CDK9 in the cytoplasm,
and the different subcellular localization of CDK9 is bound
to mediate different modes of procedure. In the study of
Zhao et al., function-guided proximity mapping unveils non-
enzymatic PTMs in their non-canonical locales. CDK9 is
hydroxynonenylated only in the cytoplasm and performs cross-
compartment signaling (24).

This study demonstrates that CDK9 and SGK3 bind
directly in the cytoplasm, and SGK3 is structurally highly
homologous to AKT and can also regulate GSK-3β/β-catenin
signaling (25). Activation of GSK-3β/β-catenin signaling is
generally considered to be a common downstream pathway
driving CMs proliferation and inhibiting CMs apoptosis (26,
27). In addition, our previous studies found that SGK3
can promote the recovery of cardiac function by inhibiting
apoptosis. Therefore, the myocardial protective effect of CDK9
could be partly due to the inhibition of apoptosis by SGK3
(9). Previous studies have shown that Hippo/Yap, insulin-
like growth factor (IGF), peroxisome proliferator-activated
receptor δ (PPAR δ), neuregulin, and ERBB2 pathways are
all involved in mediating the enhancement of downstream β-
catenin signaling to stimulate CMs proliferation (28–31). GSK-
3β/β-catenin pathway, as a part and essential loop of the Wnt
signaling pathway, any intervention of arbitrary targets on this
pathway could have a cascade amplifying effect on the target
genes of the Wnt signaling pathway (32). Therefore, the further
exploration of the relevant upstream signal initiators, such as
Wnt ligands and Frizzled receptors, could bring more insights
into the function of CDK9 in crosstalk between cardiomyocytes
and other types of cells.

Moreover, we found that CDK9, as the upstream of SGK3,
plays a critical role in promoting myocardial proliferation
and cardiac repair after MI by activating the SGK3/GSK-
3β/β-catenin pathway and even stimulates more pronounced
CMs proliferation than SGK3. Notably, although our current
findings suggest a positive effect of CDK9 on myocardial
regenerative repair, appropriate treatment should be short-
term and myocardial-specific, given the oncogenic property of
CDK9. Myocardial regeneration is a holistic and dynamically
regulated process, CMs proliferation is key to regenerating
the lost myocardium following injury, which seems to be
able to shape the cardiac microenvironment through the
autonomous drive to achieve complete repair after injury (33,
34). Therefore, cardiomyocyte proliferation may play a guiding
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FIGURE 8

Research pattern diagram. Model depicting CDK9 binds to SGK3 and activates SGK3 and its downstream GSK-3β/β-catenin/cyclin D1 pathways
to regulate the CM cycle activity, promoting CM proliferation and myocardial regeneration (CMs indicate cardiomyocytes).

or triggering role in the process of myocardial regenerative
repair, which needs further work to verify. Additionally,
CDK9 inhibitors are widely used in clinical tumor treatment.
The undesirable cardiotoxicity caused by CDK9 treatment
requires extra vigilance, as the death of patients receiving
targeted therapy is not limited to tumor occurrence and
metastasis but fatal cardiovascular complications such as
severe heart failure and malignant arrhythmia (35). Therefore,
strategies targeting CDK9 would be cardio-oncology new
research directions.

Conclusion

Our study indicated that the expression pattern of CDK9
conforms to the changing trend of the mammalian myocardial
regeneration period, and can interact with SGK3 to mediate
cardiac repair and recovery after injury in the neonatal and
adult heart through the GSK-3β/β-catenin pathway. The present
work extends our knowledge of the kinase regulation in
myocardial regeneration and indicates that targeting CDK9
and downstream signals might provide novel therapeutic
implications in ischemic heart disease.
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Cardiovascular disease (CVD) remains the number one cause of death

worldwide. Ischemic heart disease contributes to heart failure and has

considerable morbidity and mortality. Therefore, alternative therapeutic

strategies are urgently needed. One class of epigenetic regulators known

as pioneer factors has emerged as an important tool for the development

of regenerative therapies for the treatment of CVD. Pioneer factors bind

closed chromatin and remodel it to drive lineage specification. Here,

we review pioneer factors within the cardiovascular lineage, particularly

during development and reprogramming and highlight the implications

this field of research has for the future development of cardiac specific

regenerative therapies.
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Introduction

Cardiovascular disease is the number one cause of death in the U.S and worldwide.
Vascular and cardiac disease results in considerable morbidity and mortality (1, 2).
The only curative disease for end-stage cardiovascular disease is orthotopic heart
transplantation (3).While it is estimated that more than 100,000 Americans could benefit
from cardiac transplantation, only 3,000 to 3,500 recipients receive such therapy due to
limited donor organ availability (4). Therefore, new therapies are warranted.

Reprogramming of lineages has received intense interest and several outstanding
reviews are available and provide a comprehensive overview of the field (5, 6). This field
had its genesis, in part, based on the discovery of master regulators—those factors that
promote lineage specific gene expression when overexpressed in somatic cells such as
fibroblasts (6). These assays were referred to as conversion assays and the first master
regulator to be described wasMyod and its family members (7). Subsequently, more than
200 master regulators have been described and their functional roles have been explored
using gene disruption technologies (8).
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While the role(s) of master regulators focused primarily on
their ability as transcription factors to govern lineage specific
gene expression, pioneer factors function to bind nucleosomal
DNA and relax the chromatin landscape upstream of lineage
specific genes (6, 8, 9). In this fashion, pioneer factors reside
at the very top of the hierarchical molecular cascade. Moreover,
there are only a limited number of rigorously defined pioneer
factors (9). Here, we highlight the criteria necessary for inclusion
as a pioneer factor, we provide an overview of the field itself and
highlight the role andmechanisms of pioneer factors that govern
the cardiovascular field.

Coordinated role of networks and
lineage specification during
cardiovascular development

Cardiovascular development is a well-coordinated and
complex process that requires the specification, proliferation,
migration and differentiation of progenitor cells that become
coupled to form a functional syncytium within the heart (10–
14). Progenitor cells arising from the mesodermal germ layer
form the early cardiac crescent and fuse to form the linear
heart tube. Progenitor cell populations and their derivatives
contribute to the first and second heart fields. These respective
progenitor cell populations contribute to distinct structures
within the mature heart, and are combinatorily regulated by
distinct and overlapping transcriptional networks (15). Stage
specific transcription factors and signaling pathways have
been defined and function as key regulators of cardiovascular
development. As previously outlined, master regulatory genes
govern the transcriptional cascades and direct cellular lineages
during differentiation and cellular reprogramming. However,
within this group of master regulators, a small subset of
transcription factors known as pioneer factors, have the unique
capacity to bind and remodel silent and compacted regions of
chromatin (nucleosomal DNA) to drive the expression of lineage
specific genes that allow for development and reprogramming
to occur (Figure 1). Due to their unique capacity to bind
nucleosomal DNA and drive lineage development, pioneer
factors have been shown to be critical factors for regenerative
sciences and cancer biology.

Role of master regulators during
development

Essential transcription factors, known as master regulators,
regulate cell fate and lineage commitment development. These
master transcription factors regulate lineage commitment
events, and can convert/reprogram cells (fibroblasts) to specific
lineages (8, 16). In addition to the MYOD family, other
prototypic master regulators include Pdx1, an important

regulator of pancreas development (17). Global knockout of
Pdx1 in the mouse results in the absence of the pancreas and
similar to MYOD, ectopic overexpression of PDX1 converts
somatic cells to pancreatic acinar cells (18, 19). Other master
regulators have been identified for each lineage including (but
not limited to): MESP1, MYF5, NEUROD, ASCL1/MASH1,
GATA2, GATA4, PAX3, PAX7, FOXO, FOXA, SCL/TAL1, HIF1
and others (7, 17, 20–24). These lineage specific transcription
factors or master regulators are essential for the different
combinations of reprogramming factors used to develop organ
specific cellular therapies (6). Among these master regulators,
a subset of transcription factors known as pioneer factors,
initiate lineage specific regulatory events to open up or relax
compacted (heterochromatic) DNA to govern developmental
and reprogramming processes (6, 25, 26) (Figure 1).

Role of pioneer factors during
lineage specification

Pioneer factors are a specialized group of lineage-specific
transcription factors that bind heterochromatic regions of
DNA to promote chromatin relaxation and recruit non-pioneer
transcription factors for lineage development or reprogramming
to occur (Figure 1) (9, 25, 26). This important functional
role is due to their unique capacity to scan heterochromatin,
recognize partial (non-canonical) DNA motifs that are exposed
on the surface on nucleosomes and bind to them. The
complexes that are formed (chromatin remodeling and non-
pioneer factors) following the binding of a pioneer factor
are context dependent (i.e., cell type specific) and serve to
dictate the diverse mechanisms whereby pioneer factors can
regulate lineage specification and development. Pioneer factors
were discovered with the dissection and definition of the
mechanisms whereby liver specific regulatory complexes were
bound to heterochromatin early during development (27,
28). These studies identified FOXA1 as the first prototypical
pioneer factor that regulates hepatic lineage specification during
early embryonic development (Table 1) (25, 29). A distinct
feature regarding FOXA1 is that its DNA binding domain
(forkhead/winged helix domain) shares a similar structure to
that of linker histones, which enables this pioneer transcription
factor to displace linker histones from nucleosomes to remodel
chromatin and promote liver development (30, 31). The
discovery of FOXA1 as a pioneer factor has led to the
identification and characterization of other pioneer factors
(Table 1). Perhaps, the most recognized examples of pioneer
factors are OCT4, SOX2 and KLF4 (OSK), which promote
the reprogramming of terminally differentiated fibroblasts to
induced pluripotent stem cells (iPSCs) (32, 33). While c-MYC
is also necessary for the reprogramming process of fibroblasts
to iPSCs, unlike OSK, which can bind partial DNA motifs in
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FIGURE 1

Pioneer factors drive lineage specification. Schematic model depicting the function of pioneer transcription factors during cellular lineage

specification. Pioneer factors initially bind to nucleosomal DNA and then remodel chromatin by themselves or by recruiting a chromatin

remodeling factor. These steps lead to the activation of gene expression and changes to the epigenetic landscape surrounding the DNA binding

sites of the pioneer factor.

TABLE 1 Pioneer factors with established properties.

Pioneer Lineage (cell) Nucleosome

binding

Chromatin

remodeling

Transcription

factor cooperation

Ref.

ASCL1 Neuron Yes Yes BRN2 (126–129)

C/EBPα Macrophage Yes Yes PU.1 (119)

EBF1 B cell Yes Yes PAX5 (117, 118)

ETV2 Endothelial cell Yes Yes ELK3 (37)

FOXA1, FOXA2 Liver/Pancreas/Hormone

dependent

Yes Yes GATA4,C/EBPβ,HNF4α

/GATA6/Nuclear

receptors

(29, 31, 130–

137)

FOXH1 Mesendoderm Yes Yes - (138)

GRHL1, GRHL2, GRHL3 Epithelial cell Yes Yes - (139, 140)

GAF Zygote Yes Yes - (141)

ISL1 Cardiac progenitor cell Yes Yes GATA4 (44)

KLF4 iPS cells Yes Yes MYC (32, 33, 142)

MYOD1 Myoblast Yes Yes - (7)

PAX7 Melanotrope Yes Yes TPIT (34, 39, 143)

PU.1 Macrophage/ T cell Yes Yes - (115, 116,

120–122)

OCT4 iPS cells Yes Yes MYC (32, 33, 142)

OPA Zygote Yes Yes - (144, 145)

SOX2 iPS cells Yes Yes MYC (32, 33, 142)

TCF1 T cell Yes Yes - (146)

ZELDA Zygote Yes Yes - (147)

iPS, induced pluripotent stem cell.
Ref., reference.

nucleosomal DNA located in enhancers, c-MYC binds accessible
regions in promoters and not nucleosomal DNA (25, 32, 33).

The molecular mechanisms whereby pioneer factors
promote lineage specification and development remain
ill-defined. One area of interest in the field is the effect of
chromatin modifications (histones or DNA) on pioneer factor
binding. A mechanism that has been observed is the binding of
pioneer factors to nucleosomal DNA sites without any apparent

effect. These regions are termed “pioneer factor resistant sites”
and are being examined to define the co-regulatory mechanisms
that are present in the chromatin environment to control cell
fate by promoting or preventing chromatin remodeling and
lineage specification by a pioneer factor following binding
(34). For example, the pioneer factor PAX7 is able to bind
facultative heterochromatin (H3K9me2) but not constitutive
heterochromatin (H3M9me3) in order to regulate pituitary
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progenitor cell development (33–35). This action highlights
the need to characterize the role of different histone and DNA
modifying enzymes that regulate pioneer factor function by
directly interacting with them or by indirectly modifying the
chromatin landscape during lineage specification (33).

A majority of the pioneer factor studies have focused on
the characterization of the activation of lineage transcriptional
programs and the initial functions of pioneer factors. However,
the mechanisms driving lineage repression and the later stages
of lineage specification are not well understood and warrant
further investigation. ASCL1 is one of the few pioneer factors
whose repressive role has been explored and found to recruit
cooperating factors such as the myelin transcription factor 1-
like protein (MYT1L), which represses the myogenic lineage
program during the reprogramming of fibroblasts to neuronal
cells (36). Studies on these cooperating or settler factors have
demonstrated recruitment of both non-pioneer transcription
factors as well as chromatin remodeling enzymes (p300 and
BRG1) to allow for lineage specification to occur by activating
gene expression, modifying chromatin or stabilizing the binding
of pioneer factors to their DNA binding sites (9, 37, 38). Gaining
a deeper understanding on how pioneer factor function is
regulated by these settler factors may enhance reprogramming
strategies to more efficiently drive lineage development in vivo
to treat cardiovascular disease (6).

Role of chromatin modifying factors
for the function of pioneer factors

While pioneer factors are required for the initial binding
to nucleosomal DNA, cooperation with other (non-pioneer
factors) is necessary in order to drive lineage development and
reprogramming (9, 25, 39). Two important events are required
following the binding of a pioneer factor and these include:
(1) chromatin relaxation and (2) recruitment/interaction
with other transcription factors (Figure 1). These two events
enable the effects of pioneer factors and lineage development
to occur by amplifying the signal and providing context
dependent mechanisms in different regions of the genome
(9, 25). Chromatin relaxation is a crucial step during lineage
development where pioneer factors have been shown to promote
remodeling by themselves (FOXA1) or with the assistance
of the SWI/SNF complex (9, 25). The SWI/SNF complex of
proteins is one of the most studied chromatin remodeling
complexes. This complex increases DNA accessibility to
regulate the development or reprogramming of pluripotent,
neuronal, cardiac and endothelial cells (37, 40). SMARCA4
(BRG1), the ATPase subunit of the SWI/SNF complex, is an
important regulator of early embryonic development as Brg1

null embryos are lethal prior to implantation (41). Using in vitro
differentiation and mouse studies, BRG1 has also been shown
to be an important regulator of cardiovascular development and

disease (42, 43). BRG1 also has been shown to be an important
chromatin remodeler as it interacts with at least four different
pioneer factors (OCT4, GATA3, ISL1 and ETV2) in a context
dependent fashion to regulate chromatin remodeling and two of
these pioneer factors are important regulators of cardiovascular
development (Table 1) (37, 38, 44, 45).

Pioneer factors in the cardiovascular
lineage

The cardiovascular lineage is composed of multiple lineages
including: the muscle, vascular/endothelial and hematopoietic
lineages (46–51). While many master regulators have been
described and have important roles in the coordination of the
development of the cardiovascular lineage, few pioneer factors
have been identified within this lineage (8, 9). In part, this
is due to the complexity associated with the different cellular
lineages and structures within the cardiovascular system (13, 52).
These pioneer factors are ISL1, GATA4 and ETV2, and in this
section we will discuss the data supporting their pioneer role and
function in the regulation of the cardiovascular lineage.

ISL1 is an important regulator for the development of
the second heart field (SHF), and was recently identified as a
pioneer factor (Table 1). Isl1 KO mice lack the right ventricle,
outflow tract and portions of the atria because of its role as an
important regulator of SHF cardiac progenitor cells (CPCs) (53–
56). In recent studies by Gao et al., they described that ISL1,
like other pioneer factors, regulated the development of SHF
CPCs by binding nucleosomal DNA and relaxing chromatin
by forming a complex with BRG1-BAF60C (44). They also
identified GATA4 as a cooperating factor in selected sites
bound to ISL1, suggesting a potential interaction for ISL1 in
the regulation of cardiovascular development. Together, ISL1
and GATA4 were shown to bind regulatory DNA regions of
important cardiac genes such as Hand2, Myocd, Ttn, Ryr2 and
others. The exact mechanism whereby GATA4 promotes the
pioneer function of ISL1 in these regulatory regions remains to
be elucidated. These studies used both in vivo and in vitro assays
to demonstrate that ISL1 binds nucleosomal DNA to regulate
SHF development.

GATA4 is another important master regulator of
cardiovascular development. Loss of Gata4 has been shown to
lead to early cardiac defects and results in bifed (non-fused)
heart fields and embryonic lethality (57–62). Additionally,
GATA4 has the capacity (along with other master regulators)
to reprogram fibroblasts to induced cardiomyocytes (iCMs) in
vitro and in vivo (63–67). While GATA4 is a key regulator of
cardiovascular development, its role as a pioneer factor has only
been described in hepatic progenitors and reprogramming of
fibroblasts to hepatic-like cells (29, 68). A recent study combined
scRNAseq, ATACseq, ChIPseq and machine learning to define
the molecular mechanisms governing iCM reprogramming
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using GATA4, MEF2C and TBX5 (GMT) and concluded that
MEF2C and TBX5, but not GATA4 bind heterochromatin
and promote chromatin remodeling during reprogramming
(69). While these studies do not support the notion that
GATA4 is a pioneer factor for the cardiac muscle lineage,
further developmental studies are necessary to understand
the heterochromatin binding and chromatin remodeling
capabilities of GATA4 during cardiovascular development.
The recent ISL1 studies suggest that GATA4 may bind to
heterochromatin in the cardiovascular lineage independently
but more mechanistic studies are needed (44).

More recently, ETV2 was identified as a pioneer
factor for the cardiovascular lineage that regulates and
reprograms endothelium (Table 1) (37). ETV2 is an essential
transcription factor for the development of endothelial and
hematopoietic lineages (51, 70–108). Its expression is observed
in mesodermal progenitors and hemangioblasts that give rise
to endocardial/endothelial and hematopoietic lineages, while
repressing other lineages such as the cardiac and skeletal
muscle lineages (49, 74, 79). Key regulatory genes and pathways
for the cardiovascular lineage such as MESP1, NKX2-5,
Wnt/Notch/BMP signaling (among others) have been shown
to regulate ETV2 expression within the cardiovascular lineage
(50, 74, 109, 110). Loss of Etv2 results in lethality by E8.5 in
developing mouse embryos due to the lack of all vascular and
blood lineages. Moreover, congenital heart defects in aborted
developing human fetuses have been reported to harbor Etv2

mutations (50, 51, 111). Additionally, ETV2 overexpression
(alone) reprograms terminally differentiated cells (fibroblasts)
to endothelial cells both in vitro and in vivo (112). Our recent
findings characterized the molecular mechanism whereby
ETV2 regulates the endothelial lineage as a pioneer factor
(37). ETV2 can scan the genome, bind nucleosomal DNA
and remodel chromatin independent of its cellular context,
whether it is related to fibroblast reprogramming or mouse
embryonic stem cell (mESC) differentiation into endothelial
progenitor cells (Figure 1). We characterized this functional
role for ETV2 using scRNAseq, ATACseq, NOMEseq, ChIPseq
and in vitro nucleosomal binding assays to unequivocally
demonstrate that ETV2 binds nucleosomal DNA during
endothelial lineage reprogramming/development. We identified
canonical downstream targets for ETV2 such as Emcn, Lmo2,
Rhoj and others that were bound by ETV2 during endothelial
lineage development and reprogramming. Similar to ISL1,
ETV2 recruits and directly interacts with BRG1. BRG1 is an
essential co-factor for ETV2 to function as a pioneer factor
as Brg1 knockdown and conditional knockout significantly
affected the ability of ETV2 to remodel chromatin and drive
endothelial lineage formation in both reprogrammed fibroblasts
and differentiating mESCs, respectively (37). This ETV2-BRG1
interaction was verified using mass spectrometry, Co-IP assays
and GST-pulldown assays. Additionally, we demonstrated that
this interaction was important for enacting epigenetic changes

during endothelial lineage development such as the deposition
of histone 3 lysine 27 acetylation (H3K27Ac) in regions
surrounding ETV2-BRG1 bound sites. Lastly, by screening
co-factors we identified ELK3 as a transcription factor that
was recruited to ETV2-BRG1 bound sites following chromatin
remodeling and ELK3 has an important role in endothelial
cell development (Figure 1 and Table 1). Understanding how
other factors might regulate chromatin remodeling and the
pioneer activity of ETV2, such as FOXC2 which is known to
regulate Fox-Ets enhancer motifs during endothelial lineage
development in combination of ETV2, will be important for
further dissecting this molecular mechanism (113). Forkhead
transcription factors are important in the field of pioneer
factors and chromatin remodeling because of their unique
protein structure that resembles linker histones and allows
(some of the forkhead family members) to remodel chromatin
(31). Furthermore, the expression of ETV2 is transient during
development, understanding how other downstream co-factors
(i.e., ELK3, FLI1, SCL/TAL1, etc.) direct the developmental
machinery following the downregulation of ETV2 will be
important for the development of therapeutic strategies
using ETV2 to develop mature vasculature that can be used
for ischemic diseases such as the transplantation of human
vasculature (71, 114).

ETV2 possesses an Ets DNA binding domain (DBD)
characterized by a winged helix-turn-helix structure which
needs to be studied in terms of how it interacts with nucleosomal
DNA to allow for chromatin binding and remodeling to occur
(75). Previous studies on forkhead factors have demonstrated
that the winged helix DBDof the pioneer factor FOXA resembles
that of the structure of linker histones, while Ets factors have
been shown to use their short α-helix structure to bind the major
groove of DNA to target nucleosomes (25). We hypothesize that
the winged helix of ETV2 will most likely behave like that of
previously described Ets factors, but it remains to be explored.

Unlike ISL1 and GATA4, the pioneer function of
ETV2 in the cardiovascular lineage is independent of its
cellular context, whether it is cellular differentiation or
reprogramming, it functions in a similar fashion in both
model systems. Future studies will need to focus on further
characterization of the molecular mechanisms driving
endothelial cell development/reprogramming by ETV2 to
enhance therapeutic approaches to develop mature vasculature
for ischemic diseases. While ETV2 is an essential regulator
of hematopoietic development, we did not define ETV2 as a
pioneer factor for hematopoietic lineages and therefore we
hypothesize that other co-factors and pioneer factors might
facilitate this developmental process. For example, EBF1, PU.1
and C/EBPα regulate hematopoietic development and act as
pioneer factors for the B cells, DN3 t cells and macrophages
(115–122) (Table 1). Whether these factors are regulated by
ETV2 early on or they act independently of ETV2 to regulate
the development of hematopoietic lineages remains to be
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elucidated. Identifying this pioneer role for ETV2 has big
implications for the development of regenerative therapies that
aim to generate vasculature for ischemic diseases, particularly
in the cardiovascular system (71, 112). Additionally, although
not the focus of this review, the development of therapies that
target pioneer factors in cancer will be very important. As
ETV2 has been shown to have a role in cancer (82, 88, 98, 123),
understanding whether its ability to remodel silent/compacted
chromatin as a pioneer factor has important implications
during angiogenesis, as therapeutic initiatives could target and
inhibit ETV2 thereby impacting tumorigenesis (82, 98, 123).
Additionally, it would be interesting to determine whether
or not BRG1 or another chromatin remodeler also forms a
complex with ETV2 in the context of cancer.

Conclusion(s)

More studies are emerging that claim to have characterized
a novel pioneer transcription factor and this number will be
expected to increase (8). This is in part due to the advances
in molecular biology that facilitate the cellular characterization
at the single cell level during embryogenesis. Further, these
technologies will allow us to identify DNA binding sites for
transcription factors (TF) and more importantly allow us to
define the chromatin dynamics surrounding the DNA binding
sites of such TFs. Importantly, the development of the Assay
for Transposase-Accessible Chromatin followed by sequencing
(ATAC-seq) allows for the definition of the chromatin landscape
of differentiating or reprogramming cells using very few cells
(50,000 cells or less) and support the claim that a TF is a
pioneer factor (124, 125). While ATAC-seq characterization of
cell populations can be insightful, we caution the reader that
a more in-depth analysis is needed when assigning the role of
pioneer factor. To designate a pioneer factor, three criteria need
to be fulfilled: (1) pioneer factors need to bind nucleosomal DNA
in vivo (sequencing) and in vitro (nucleosomal binding assay),
(2) pioneer factors need to promote chromatin remodeling
around DNA binding sites by themselves or by interacting
with chromatin remodelers and (3) pioneer factors need to
enact global epigenetic changes (i.e., demethylation) and recruit
other co-factors that further promote the development or
reprogramming of a cellular lineage (Figure 1; Table 1).

Further studies will be needed within the cardiovascular
field to identify pioneer factors that regulate distinct cellular
lineages and structures (i.e., first vs. second heart field) that

comprise the four chambered organ. For example, while
ETV2 sits at the top of the endothelial lineage developmental
hierarchy, ISL1 and GATA4 are two of many regulators of
the cardiac muscle lineage with very specific functions. We
predict that multiple pioneer factors will be required to regulate
cardiac muscle development and reprogramming. Other cellular
lineages that were not discussed include: smooth muscle and
cardiac fibroblasts as no pioneer factors have been identified
for these lineages. Pioneer factors can be powerful tools for
the development of regenerative therapies whose goal is to
generate mature and functional cell lineages. Understanding
the molecular mechanisms that drive lineage development by
these and other pioneer factors within the cardiovascular lineage
will be instrumental because coupling these pioneer factors
along with chromatin remodelers and downstream targets genes
can amplify the molecular effect needed to better develop
regenerative therapies for cardiovascular disease.
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Promoting cardiomyocyte proliferation is a promising strategy to regenerate

the heart. Yet, so far, it is poorly understood how cardiomyocyte proliferation

is regulated, and no factor identified to promote mammalian cardiomyocyte

proliferation has been translated into medical practice. Therefore, finding

a novel factor will be vital. Here, we established a live cell screening

based on mouse embryonic stem cell-derived cardiomyocytes expressing

a non-functional human geminin deletion mutant fused to Azami Green

(CM7/1-hgem-derived cardiomyocytes). We screened for a subset of

compounds of the small molecule library Spectrum Collection and identified

19 potential inducers of stem cell-derived cardiomyocyte proliferation.

Furthermore, the pro-proliferative potential of identified candidate

compounds was validated in neonatal and adult rat cardiomyocytes as

well as human induced pluripotent stem cell-derived cardiomyocytes.

18 of these compounds promoted mitosis and cytokinesis in neonatal

rat cardiomyocytes. Among the top four candidates were two cardiac

glycosides, peruvoside and convallatoxin, the flavonoid osajin, and the

selective α-adrenoceptor antagonist and imidazoline I1 receptor ligand

efaroxan hydrochloride. Inhibition of PTEN and GSK-3β enhanced cell cycle

re-entry and progression upon stimulation with cardiac glycosides and osajin,

while inhibition of IP3 receptors inhibited the cell cycle-promoting e�ect

of cardiac glycosides. Collectively, we established a screening system and

identified potential compounds to promote cardiomyocyte proliferation.

Our data suggest that modulation of calcium handling and metabolism

promotes cardiomyocyte proliferation, and cardiac glycosides might, besides

increasing myocardial contraction force, contribute to cardiac repair by

inducing cardiomyocyte proliferation.

KEYWORDS

cardiac glycosides, cardiomyocyte proliferation, calcium handling, live cell screening

platform AG, Azami Green, stem cell, small molecules, cell cycle
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Introduction

Heart failure remains a major socio-economic challenge.
Despite significant achievements in medical practice resulting
in reduced acute mortality of myocardial infarction (MI), the
prevalence of heart failure is increasing (1). Thus, there is a
great need to develop strategies that allow to increase the muscle
mass of the heart to enhance heart function. In recent years,
induction of cardiomyocyte proliferation has been proposed
as an important approach for cardiac regeneration (2). An
alternative is cardiac tissue engineering. Also in this context,
induction of proliferation of stem cell-derived cardiomyocytes
is of interest, for example, to enable the generation of compact
cardiac tissues during biofabrication (3–5).

Human cardiac regeneration is limited due to low
postnatal cardiomyocyte replicative rates as well as progressive
polyploidization (2, 6). The mechanism underlying the
establishment of the cell cycle arrest in mammalian
cardiomyocytes remains poorly understood. Recently, several
mechanisms have been suggested including sarcomere
formation (7–9), cyclin G1 expression (10), heterochromatin
formation (11), loss of centrosome integrity (12), as well as
metabolic switch (13, 14). In addition, while initially very few
factors were identified to induce significant cardiomyocyte
proliferation, in the last decade, a large number of stimuli have
been reported to induce cardiomyocyte proliferation and heart
regeneration (2, 15–17). Yet, none of these factors has so far
been translated into medical practice.

Here, we have applied a chemical approach to modulate
proliferation of stem cell-derived cardiomyocytes, which has
several advantages over conventional genetic methods such

Abbreviations: AG, Azami Green; ANOVA, analysis of variance; ara

C, cytosine-D-arabinofuranoside; BIO, 6-bromoindirubin-3’-oxime;

BrdU, 5-Bromo-2-deoxyuridine; cdc2, cyclin dependent kinase 1;

cDNA, complementary deoxyribonucleic acid; DAPI, 4’, 6’-diamidino-

2-phenylindole; DMEM, Dulbecco’s Modified Eagle Medium; DMSO,

Dimethylsulfoxid; DNA, deoxyribonucleic acid; EB, embryoid bodies;

ES, embryonic stem; FASN, fatty acid synthase; FBS, fetal bovine serum;

flk1, fetal liver kinase 1; FGF1, fibroblast growth factor 1; gapdh,

glyceraldehyde-3-phosphate dehydrogenase; GSK-3, glycogen synthase

kinase-3; H3P, histone H3 phosphorylation on serine10; hiPSC, human

induced pluripotent stem cells; IP3, inositol trisphosphate; LIF, leukemia

inhibitory factor; mAG-hGem(1/110), non-functional human geminin

deletion mutant fused to a monomeric version of AG; MI, myocardial

infarction; myh7, myosin heavy chain 7; nkx2-5, NK2 homeobox 5; oct,

octamer binding transcription factor; P3, 3-day-old; p38i, mitogen-

activated protein kinase inhibitor SB203580; PBS, phosphate-bu�ered

saline; PI3K, phosphoinositide 3-kinase; PPAR, peroxisome proliferator-

activated receptor; PTEN, phosphatase and tensin homolog; RNA,

ribonucleic acid; RT-PCR, reverse transcription followed by polymerase

chain reaction; SEM, standard error of the mean.

as enabling temporal control, rapid inhibition or activation,
regulation of functionally overlapping targets, and applicability
of the identified chemicals across similar species. Notably,
many chemicals can be applied directly as therapeutic drugs.
In addition, we have established a Fucci-based (18) live cell
screening, which eliminates the need for techniques such
as immunofluorescence staining, incorporation of nucleotide
analogs, or cell count assays. In addition, a live cell screening
can capture events that may develop at different times post-
treatment, which may be potentially overlooked by end-point
assays. Screening of over 700 compounds and validation in
primary cardiomyocytes identified as the four most potent
promotors of cardiomyocyte cell cycle progression two cardiac
glycosides, peruvoside and convallatoxin, the flavonoid osajin,
and the selective α-adrenoceptor antagonist and imidazoline
I1 receptor ligand efaroxan hydrochloride. To date, no study
reports that any of these four compounds have an effect on
cardiomyocyte cell cycle progression or heart regeneration.

Cardiac glycosides are a group of compounds, which are
secondary metabolites produced by certain plants, insects, and
vertebrates. They are mainly known as inhibitors of the sodium-
potassium pump in eukaryotic cells and are used as drugs to treat
heart disease (e.g., cardiac arrhythmia, congestive heart failure,
and atrial fibrillation) by increasing myocardial contraction
force and, at the same time, lowering the frequency of this
contraction (19–21). Interestingly, data are accumulating which
indicate that cardiac glycosides have additional targets such as
the nuclear receptor superfamily of transcription factors (19).
However, their toxicity prevents their widespread use, and thus
a better understanding of the function of cardiac glycosides is
necessary (20).

Methods

Isolation of primary cardiomyocytes

The investigation conforms with the guidelines from
Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes.
Extraction of organs and preparation of primary cell cultures
were approved by the local Animal Ethics Committee in
accordance with governmental and international guidelines on
animal experimentation (protocol TS-9/2016 Nephropatho).
Ventricular cardiomyocytes from 3-day-old (P3) and 12-week-
old (adult) Sprague Dawley rats were isolated and cultured as
described (22). Rats were first injected s.c. with 0.04 mg/kg
buprenorphine and were anesthetized after 30min by isoflurane
inhalation (2ml vaporized in a 5 l beaker). After loss of
standing, eyelid and pedal reflexes, animals were sacrificed
by exsanguination due to heart excision upon thoracotomy.
Hearts from P3 rats were dissected upon decapitation with
operating scissors (ROBOZ [RS-6845], no anesthesia), base
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with atria removed, and the remaining ventricle minced. Cells
were initially cultured for 48–72 h in the presence of 20µM
cytosine-D-arabinofuranoside (ara C) and 5% horse serum
before stimulation to prevent non-myocyte proliferation.
Cardiomyocytes were subsequently treated in the presence of
fetal bovine serum (FBS) (neonatal: 0.2% FBS; adult: 0.5% FBS:
adult) as indicated. Postnatal cardiomyocytes were stimulated
once; adult cardiomyocytes every day.

Reagents

The chemical reagents and recombinant proteins were
obtained from different companies: “Spectrum Collection”
(MicroSource Discovery Systems, Inc., 10mM stock
solutions in dimethylsulfoxid (DMSO), purity > 90%), 6-
bromoindirubin-3’-oxime (BIO), osajin, peruvotoxin, efaroxan
hydrochloride, xestospongin C (Tocris bioscience), SB203580
(Calbiochem), fibroblast growth factor 1 (FGF1, R&D Systems),
convallatoxin (Sigma), valeryl salicylate, bpV(HOpic) (Santa
Cruz Biotechnology). Inhibitors were added 1 h before
cardiomyocyte stimulation.

Generation of CM7/1-hgem mouse stem
cell line

The mouse embryonic stem (ES) cell line CM7/1 (23) was
cultured in stem cell medium [DMEM containing 2mM L-
glutamine (GIBCO), penicillin (100 U/mL), streptomycin
(100µg/mL) (Sigma), beta-mercaptoethanol (Merck),
3mM Na-pyruvate (Thermo Fisher), and 15% FBS (PAA
Laboratories)] for 2 days in the presence of leukemia inhibitory
factor (LIF, Sigma). The cells were transfected with linear
mAG-hGem (1/110) plasmid (18) using lipofectamine 2000
(Thermo Fisher). After 48 h, cells were selected for utilizing
200µM Zeocin antibiotic (Thermo Fisher) for 2 weeks. Single
growing colonies were selected and expanded, resulting in
several cell lines. One of the cell lines showing Azami Green
(AG) expression was differentiated into beating embryoid
bodies (Ebs) and then dissociated into cardiomyocytes. This
mouse stem cell line was called CM7/1-hgem and was used in
this study.

Di�erentiation of CM7/1-hgem mouse
stem cell line

CM7/1-hgem ES cells were cultured in stem cell medium for
2 days in the presence of LIF (Sigma). The cells were trypsinized
with 0.005% trypsin (GIBCO) and counted by hemocytometer.
For differentiation, 330,000 cells/ 10ml differentiation medium
(Dulbecco’s Modified Eagle Medium (DMEM) containing 2mM

L-glutamine, penicillin (100 U/mL), streptomycin (100µg/mL),
and 3mM Na-pyruvate, 10% FBS) were used for the hanging
drop method. After 2 days, formed Ebs were transferred
to suspension culture (10 cm cell culture plate) containing
differentiation medium. The plates were stirred at 50 rpm. On
day 9, when Ebs started to beat, differentiation medium was
replaced with differentiation medium containing 400µM G418
(Thermo Fisher) to eliminate non-myocytes. After 4–5 days, Ebs
were dissociated with 1mM collagenase B (Sigma) in phosphate-
buffered saline (PBS) and centrifuged at 400 RCF for 5min.
Subsequently, single cells were seeded on fibronectin-coated
cell culture plates (15,000 cells/well) in cardiomyocyte medium
(DMEM containing 2mM L-glutamine, penicillin (100 U/mL),
streptomycin (100µg/mL), and 3mM Na-pyruvate, 0.2% FBS)
and 400µM G418 (100 µl/well) and cultured for 5 to 6 days.
Then, cells were washed and treated with small molecules
utilizing a cardiomyocyte medium.

Screening

CM7/1-hgem-derived cells were treated once with the
indicated compounds at a concentration of 1µM. More than
700 molecules were screened from the bioactive collection
of the “Spectrum Collection” from MicroSource Discovery
Systems, Inc. (Gaylordsville, CT) (Supplementary Table 1). We
used cardiomyocyte medium with DMSO as negative control
and 10% FBS and FGF1 + p38 mitogen-activated protein
kinase inhibitor SB203580 (FGF1/p38i) as positive controls. AG
expression was analyzed every 12 h (for quantitative analysis,
around 100 cells were evaluated) for the following 4 days by
visual inspection using a Leica fluorescence microscope. The
maximal number of mAG-hGem(1/110)-positive cells were used
to normalize the data against the DMSO-treated control as a
fold-change. Hit compounds were defined as those giving an
effect higher than 2-fold. Individual samples of hit compounds
were picked from the original library and confirmed with the
same method as in the primary screen for three times.

Reverse transcription followed by
polymerase chain reaction (RT-PCR)
analysis

Total ribonucleic acid (RNA) was isolated from Ebs derived
from CM7/1-hgem mouse stem cells at different time points
using the Rneasy Kit (Qiagen). The cDNA (complementary
deoxyribonucleic acid) was prepared from isolated RNA using
MMLV or superscript II reverse transcriptase and the oligo(dT)
primer (Qiagen). PCR was performed according to standard
protocols (Applied Biosystems). Primers: octamer binding

transcription factor (oct)3/4: forward (F) 5′-TGAGAACCTTCA
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GGAGATATGCAA − 3′,reverse©,5′-CTCAATGCTAGTTCG
CTTTCTCTTC− 3′,nanog:F5′-AGTATCCCAGCATCCATTG
C − 3′,R,5′-TTTCACCTGGTGGAGTCACA − 3′,brachyury:F
5′-CTCCAACCTATGCGGACAAT − 3′,R,5′-CCCCTTCATA
CATCGGAGAA − 3′,isl1:F5′-GCGACATAGATCAGCCTGC
T − 3′,R,5′-GTGTATCTGGGAGCTGCGAG − 3′,fetalliverkin
ase1(flk1):F5′-GGGTTTGGTTTTGGAAGGTT-3′,R,5′-AGGA
GCAAGCTGCATCATTT-3′,gata4:F5′-CTGTCATCTCACTA
TGGGCA − 3′,R,5′-CCAAGTCCGAGCAGGAATTT − 3′,NK
2homeobox5(nkx2-5):F5′-AAGCAACAGCGGTACCTGTC-3′,
R,5′-GCTGTCGCTTGCACTTGTAG − 3′,myosinheavychain7
(myh7):F5′-TTGGCACGGACTGCGTCATC − 3′,R,5′-GAGC
CTCCAGAGTTTGCTGAAGGA − 3′,glyceraldehyde-3-phosp
hatedehydrogenase(gapdh):F5′-CAGAAGACTGTGGATGGC
CC-3′,R5′-AGTGTAGC- CCAGGATGCCCT-3′.

Immunofluorescence staining

Staining was performed as described (24). Primary
antibodies: anti-tropomyosin (1:200, Sigma), anti-actinin
(1:100, Abcam), anti-aurora B (1:200) (both BD Transduction
Laboratories), rabbit polyclonal anti-troponin I, anti-cyclin A,
anti-cyclin dependent kinase 1 (cdc2), anti-geminin (all 1:50,
Santa Cruz Biotechnology), anti-phospho-histone H3 (Ser10)
(1:200, Millipore), anti-pRb807/811 (1:100, Cell Signaling),
anti-mAG (1:300, MBL), rat monoclonal anti-5-Bromo-2-
deoxyuridine (BrdU) (1:100, Abcam). Immune complexes
were detected with ALEXA 488- or ALEXA 594-conjugated
secondary antibodies (1:200; Molecular Probes). DNA was
visualized with DAPI’(4” 6’-diamidino-2-phenylindole,
0.5µg/ml). For BrdU, cells were cultured in 30µM BrdU
(Sigma) (neonatal: last 24–48 h, adult: last 5 days).

Culture and cardiac di�erentiation of
human induced pluripotent stem cells
(HiPSC)

The line hiPSC 19-9-11 (WISC Bank) was utilized to
generate cardiomyocytes based on a previously published
protocol (25). In brief, hiPSCs were maintained in mTeSR1
media (STEMCELL Technologies). When hiPSCs reached the
proper confluency (∼80%), they were passaged using trypsin-
EDTA (Life Technologies) and plated at a density of 200,000
cells per well of a Matrigel (BD Biosciences)-coated 24-well
plates containing mTeSR with 10µM Rock Inhibitor (Y27632).
After 24 h, media was changed with 0.5mL mTeSR media
without Rock inhibitor. At the following day, culture media was
replaced with 50 nM XV (GSK3 inhibitor) in mTeSR media for
hiPSC differentiation (Day 0). After 24 h, media was substituted
with RPMI/B-27 minus insulin (Day 1). On Day 3, 50% of

media was exchanged with RPMI/B-27 minus insulin and IWP-
2 [Wnt signaling inhibitor, 7.5µM (final concentration)]. On
day 5, media was replenished with RPMI/B27 minus insulin.
On day 7, media was changed with RPMI/B27. Then, media
was renewed every 3 days (we kept the cells for 36 days).
Next, cells were trypsinized with 0.25% (wt/vol) trypsin-EDTA
and incubated the mixture in a 37◦C, 5% CO2 incubator for
5min. The cells were centrifuged at 200 x g for 5min and the
cell pellet was distributed in RPMI20 + 5µM Y27632 on a
laminin-coated coverslip (25µg/mL). After 2 days, the cells were
kept in RPMI/B-27 medium and maintained for the desired
time (for 2 days). HiPSC-derived cardiomyocytes were then
stimulated with small molecules to analyze their effect on cell
cycle progression.

MTS assay

Cell cytotoxicity was measured by an MTS assay (Abcam)
according to the manufacture’s instruction. Cardiomyocytes
were treated with DMSO or individual small molecules for 72 h
and absorbance was measured after MTS reagent addition at
4–0 - 500 nm using an Epoch microplate spectrophotometer
(Biotek, USA).

Cell count

In order to determine whether compounds increase the
number of cells, 100,000 neonatal rat cardiomyocytes were
seeded per well of 24-well plates. Cells were then cultured
for 48 h in the presence of 20µM ara C and 5% horse
serum and subsequently treated with the indicated compounds
in the presence of 0.2% FBS as indicated. The number of
cells was determined 5 days post-treatment after trypsinization
utilizing a TC20 cell counter (Bio-Rad, USA) according to the
manufacturer’s instructions.

Statistical analysis

For immunofluorescence analyses, around 50
cardiomyocytes in five random fields of two different
subpopulations were counted per experiment equaling a
total cell number of around 500 cardiomyocytes. Data of
at least three independent experiments are expressed as
mean ± standard error of the mean (SEM). Results were
analyzed by Graph Pad Prism (version 4.00, Graph Pad
Software Inc.). Statistical significance was determined using
a two-tailed Student’s t-test or analysis of variance (ANOVA)
were appropriate. The values of p < 0.05 were considered
statistically significant.
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Results

Live cell screening based on mouse stem
cell-derived cardiomyocytes

In order to perform a screen for novel inducers of
cardiomyocyte cell cycle activity, we have generated a mouse
stem cell line that expresses a non-functional human geminin
deletion mutant fused to a monomeric version of AG [mAG-
hGem(1/110)] under the control of the ubiquitous CMV
promoter (Figure 1A). Note, mAG-hGem(1/110) is only stable
in S-/G2-/ and M-phase cells. In order to develop this cell
line, we transfected the mouse ES cell line CM7/1 (26) with
the plasmid mAG-hGem(1/110) (18), which allows selection
for positive integration with Zeocin. The cell line CM7/1
expresses the neomycin-phospho-transferase gene under the
control of the cardiomyocyte-specific α-myosin heavy chain

promoter. This allows to obtain stem cell-derived cardiomyocyte
cultures with a purity of > 99% after G418-treatment (26).
This approach resulted in the establishment of the cell line
CM7/1-hgem expressing AG (Figure 1B), which can be induced
to differentiate into well beating EBs (Figures 1C,D). To ensure
that cardiomyocytes derived from CM7/1-hgem express mAG-
hGem(1/110), 12–14 days-old beating EBs were dissociated and
seeded cells were stained for AG and a cardiomyocyte-specific
marker (Figure 1E). This analysis revealed that 22.3 ± 6.8%
of cardiomyocytes expressed mAG-hGem(1/110). That mAG-
hGem(1/110) expression does not interfere with cardiogenesis
of CM7/1-hgem was validated by normal temporal mRNA
expression patterns of stem cell (oct3/4, nanog), mesodermal
(brachyury), early progenitor (gata4), and cardiomyocyte
(myh7) markers (Figure 1F). The actual screen for novel
inducers of cardiomyocyte cell cycle activity was performed with
cardiomyocytes obtained by treating CM7/1-hgem EBs at day
9 of differentiation with G418, dissociation of these EBs at day
12 to 14, plating the single cells on fibronectin-coated plates,
and culturing them for another 6 days in the presence of G418.
Immunofluorescence analysis revealed that the percentage of
non-myocytes in the single cell culture decreased from 68.6 ±

5.8% at day 1 to <3.5 ± 0.4% at day 6 (mean ± SEM, ∗∗∗: p<
0.001, Figures 1G,H).

To assess the base level of CM7/1-hgem-derived
cardiomyocyte cell cycle activity, BrdU incorporation (24 h)
assays were performed and the number of mAG-hGem(1/110)-,
H3P (histone H3 phosphorylation on serine 10)-positive as well
as Aurora B-positive cardiomyocytes was determined at day
1 (non-selected) and day 6 (selected) post-dissociation. The
number of cardiomyocytes incorporating BrdU decreased from
38.8 ± 3.5% at day 1 to 4.8 ± 0.92% at day 6 (mean ± SEM, p
< 0.01, Figures 2A,B). Assuming that completion of one cell
cycle lasts less than 24 hours, all cycling cardiomyocytes should
be BrdU-positive. The percentage of cardiomyocytes expressing
mAG-hGem(1/110) decreased from 22.3 ± 3% to 3 ± 0.6%

(mean ± SEM, p < 0.01, Figures 2B,C). The overall number
of mAG-hGem(1/110)-positive cells is as expected lower
than BrdU-positive cells, as mAG-hGem(1/110) is only stable
in S-/G2-/ and M-phase cells. The number of H3P-positive
cardiomyocytes decreased from 5.9 ± 0.45% to 0.45 ± 0.1%
(Figure 2D). Note, histone H3 is only phosphorylated in late
G2-phase cells andM-phase cells until late anaphase. Finally, the
number of Aurora B-positive cardiomyocytes at the midbody
decreased from 1.89 ± 0.1% to 0.25 ± 0.03% (Figures 2E,F).
Note, Aurora B is only a marker for cytokinesis when localized
to the midbody or cleavage furrow. The overall decrease of
cycling cardiomyocytes from day 1 to day 6 is in agreement
with the general observation that the proliferation rate of ES
cell-derived cardiomyocytes decreases over time in culture (27).

In order to test whether cell cycle activity in CM7/1-hgem-
derived cardiomyocytes can be promoted, cells were stimulated
for 3 days with 10% FBS, which is known to promote cell cycle
activity in fetal, neonatal, and adult mammalian cardiomyocytes
(24, 28). FBS treatment induced in 37± 3.8% of cardiomyocytes
BrdU incorporation (Figures 2G,H), in 21 ± 4.4% mAG-
hGem(1/110) expression (Figures 2H,I), and in 6± 0.8% histone
H3 phosphorylation (Figures 2J,K) compared to 4.8 ± 0.9%
(BrdU), 3 ± 0.6% (AG), and 0.49 ± 0.09% (H3P) upon DMSO
treatment, respectively (mean± SEM, p < 0.01, Figures 2H,K).

Screening for small molecules inducing
CM7/1-hgem-derived cardiomyocyte
cell cycle activity

In order to identify novel inducers of cardiomyocyte cell
cycle activity, a subset of compounds of the small molecule
library “Spectrum Collection” from MicroSource Discovery
Systems, Inc. (Gaylordsville, CT) was utilized. This library
presents 2,560 compounds and includes drugs from three
sources: (1) US drug collection of 1,040 drugs that have reached
clinical trial stages in the USA whereby each compound has
been assigned USAN or USP status. (2) An International
Drug Collection of 240 drugs that are marketed in Europe
and/or Asia. (3) The rest is a unique collection of pure natural
products and their derivatives. Natural Products include simple
and complex oxygen heterocycles, alkaloids, sesquiterpenes,
diterpenes, pentacyclic triterpenes, sterols, and many other
diverse representatives. For each compound, data can be
obtained regarding its structure, CAS #, formula, molecular
weight, biological profile, as well as generic and market name.
In addition, literature references are available describing the
use and toxicology of the individual compounds. CM7/1-hgem-
derived EB’s were dissociated on day 14, seeded at 15,000 cells
per well in a 96-well plate (flat glass-bottomed), and cultured
for 6 days in the presence of G418. Subsequently, cells were
treated with a subset of compounds of the small molecule
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FIGURE 1

Generation of the CM7/1-hgem stem cell line and their di�erentiation. (A) Work flow of the generation of the CM7/1-hgem stem cell line. (B)

Representative live pictures of nuclear expression of monomeric Azami Green (AG) in CM7/1 embryonic stem cells. (C) Representative live

pictures of a 7-day-old di�erentiating embryonic body (EB) derived from CM7/1-hgem cells expressing AG. (D) Quantitative analysis of beating

EBs at di�erent time points (n = 3, mean ± SEM, ***: p< 0.001). (E) AG expression in CM7/1-hgem-derived cardiomyocytes. 12- to 14-day-old

beating EBs were dissociated and stained for AG expression (green) and counterstained against cardiomyocyte-specific tropomyosin (red). DAPI

was used to visualize nuclei (blue). (F) mRNA expression patterns of stem cell (oct3/4, nanog), mesodermal (brachyury), early progenitor (gata4),

and cardiomyocyte (myh7) markers during di�erentiation of CM7/1-hgem stem cells into cardiomyocytes. (G) Enrichment for cardiomyocytes

by treating 9-day-old EB with 400µM G418 for 4 to 5 days. The EBs were then dissociated to single cell cultures and kept under 400µM G418

for another 6 days. Representative examples of CM7/1-hgem cell-derived cardiomyocytes stained for sarcomeric alpha-actinin (red). Nuclei

were visualized using DAPI (blue). (H) Quantitative analysis of (G) (n = 3, mean ± SEM, ***: p< 0.001). Scale bar = 50µm in (B,C,E,G).

library “Spectrum Collection” at a concentration of 1µM.
DMSO served as a negative control, 10% FBS and FGF1/p38i
as positive controls. mAG-hGem(1/110)-positive cells per
field were recorded for 4 days at intervals of 12 h (Figure 3A).
As this was a pilot study, recording (image acquisition) and
image analysis were performed manually, and the screen
was performed only once. Note, to minimize the manual

labor, only around 100 cells in the center of each well were
evaluated utilizing a 20x objective. Data are represented as
a fold-change increase of the observed maximal number of
mAG-hGem(1/110)-positive cells per field in comparison to
the maximal number in DMSO-treated cultures (Figure 3B).
Note, in cases when compound treatment resulted in no
mAG-hGem(1/110)-positive cell at markedly more time points
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FIGURE 2

Cell cycle activity in CM7/1-hgem derived cardiomyocytes. (A,C) The number of BrdU- and Azami Green (AG)-positive CM7/1-hgem-derived

cardiomyocytes decreased during di�erentiation. Representative examples of CM7/1-hgem-derived cardiomyocytes stained for troponin I

(green) or tropomyosin (red) (cardiomyocyte-specific), BrdU (red) (A) or AG (green) (C), and DAPI (nuclei, blue). Scale bar: 50µm. n = 6. (B)

Quantitative analysis of (A,C) (n = 6, mean ± SEM, ***:p< 0.001). (D) Quantitative analysis of H3P-positive CM7/1-hgem-derived

cardiomyocytes (n = 6, mean ± SEM, ***:p< 0.001). (E) Representative examples of CM7/1-hgem-derived cardiomyocytes stained for troponin I

(red) (cardiomyocyte-specific), Aurora B (green), and DAPI (nuclei, blue). Scale bar: 20µm. (F) Quantitative analysis of Aurora B-positive

CM7/1-hgem-derived cardiomyocytes at the midbody (n = 6, mean ± SEM, ***:p< 0.001). (G–I) Stimulation of cell cycle progression in

CM7/1-hgem-derived cardiomyocytes by 10% FBS. Representative examples of CM7/1-hgem-derived cardiomyocytes stained for troponin I

(green) (G) or tropomyosin (red) (I) (cardiomyocyte-specific), BrdU (red) (G) or AG (green) (I), and DAPI (nuclei, blue). Scale bar: 50µm. n = 3. (F)

Quantitative analysis of (G,I) (n = 6, mean ± SEM, ***:p< 0.001). (J) Representative examples of CM7/1-hgem-derived cardiomyocytes stained

for tropomyosin (red) (cardiomyocyte-specific), H3P (green), and DAPI (nuclei, blue). Scale bar: 50µm. n = 6. (K) Quantitative analysis of (J) (n =

6, mean ± SEM, ***: p < 0.001).

(≥ 4) than in the DMSO control (1 of 8), the fold-change
was defined as 0.5-fold. The number of observed mAG-
hGem(1/110)-positive cells at the different 12 h time points
for each treatment are provided in Supplementary Table 1.
Our analysis revealed that 10% FBS as well as FGF1/p38i

efficiently induced mAG-hGem(1/110) expression in CM7/1-
hgem-derived cells enriched for cardiomyocytes (∼10 fold and
∼ 5-fold, respectively, Figures 3B,C). While most of the 722
tested compounds had no positive effect on mAG-hGem(1/110)
expression, 19 compounds induced mAG-hGem(1/110)
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FIGURE 3

Screening of a small molecule library identifies novel compounds promoting CM7/1-hgem-derived cardiomyocyte cell cycle progression. (A)

Workflow of the applied screening strategy. (B) Quantitative analysis of Azami Green (AG) expression in the screen of a Microsource spectrum

small molecule screening library. (C) Representative live pictures of AG expression in control or 10% FBS-treated CM7/1-hgem-derived

cardiomyocytes. Scale bar: 100µm. (D) Representative live pictures of AG expression in osajin-, efaroxan hydrochloride-, peruvoside-, and

convallatoxin-treated CM7/1-hgem-derived cardiomyocytes. Scale bar: 100 µm. (E) Molecular design of small molecule hits.

expression in at least twice as many cells as upon DMSO
treatment (Figure 3B, Supplementary Table 1). The most
effective compounds were osajin, efaroxan hydrochloride,
peruvoside, and convallatoxin (all 4-fold) (Figures 3D,E).

Cell cycle-promoting e�ect of identified
compounds on neonatal and adult
primary rat cardiomyocytes

Stem cell-derived cardiomyocytes are considered immature
exhibiting a behavior similar to late fetal cardiomyocytes (29).

In order to assess whether the here identified 19 compounds
could promote cell cycle progression also in more mature
cardiomyocytes, neonatal rat cardiomyocytes were stimulated
and analyzed 3 days later for BrdU incorporation (BrdU pulse-
labeled for the final 24 h). For this purpose, cardiomyocytes were
isolated from postnatal day 3 (P3) rats and stimulated once
with the individual small molecules at concentrations of 50 nM,
250 nM, 1µM, and 5µM (Supplementary Figure 1).

Subsequently, cardiomyocytes were treated with the optimal
concentrations of the individual compounds, cultured for 3 days
and pulse-labeled with BrdU for the final 48 hours to assess
also cardiomyocytes that already entered S phase after 24 h
to 48 h post-treatment. In Supplementary Figure 1 (data from
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FIGURE 4

Promoting neonatal cardiomyocyte cell cycle progression by small molecules (Positive hits). (A) Osajin induced BrdU incorporation of P3

neonatal cardiomyocytes (n = 6). Representative example of neonatal cardiomyocytes stained for BrdU (red) and troponin I (green,

cardiomyocyte-specific). Examples are indicated by arrows. DNA was visualized using DAPI (blue). (B) Osajin treatment induced increased

expression of cell cycle promoting factors and decreased expression of cell cycle inhibitors (immunofluorescence analyses at 48h after

stimulation). Representative example of neonatal cardiomyocytes stained for cdc2, Ki67, cyclin A, or p27 (green) and tropomyosin (red,

cardiomyocyte-specific). DNA was visualized using DAPI (blue). (C,D) Quantitative analysis of (B) (n = 6, mean ± SEM, ***: p < 0.001). (E)

Quantitative analysis of the number of BrdU-positive cardiomyocytes after ouabain treatment (n = 6, mean ± SEM, ***: p < 0.001). (F,G)

Representative examples of osajin-stimulated neonatal cardiomyocytes stained for tropomyosin (red) or troponin I (green, both

cardiomyocyte-specific) undergoing mitosis (H3P, green) and cytokinesis (Aurora B, red). Examples are indicated by arrows. Arrowhead:

H3P-positive non-myocyte. DNA was visualized using DAPI (blue). (H) Quantitative analysis of the increase in cell number five days after

treatment with the indicated compounds (n = 5, mean ± SD). Scale bars: 50µm.

six independent experiments per parameter) the data for the
optimal concentration of each of the 19 compounds is provided
whereby treatment with 250 nM osajin was most efficient in
inducing BrdU incorporation in P3 rat cardiomyocytes (30.3

± 2.4% vs. DMSO: 10.5 ± 0.9%, p < 0.01, Figure 4A). A
deeper analysis showed that osajin treatment induced the
expression of cell cycle perpetuating factors like cdc2, cyclin
A, and Ki67 (Figures 4B,C) and the downregulation of the
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TABLE 1 Cell cycle parameters in neonatal rat cardiomyocytes treated with selected small molecules.

Small molecule conc. 48 h BrdU [%] H3P [%] aurora B [%]

Osajin 0.25µM 30.3± 2.4 1.86± 0.3 1.73± 0.3

Efaroxan Hydrochloride 1µM 29.6± 2.1 1.76± 0.3 1.65± 0.3

Peruvoside 1µM 30.0± 2.6 1.32± 0.2 1.36± 0.2

Convallatoxin 1µM 29.3± 3.0 1.35± 0.3 1.28± 0.2

Valeryl salycilate 0.25µM 27.0± 2.5 1.35± 0.1 1.21± 0.1

Idebenone 1µM 22.0± 2.6 0.97± 0.1 0.92± 0.2

Lobaric acid 5µM 22.0± 1.5 0.92± 0.2 0.85± 0.2

PIDOTIMOD 1µM 21.3± 2.0 0.85± 0.1 0.75± 0.1

Ferulic acid 1µM 22.6± 2.0 0.80± 0.2 0.75± 0.2

Quircitrin 1µM 22.6± 0.8 0.75± 0.2 0.75± 0.1

Glutathione 1µM 24.6± 2.3 0.60± 0.2 0.65± 0.2

Acedoben 1µM 20.0± 3.2 0.65± 0.1 0.61± 0.1

Isaxonine 1µM 21.6± 2.4 0.60± 0.2 0.50± 0.1

Protoporphyrin 1µM 16.6± 3.8 0.55± 0.1 0.50± 0.1

N-methylanthranilic acid 1µM 17.3± 1.8 0.60± 0.1 0.50± 0.1

Gitoxin 1µM 19.0± 2.1 0.60± 0.1 0.50± 0.1

Tiratricol 1µM 25.3± 3.7 0.55± 0.1 0.47± 0.1

Bilirubin 1µM 18.6± 1.9 0.56± 0.2 0.45± 0.1

Merogedunin 1µM 19.0± 1.2 0.35± 0.1 0.30± 0.1

DMSO 10.5± 0.9 0.37± 0.1 0.35± 0.1

cell cycle inhibitor p27 (Figures 4B,D). Notably, also the
cardiac glycosides convallotoxin and peruvoside, efficiently
induced BrdU incorporation (Supplementary Figure 1). Thus,
we also tested the effect of the cardiac glycoside ouabain on
P3 cardiomyocyte proliferation. Similar to the other cardiac
glycosides, ouabain induced efficiently BrdU incorporation
(28.8 ± 2.9% vs. DMSO: 9.1 ± 0.7%, p < 0.01, Figure 4E).
Analyses of H3P revealed that all tested cardiac glycosides
and all other compounds stimulating BrdU incorporation,
except merogedunin, also induced cell cycle progression into
G2/M-phase (Table 1). For example, treatment with 250 nM
osajin induced the number of H3P-positive cardiomyocytes∼5-
fold compared to DMSO (1.86 ± 0.3% vs. DMSO: 0.37 ±

0.1%, p < 0.01) after 3 days of stimulation (Figure 4F). The
analysis of aurora B expression suggests that most compounds,
including osajin (1.73 ± 0.3%), efaroxan hydrochloride (1.65
± 0.3%) as well as the cardiac glycosides peruvoside (1.36
± 0.2%) and convallotoxin (1.28 ± 0.2% vs. DMSO: 0.35 ±

0.1%, p < 0.01), also induce cytokinesis (Table 1). Notably,
cardiomyocytes exhibited in most cases a two-sided cleavage
furrow, as shown for osajin (Figure 4G). Finally, cell count
experiments revealed that the treatment of all compounds
resulted 5 days post-treatment in a significantly increased
cell number (Figure 4H). Notably, none of these compounds
exhibited cytotoxic effects on cardiomyocytes based on MTS
assays (Supplementary Figure 2). Taken together, our data
suggest that our screening system allows the identification of

molecules with the potential to promote neonatal cardiomyocyte
proliferation such as cardiac glycosides.

To determine if cardiac glycosides can also promote cell
cycle progression in adult rat cardiomyocytes, ventricular
cardiomyocytes from 12-week-old rats were stimulated and
analyzed for BrdU incorporation, histone H3 phosphorylation,
and aurora B expression. Osajin as well as the cardiac
glycosides peruvoside and convallotoxin efficiently induced
cell cycle re-entry in adult rat cardiomyocytes (all > 0.6%
BrdU-, > 0.07% H3P-, and > 0.06% aurora B-positive
cardiomyocytes compared to < 0.002% for all parameters
upon DMSO treatment, Figures 5A–C). Notably, cell cycle
activity was observed in mono- as well as binucleated adult rat
cardiomyocytes (Figures 5D–F). Collectively, these data show
that cardiac glycosides can promote adult cardiomyocyte cell
cycle progression.

Identified compounds promote cell cycle
progression of HiPSC-derived
cardiomyocytes

Aiming at evaluating the translation potential of the
identified compounds, the effect of the positive hits, including
cardiac glycosides, on cell cycle progression in hiPSC-derived
cardiomyocytes was assessed. HiPSC-derived cardiomyocytes
were treated with DMSO or peruvoside (100 nM), convallotoxin
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FIGURE 5

Osajin and cardiac glycosides promote adult cardiomyocyte cell cycle progression. (A–C) Quantitative analysis of cell cycle progression [BrdU

incorporation, (A)], mitosis [H3P, (B)], and cytokinesis [Aurora B, (C)] (n = 6, mean ± SEM, ***: p < 0.001). (D–F) Representative examples of adult

rat cardiomyocytes (tropomyosin- or troponin I-positive) utilized for the quantitative analysis in (B,C). (D) Mononucleated adult rat

cardiomyocyte stained for H3P in pro-metaphase. (E) Binucleated adult rat cardiomyocyte stained for H3P in G2 to prophase. (F) Binucleated

adult rat cardiomyocyte stained for aurora B in G2 to prophase.

(100 nM), osajin (250 nM), and efaroxan hydrochloride (1µM)
and analyzed for changes in the expression of Ki67 or
phosphorylation of histone H3 (H3P) 48 h post-treatment
(Figures 6A–D). Pervuvoside significantly increased the number
of both Ki67- and H3P-positive cardiomyocytes compared
to DMSO (Ki67: 34.90 ± 2% vs. DMSO: 17.57 ± 0.97%,
p < 0.01; H3P: 6.3 ± 0.23% vs. DMSO: 3.06 ± 0.36%,
p < 0.01). Similarly, all other tested compounds exhibited
a positive effect on cell cycle progression in hiPSC-derived
cardiomyocytes (convallotoxin: Ki67: 32.07 ± 1.57%, H3P: 6.1
± 0.28%; osajin: Ki67: 40.00 ± 2.0%, H3P: 7.04 ± 0.22%;
efaroxan hydrochloride: Ki67: 34.25 ± 1.7%, H3P: 6.88 ±

0.58%; all p < 0.01, Figures 6A–D). Finally, we analyzed
Aurora B-positive cardiomyocytes at midbody indicative for
cell division. We found that pervuvoside significantly increased
cardiomyocytes in cytokinesis compared to DMSO (Aurora B
at midbody: 2.08 ± 0.08% vs. DMSO: 0.85 ± 0.04%, p < 0.01)

(Figures 6E,F). Similarly, all other tested compounds exhibited
a positive effect on cardiomyocyte cytokinesis (convallotoxin:
1.85±0.04%; osajin: 2.28± 0.12%; efaroxan hydrochloride: 2.21
± 0.13%; all p < 0.01, Figure 6E). Taken together, these data
suggest that cardiac glycosides, as well as osajin and efaroxan
hydrochloride, also positively affect cell cycle progression in
hiPSC-derived cardiomyocytes.

Inhibition of PTEN and GSK-3β enhance
cell cycle progression induced by cardiac
glycosides and osajin

Previously, others and we have shown that the
phosphoinositide 3-kinase (PI3K)-Akt pathway is implicated
in the regulation of cardiomyocyte proliferation (14, 24, 30)
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FIGURE 6

Small molecules (positive hits) promote cell cycle progression in hiPSC-derived cardiomyocytes. HiPSC-derived cardiomyocytes were

stimulated with the indicated compounds for 2 days and subsequently analyzed in regards to cell cycle activity. (A) Quantitative analysis of the

percentage of Ki67-positive cardiomyocytes (n = 6, mean ± SEM, **: p < 0.01, ***: p < 0.001). (B) Representative examples were utilized for the

analysis in (A). Ki67: red; Actinin: green (cardiomyocyte-specific). DNA (DAPI): blue. Examples of Ki67-positive cardiomyocytes are indicated by

arrows. (C) Quantitative analysis of the percentage of H3P-positive cardiomyocytes (n = 6, mean ± SEM, **: p < 0.01, ***: p < 0.001). (D)

Representative examples were utilized for the analysis in (C). H3P: red; Actinin: green (cardiomyocyte-specific). DNA (DAPI): blue. Examples of

H3P-positive cardiomyocytes are indicated by arrows. Scale bars: 75µm. (E) Quantitative analysis of the percentage of Aurora B-positive

cardiomyocytes at the midbody (n = 6, mean ± SEM, **: p < 0.01, ***: p < 0.001). (F) Representative examples were utilized for the analysis in

(E). Aurora B: Green; Troponin I: green (cardiomyocyte-specific). DNA (DAPI): blue. Example of an Aurora B-positive cardiomyocyte at the

midbody is indicated by an arrowhead. Scale bars: 50µm.

and phosphatase and tensin homolog (PTEN), an inhibitor of
the PI3K pathway, inhibits periostin-induced cardiomyocyte
cell cycle activity (30). Recently, it was shown that loss of
PTEN promotes cardiomyocyte proliferation and cardiac repair
after MI, suggesting the pathway has a substantial role in
cardiomyocyte proliferation (31). Thus, we have tested whether
bpv(HOpic), a potent inhibitor of PTEN, enhances the effect
of osajin and the cardiac glycosides on BrdU incorporation in
neonatal and adult cardiomyocytes. As expected, bpv(HOpic)
increased the number of BrdU-positive cardiomyocytes in
the control, but was less efficient than osajin and the cardiac
glucosides (Figures 7A,B). Notably, bpv(HOpic) significantly

enhanced the effect of osajin and the cardiac glucosides on
inducing BrdU incorporation in primary neonatal (Figure 7A)
as well as adult (Figure 7B) rat cardiomyocytes. In addition,
we have previously demonstrated that the small molecule BIO,
a specific inhibitor of glycogen synthase kinase-3 (GSK-3),
promotes cell cycle progression into mitosis in neonatal
and adult mammalian cardiomyocytes (14, 32). Thus, we
have tested whether BIO enhances the effect of osajin and
the cardiac glycosides in regards to aurora B expression in
neonatal and adult cardiomyocytes (Figures 7C,E). While BIO
had a moderate effect on aurora B expression in neonatal
cardiomyocytes (Figure 7C) and aurora B-positive neonatal
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FIGURE 7

Mechanistic analysis of compound-enhanced cell cycle progression. (A–E) Inhibition of PTEN, as well as GSK-3β enhances cell cycle

progression induced by cardiac glycosides and osajin. Quantitative analysis of BrdU- (A,B) and Aurora B- (C,E), Aurora B at the midbody in

neonatal cardiomyocytes (D), positive neonatal (A,C) and adult (B,E) cardiomyocytes upon stimulation with cardiac glycosides and osajin in the

presence and absence of PTEN inhibitor bpV (HOpic) (A,B) or GSK3-β inhibitor BIO (C–E). n = 6, mean ± SEM, *: p < 0.1, **: p < 0.01, ***: p <

0.001. (F–I) Inhibition of IP3 receptor impedes peruvoside- and convallotoxin-induced cardiomyocyte cell cycle progression. Neonatal rat

cardiomyocytes were stimulated with glycosides in the absence or presence of IP3 receptor inhibitor xestospongin C (1µM) and the number of

Ki67-, H3P-, and aurora B-positive cardiomyocytes were evaluated. Quantitative analysis of the percentage of Ki67- [cell cycle progression, (F)],

H3P- [mitosis, (G)], and aurora B- [cytokinesis, (H,I)] positive cardiomyocytes (n = 6, mean ± SEM, *: p < 0.05), **: p < 0.01, ***: p < 0.001.

cardiomyocytes at the midbody (Figure 7D), it markedly
enhanced aurora B expression in adult cardiomyocytes
stimulated with osajin or the cardiac glycosides (Figure 7E). Yet,
no adult cardiomyocytes positive for Aurora B at the midbody
or cleavage furrow was observed. Yet, considering the rare
observation of aurora B-positive adult cardiomyocytes and the
short existence of the midbody, it is also rather unlikely to find
an adult cardiomyocyte in this stage.

IP3 receptor inhibition reduces the cell
cycle-promoting e�ect of cardiac
glycosides

Cardiac glycosides increase the output force of the heart
and decrease its rate of contractions by acting on the
cellular sodium-potassium ATPase pump, Na+K+ATPase (20).
As Na+K+ATPase is known to specifically regulate calcium
transients via the inositol trisphosphate (IP3) receptors (33–
35), we have tested the effect of the selective IP3 receptor
antagonist xestospongin C (36) on cardiac glycoside-enhanced
cardiomyocyte cell cycle progression. For this purpose, P3

rat cardiomyocytes were stimulated with glycosides in the
absence or presence of 1µM xestospongin C and the number
of Ki67-, H3P-, aurora B-positive cardiomyocytes as well
as cardiomyocytes positive for aurora B at the midbody
were evaluated. This analysis revealed that the presence of
xestospongin C significantly reduced the positive effect of
peruvoside and convallotoxin on neonatal cardiomyocyte cell
cycle progression (Figures 7F–I). These data suggest that Ca2+
levels regulated by glycosides might be important for the cell
cycle promoting effect of cardiac glycosides.

Discussion

Here we developed a fluorescence-based live imaging
screening assay based on mouse stem cells and the Fucci system
to identify new inducers of cardiomyocyte proliferation. This
system eliminates the need for immunofluorescence staining,
incorporation of nucleotide analogs or cell count assays and
allows to capture events that may develop at different times
post-treatment, which may be potentially overlooked by end-
point assays. As the system utilizes a ubiquitous promoter,
this system can also be utilized to identify new inducers of
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proliferation of other cell types, such as neurons. Validation
of positive hits utilizing several independent assays in primary
neonatal and adult mammalian cardiomyocytes identified
among others cardiac glycosides as a novel potential inducer of
mammalian postnatal cardiomyocytes. In addition, the effect of
cardiac glycosides on cardiomyocyte cell cycle progression was
enhanced by inhibition of PTEN as well as GSK-3β and inhibited
by IP3 receptor antagonist xestospongin C, which is known to
inhibit IP3-mediated Ca2+ release from endo- and sarcoplasmic
reticulum (36).

The here developed assay proved to be valid to identify novel
compounds to enhance cardiomyocyte cell cycle progression.
While our study is a pilot study being limited in a number
of compounds, a number of analyzed cells per time point,
and repetitions, pipette robots and automated image analysis
solutions will allow in the future unbiased, in-depth analyses of
high-content compound libraries.

To date, no direct data are available regarding the effect
of cardiac glycoside on cardiomyocyte proliferation. In general,
cardiac glycosides inhibit the sodium-potassium pump resulting
in an increased calcium concentration inside the cell. It is
well known that Na+K+ATPase specifically regulates calcium
transients via the IP3 receptors (33–35) and our data show that
inhibition of the IP3 receptors with xestospongin C inhibits the
cell cycle-promoting effect of glycosides. Notably, calcium plays,
in general, a crucial role in cell proliferation and aberrant Ca2+-
signaling and loss of intracellular Ca2+ homeostasis contributes
to tumor initiation and proliferation (37, 38). While cardiac
glycosides became recently popular to inhibit tumor growth
(39), there is evidence that cardiac glycosides can promote
cell proliferation at lower, subsaturating concentrations. It has
been reported that low concentrations of cardiac glycosides
stimulate cell proliferation in astrocytes (40), vascular smooth
muscle cells (41), renal tubule cells (42–44), Sertoli cells (45),
human endothelial cells (46), and human umbilical vein smooth
muscle cells (47). In addition, it has been indicated that
voltage-gated L-type Ca2+ channels blockers enhance hiPSC-
derived cardiomyocyte proliferation (48). Further, it has been
reported that modulation of calcium channel activity controls
proliferation vs. differentiation of cardiac progenitor cells (49).
Finally, it has been suggested that cardiac glycosides can
interfere with nuclear receptor signaling (19). For example, it has
been shown that the cardiac glycosides digoxin and lanatoside C
induce both the expression of peroxisome proliferator-activated
receptor (PPAR) δ (50–52), which previously has been shown
to promote cardiomyocyte proliferation (14). Taken together,
our data indicate that cardiac glycosides can enhance cell cycle
progression in cardiomyocytes.

Besides cardiac glycosides, we have identified the flavonoid
osajin as a potent inducer of postnatal cardiomyocyte cell cycle
progression. Previously, it has been shown that osajin exhibits a
potential cardioprotective role in ischemia-reperfusion-induced
injury in rat hearts. This cardioprotective role has been

attributed to the suppression of oxidative stress resulting in
improved ventricular function (53, 54). Yet, it has also been
shown that osajin can inhibit fatty acid synthase (FASN)
expression, a key enzyme for lipogenesis (55). This might
enhance glycolysis, which has been associated with several
processes during tissue repair and regeneration (56) as well
as cardiomyocyte proliferation (13, 57). Concurrently, it has
been shown that myocardial injury due to ischemia/reperfusion
injury was significantly reduced by cardiac-specific PPARδ

overexpression concomitant with increased myocardial glucose
utilization (58).

Finally, we identified the selective α-adrenoceptor
antagonist and imidazoline I1 receptor ligand efaroxan
hydrochloride as a promotor of cardiomyocyte cell cycle
progression. α-adrenoceptor and imidazoline I1 receptor are
both expressed in cardiomyocytes and are involved in NO
synthesis and intracellular calcium handling (59). Besides,
efaroxan hydrochloride improved in vivo oral glucose tolerance
(60). Yet, there is little evidence that efaroxan hydrochloride
promotes proliferation. It has been reported that α2-adrenergic
blockade by efaroxan hydrochloride increased primary
breast tumor size and distant metastasis under non-stress
conditions (61).

The efficiency of the investigated compounds to enhance
cardiomyocyte cell cycle progression significantly decreased
with the age of the cardiomyocytes. This phenomenon has
been observed for a large number of measures to induce
cardiomyocyte proliferation such as treatment with FGF1/p38
inhibitor, BIO or microRNAs as well as Meis1 deletion (24,
32, 62, 63). Thus, it will be important to elucidate the
mechanisms promoting cardiomyocyte cell cycle progression
utilized by the different stimuli, to determine the difference
in the response of neonatal and adult cardiomyocytes to
these stimuli, and to test if combinations of the different
inhibitors might be able to induce robust proliferation in adult
cardiomyocytes. Here, we have shown that the combinatorial
approach of osajin or cardiac glycosides with PTEN or
GSK3β inhibition enhances the effect on cardiomyocyte cell
cycle progression. Similarly, it has been shown that the
combinations of p38 MAP kinase inhibition/ PI3kinase/AKT
signaling (24), GSK3β inhibition/AKT phosphorylation (4),
and PPARδ signaling/GSK3β inhibition are more efficient
in promoting cardiomyocyte cell cycle progression than the
individual measures (14).

In the future, it will be important to determine whether
the here identified drugs induce cell cycle re-entry of adult
cardiomyocytes upon injury in vivo and to show that this
contributes to improved function. Our data suggest that the
positive effect of cardiac glycosides on heart function might
not only increase myocardial contraction force by inhibiting the
sodium-potassium pump but might also contribute to cardiac
repair by inducing cardiomyocyte proliferation. Considering the
toxicity of cardiac glycosides, the application of subsaturating
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concentrations might open new avenues for the use of cardiac
glycosides, which might benefit from the combination with
other pro-proliferative drugs.

Conclusion

Considering that cardiovascular diseases represent a
significant socio-economic burden affecting the pediatric as
well as adult population and that currently no therapy is
available to cure congenital heart disease or heart failure, the
development of a cardiomyocyte proliferation screening system
and the identification of novel inducers of cardiomyocyte
proliferation, are potentially of great therapeutic value (64–66).
Here, we identified, utilizing a novel screening system, potential
compounds to promote cardiomyocyte proliferation including
cardiac glycosides. Our data suggest that modulation of calcium
handling andmetabolism promotes cardiomyocyte proliferation
and cardiac glycosides might, besides increasing myocardial
contraction force, contribute to cardiac repair by inducing
cardiomyocyte proliferation. The cardiomyocyte proliferation
by cardiac glycosides at low concentrations enhanced by
PTEN and GSK-3β inhibitors might contribute to cardiac
repair by inducing cardiomyocyte proliferation. This study
provides a translational perspective to investigate chemical
compounds derived from the high throughput screening
for their potential to improve cardiac tissue engineering
approaches as well as to repair or regenerate the injured heart in
pre-clinical models.
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SUPPLEMENTARY FIGURE 1

Dosage-dependent induction of DNA synthesis in neonatal

cardiomyocytes. Quantitative analysis of BrdU-positive neonatal

cardiomyocytes upon stimulation with the top 19 candidates at

indicated concentrations. n = 6, mean ± SEM. Cardiomyocytes were

isolated from postnatal day 3 rats, stimulated once with the individual

small molecules, after 48h BrdU was added, and after 24h BrdU

pulse-labeling the percentage of BrdU-positive cardiomyocytes was

determined.

SUPPLEMENTARY FIGURE 2

Cardiac glycosides do not induce cell death in neonatal rat

cardiomyocytes. Quantitative analysis of cardiomyocytes death by MTS

assay (n = 6, mean ± SEM, ∗∗: p < 0.01, ∗: p < 0.05).
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Background: Mechanisms contributing to tissue remodeling of the infarcted

heart following cell-based therapy remain elusive. While cell-based

interventions have the potential to influence the cardiac healing process, there

is little direct evidence of preservation of functional myocardium.

Aim: The aim of the study was to investigate tissue remodeling in the infarcted

heart following human embryonic stem cell-derived endothelial cell product

(hESC-ECP) therapy.

Materials and methods: Following coronary artery ligation (CAL) to induce

cardiac ischemia, we investigated infarct size at 1 day post-injection in media-

injected controls (CALM, n = 11), hESC-ECP-injected mice (CALC, n = 10),

and dead hESC-ECP-injected mice (CALD, n = 6); echocardiography-based

functional outcomes 14 days post-injection in experimental (CALM, n = 13;

CALC, n = 17) and SHAM surgical mice (n = 4); and mature infarct size (CALM

and CALC, both n = 6). We investigated ligand–receptor interactions (LRIs)

in hESC-ECP cell populations, incorporating a publicly available C57BL/6J

mouse cardiomyocyte-free scRNAseq dataset with naive, 1 day, and 3 days

post-CAL hearts.

Results: Human embryonic stem cell-derived endothelial cell product

injection reduces the infarct area (CALM: 54.5 ± 5.0%, CALC: 21.3 ± 4.9%),

and end-diastolic (CALM: 87.8 ± 8.9 uL, CALC: 63.3 ± 2.7 uL) and end-

systolic ventricular volume (CALM: 56.4 ± 9.3 uL, CALC: 33.7 ± 2.6 uL). LRI

analyses indicate an alternative immunomodulatory effect mediated via viable

hESC-ECP-resident signaling.
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Conclusion: Delivery of the live hESC-ECP following CAL modulates the

wound healing response during acute pathological remodeling, reducing

infarct area, and preserving functional myocardium in this relatively acute

model. Potential intrinsic myocardial cellular/hESC-ECP interactions indicate

that discreet immunomodulation could provide novel therapeutic avenues to

improve cardiac outcomes following myocardial infarction.

KEYWORDS

myocardial infarction, hESC-ECP, cell therapy, scRNAseq, ligand–receptor
interaction, immunomodulation

Introduction

Heart disease is responsible for the greatest proportion of
death and disability attributed to a non-communicable disease
worldwide (1, 2). In addition to the staggering economic
and social cost of caring for patients with ischemic heart
disease in the acute setting, greater survival rates translate to
increased long-term investments in recovery and rehabilitation
(1, 3). The window of opportunity to halt the progression
of ischemic injury is narrow, and cell-based therapies have
shown potential in the treatment of ischemic heart disease,
albeit largely in the pre-clinical setting (4–6). Indeed, in
the pre-clinical setting, cell derivation protocols that produce
a heterogeneous range of endothelial cell (EC) lineages do
show some angiogenic efficacy and long-term cell retention
(7). However, progenitor cell-derived products that have been
reported to promote angiogenesis in small mammal models
have resulted in disappointing outcomes in clinical translation
to date (8). The lack of characterization of cell products
and their potential effects in in vivo paradigms of human
disease stifles effective translation in this setting. Therefore,
we have focused on producing a well-characterized human

Abbreviations: ARRIVE, Animal Research: Reporting of In Vivo
Experiments; AWERB, Animal Welfare and Ethical Review Board;
CAL, coronary artery ligation; CCL23, C-C motif chemokine ligand
23; CCL4L2, C-C motif chemokine ligand 4 like 2; EC, endothelial
cell; EdU, 5-ethynyl-2′-deoxyuridine; EDV, end-diastolic volume; EF,
ejection fraction; EKV, ECG-gated kilohertz visualization; ESV, end-
systolic volume; FLT1, Fms-related receptor tyrosine kinase 1, vascular
endothelial growth factor receptor 1; GLS, global longitudinal strain;
GMP, good manufacturing practice; hESC-ECP, human embryonic stem
cell-derived endothelial cell product; HIF1A, hypoxia inducible factor
1 subunit alpha; IGF2R, insulin-like growth factor 2 receptor; iPSC,
induced pluripotent stem cell; KLRC1, killer cell lectin-like receptor C1;
KLRK1, killer cell lectin-like receptor K1; LRI, ligand–receptor interaction;
LV, left ventricle; Ly6C, lymphocyte antigen 6C; MES, mesenchymal
cells; MI, myocardial infarction; MT, Masson’s trichrome; NK, natural
killer cells; PBS, phosphate-buffered saline; PFA, paraformaldehyde; PSC,
pluripotent stem cell; POU5F1, POU class 5 homeobox 1; PWD, pulse-
wave Doppler; scRNAseq, single-cell RNA sequencing; SOX2, SRY-box
transcription factor 2; SPIO, superparamagnetic iron oxide nanoparticle;
SSEA-4, stage-specific embryonic antigen 4; MRI, magnetic resonance
imaging; PSR, picrosirius red; TGFB1, transforming growth factor beta
1; TRA-181, podocalyxin; TTC, triphenyltetrazolium chloride; VEGF,
vascular endothelial growth factor.

embryonic stem cell-derived product, trialed in multiple
pre-clinical disease paradigms with physiologically relevant,
clinically translatable outcomes.

Over the last decade, we have developed a robust good
manufacturing practice (GMP)-compatible human embryonic
stem cell-derived endothelial cell product (hESC-ECP) that
promotes angiogenesis in ischemic tissue (9–11). This robust
ECP is differentiated using a well-described method and
can be derived from both human embryonic and induced
pluripotent stem cell (iPSC) sources. Our work with the single-
source hESC-ECP is not confounded by donor variation and
can be genetically manipulated, and polarization is reliable
with high cell viability (10). Our recent work has focused
on single-cell RNA sequencing (scRNAseq) to characterize
temporal changes in transcriptional dynamics throughout
derivation of pluripotent, mesodermal, mesenchymal, and
endothelial lineages (11). This robust protocol produces ∼60%
ECs and 40% mesenchymal cells (MESs) expressing TGFB1,
FLT1, and HIF1A across both EC and MES populations,
in the absence of SOX2 and POU5F1 co-expression (11).
These relatively immature ECs do not specify to an arterial,
lymphatic, or venous lineage and are transcriptionally distinct
from fetal, infant, and adult ECs from diverse vascular beds
(11). These data suggest that the resultant “unspecified” EC
population, which expresses angiogenic transcription factors
in vitro, is primed for neo-angiogenesis if introduced to an
appropriate cellular milieu. Indeed, we have shown that hESC-
ECP injection improves capillary endowment and perfusion
as measured by using a tissue Doppler in a mouse paradigm
of peripheral vascular disease, even in the presence of co-
morbidities (10). In that work, we demonstrated the therapeutic
potential of this cell product for acute and chronic limb
ischemia, with 1 × 106 cells injected intramuscularly at
the time of surgery in immune-competent, -deficient, and
type 2 diabetic mouse backgrounds, and injected 3 days
post-surgical limb ischemia. Interestingly, superparamagnetic
iron oxide nanoparticle (SPIO) magnetic resonance imaging
(MRI) showed that the hESC-ECP does not persist in the
hindlimb after the first week post-injection, despite gradually
improving tissue perfusion compared with media-injected
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control mice throughout the duration of the study. PET-
based 18F-FLT cell tracking suggested ∼24% of transplanted
cells is retained at 4 h post-transplantation, confirmed by
immunohistochemistry. By qPCR, human DNA from the
hESC-ECP persists in the mouse hindlimb 1 and 7 days
post-transplantation at a reduced amount, 2.5- and 4.5-fold
less, respectively, but induces angiogenesis without hESC-ECP
retention. Our work shows that without cellular integration
of the hESC-ECP, we are able to modify the cellular milieu,
shifting the tissue response toward a pro-angiogenic outcome.
Progressive recovery of blood flow in the absence of long-
term hESC-ECP biodistribution suggests that the angiogenic
efficacy of the cell product lies in its acute effects in ischemic
tissue following transplantation. This suggests that angiogenesis
occurs in response to integrated cellular cues driven by
the tissue microenvironment. Promoting endogenous vascular
regeneration and repair in peripheral tissues alters the cellular
response and subsequent functional outcomes in peripheral
vascular disease (12). Therefore, we hypothesize that the
hESC-ECP activates intrinsic remodeling pathways, preserving
myocardial tissue and vascular endowment.

Materials and methods

Ethical approval

All regulated animal experiments were performed in
accordance with the Animals (Scientific Procedures) Act (UK)
1986 under the auspices of the home office project and personal
licenses held in the University of Edinburgh facilities, following
ethical review by the University of Edinburgh Animal Welfare
and Ethical Review Board (AWERB) (project 70/8933, approved
29/04/2016), approved by the Bioresearch and Veterinary
Services, University of Edinburgh, and conducted in accordance
with Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines (13). Human ESC line H9 (WiCell,
Madison, WI, USA) was used in accordance with the U.K. Stem
Cell Bank Steering Committee guidelines (Project Approvals
SCSC11-51 and SCSC17-26) under the guidance of Dr. Jo
Mountford, Scottish National Blood Transfusion Service. All cell
culture and surgical techniques are routine within the Baker Lab.

Generation of experimental groups

To align with our established studies in HLI and chronic
CAL and avoid compromising the innate response to cell
injection, cardiac inflammation, and cardiotoxicity, such as with
cyclophosphamide-induced immunosuppression, we used 8-
to 10-week-old female Crl:CD1-Foxn1nu mice (Charles River,
Edinburgh, UK). The mice were group-housed, maintained in
a 12-/12-h light/dark cycle and provided free access to food

and water. After 1 week of facility acclimatization, the mice
were anesthetized with 50 mg/kg ketamine (Velatar, Boehringer
Ingelheim, Berkshire, UK)/5 mg/kg xylazine (Rompun, 2%,
Bayer, Berkshire, UK) anesthesia by intraperitoneal injection,
intubated, ventilated mechanically (MiniVent 845, Harvard
Apparatus Ltd., Edenbridge, UK) with positive end-expiratory
pressure and 100% oxygen, and provided homeothermic
support (Physitemp, Clifton, NJ, USA). Anesthetic depth
was monitored with corneal and withdrawal reflexes. A left
thoracotomy was performed, the pericardium opened, and a 7-0
Prolene suture (Henry Schein, Gillingham, UK) placed around
the proximal left anterior descending coronary artery to induce
myocardial infarction by CAL. Immediately following CAL,
intracardiac injection of either hESC-ECP or un-supplemented
media into the left ventricle was administered within 1 mm
of the ischemic peri-infarct border. The hESC-ECP was
resuspended in fresh un-supplemented EBM-2 (Lonza, Basel,
Switzerland), to provide 1 × 106 cells in 15 uL (CALC,
n = 17). Either hESC-ECP (CALC) or un-supplemented
EBM-2 media (CALM, n = 13) was injected at three sites
(5 uL each) into the peri-infarct border. Warmed sterile
0.9% saline (0.2 mL) was injected into the thorax, and
air removed from the chest cavity, and the thorax closed.
Following skin closure with 6-0 Prolene suture (Henry Schein,
Gillingham, UK), subcutaneous buprenorphine (0.05 mg/kg)
was provided, anesthesia reversed with 1.0 mg/kg atipamezole
(Antisedan, Henry Schein, Gillingham, UK), and an additional
0.2 mL 0.9% saline injected subcutaneously. From induction to
recovery, each surgical procedure was completed in <15 min.
Intubation was maintained until the mouse regained breathed
spontaneously, and the blink and withdrawal reflexes were
evident. Homeothermic support was provided, and following
recovery, mice were group-housed in sterile individually
ventilated cages with their established cage-mates, with free
access to DietGel (ClearH2O, Portland, ME, USA), water, and
food. The surgical sham mice (n = 5) underwent all procedures,
except CAL and intracardiac injection. The mice were weighed
and severity monitored as per facility guidance. Analgesia
(0.05 mg/kg buprenorphine) and 0.5 mL warmed sterile 0.9%
saline were injected subcutaneously 24 h following surgery.
Intracardiac cell injection confounds using plasma cardiac
troponin-I as a biomarker of infarct size. Therefore, to reduce
post-surgical stress, we did not collect conscious blood samples
24 h post-surgery for troponin T analysis.

14-day coronary artery ligation
To investigate the cardiac cellular response and tissue

remodeling induced by hESC-ECP injection in the ischemic
mouse heart, both Crl:CD1-Foxn1nu mice were allocated to
either the 14- or 1-day arm of the study. The mice allocated to
the 14-day study (Figure 1) received 50 mg/kg intraperitoneal
injections of Edu in 0.9% sterile saline at day 0 (0 d), 2,
4, 6, 9, and 12 d. These mice also underwent ultrasound
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FIGURE 1

Timeline and design of human embryonic stem cell-derived endothelial cell product (hESC-ECP) differentiation and the 14-day study.

echocardiography at d7 and d14 and received an intravenous
injection of 400 ng isolectin B4 (Sigma-Aldrich, UK) in 100 uL
sterile saline 15 min prior to euthanasia with 150 mg/kg
intraperitoneal pentobarbital sodium (Euthatal). A subset of
mice (CALM and CALC, both n = 6) were perfused with PBS,
perfusion-fixed with 4% paraformaldehyde in PBS, and hearts
were excised, weighed, and cryoprotected overnight in 30%
sucrose/PBS solution at 4◦C (all from Thermo Fisher Scientific,
Waltham, MA, USA). The hearts were embedded in Tissue-
Tek O.C.T. Compound (Sakura, Netherlands) and stored at
−80◦C until sectioning. Then, 10 µm sections were collected
and stored at−80◦C until immunohistochemistry. Tissues from
the remaining mice were micro-dissected and snap-frozen in
liquid nitrogen for work outside the scope of this study.

1-day coronary artery ligation
The mice allocated to the 1-day arm of the study underwent

a terminal procedure on 1 d post-surgery and injection. The
mice (CALM, n = 11; CALC, n = 10) were anesthetized with
intraperitoneal injection (50 mg/kg ketamine and 5 mg/kg,
xylazine, as previously described). When the depth of anesthesia
was sufficient, the aorta was catheterized, and the mouse
perfused with PBS. Following PBS perfusion, Evans blue dye
was perfused, and hearts were collected and processed, as
previously described (14). In brief, the hearts were stained with
2% triphenyltetrazolium chloride (TTC) to assess the cardiac
risk area and infarct area. The stained hearts were cut into 1-
mm sections transverse to the apex/base axis to the level above
the suture and incubated in 2% TTC for 30 min at 37◦C.
The hearts were blotted dry and post-fixed in 4% formalin.
The sections were scanned, and risk and the infarct area were
quantified manually in Fiji. The CALD mouse that survived 1 d
post-surgery underwent this procedure as well.

Human embryonic stem cell-derived
endothelial cell product differentiation

H9 (P43-47) hESCs were differentiated to an hESC-ECP,
as previously described (10, 11). In brief, hESCs maintained
in hESC StemPro SFM media (Thermo Fisher Scientific,
Waltham, MA, USA) on a vitronectin matrix (Life Technologies,

Paisley, UK) were dissociated at day 0 and seeded onto a
fibronectin matrix (Sigma, St. Louis, MO, USA) in mTeSR1
media (STEMCELL Technologies, BC, Vancouver, Canada)
supplemented with 10 µM ROCK inhibitor (Y27632) (Tocris,
Bristol, UK). The lateral mesoderm was induced at day
1 with 25 ng/ml BMP4 (R&D Systems, Minneapolis, MN
USA) and 7 µM GSK3 inhibitor CHIR99021 (Sigma, St.
Louis, MO, USA) in N2B27/neurobasal/DMEM:F12 media
(Life Technologies, Paisley, UK). At day 4, endothelial
fate was induced with 200 ng/ml VEGF (R&D Systems,
Minneapolis, MN, USA) and 2 µM Forskolin (Sigma, St.
Louis, MO, USA) in StemPro34 media (Life Technologies,
Paisley, UK), with a fresh media change at day 5. At
day 6, cells were plated into a matrix-free T75 flask and
maintained with daily media changes through day 8 with
EGM-2 media (Lonza, Basel, Switzerland) supplemented with
VEGF (50 ng/ml) and 1% human AB serum (Sigma, St.
Louis, MO, USA). At day 8, the cells were visualized with
the EVOS XL Core Cell Imaging System (Thermo Fisher
Scientific, Waltham, MA, USA), detached with 1X TrypLE
Express Enzyme (Thermo Fisher Scientific, Waltham, MA,
USA), and kept on ice for flow cytometry assessment and
in vivo use.

A group of mice (n = 6) were randomly allocated to receive
freeze-thaw-killed (6) hESC-ECP injection (CALD). Only one
mouse survived the procedure. This aspect of the study was
discontinued to ensure alignment to ethical guidelines.

Cell staining and flow cytometry

At day 8, the cells were mixed 1:1 with trypan blue to identify
dead cells, visualized, quantified (Bio-Rad, Hertfordshire,
UK), and characterized for pluripotency and endothelial
cell phenotype, as previously described (11). In brief, the
cells were stained for pluripotency (SSEA-3 +/TRA-160 +)
with PE rat anti-human SSEA-3, PE Rat IgM, κ isotype
control, Alexa Fluor R© 647 Mouse anti-Human TRA-1-60,
Alexa Fluor

R©

647 Mouse IgM, and endothelial markers
(CD31 +/CD144 +) with PE mouse anti-human CD144, PE
mouse IgG1 κ isotype control (BD Biosciences), and APC
anti-human CD31 and APC mouse IgG1 κ isotype control
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(both eBioscience). Flow was conducted with an Attune NxT
system (Thermo Fisher Scientific, Waltham, MA, USA) and
data analyzed using FlowJo software (FlowJo LLC, Ashland,
OR, USA). Preparations with an acceptable EC population
(>60% EC, remaining cells mesenchymal) were used for this
study.

Echocardiography

At day 8, the cells were mixed 1:1 with trypan blue to identify
dead cells, visualized, quantified (Bio-Rad, HertfordshiCardiac
function was assessed by ultrasound echocardiography with
Doppler flow under isoflurane anesthesia (4% induction,
∼1.75% maintenance) on the Vevo 3100 Preclinical Imaging
System and analyzed in Vevo Lab V3.2.6 image analysis software
(FUJIFILM VisualSonics, Inc., Toronto, Canada). Post-CAL
cardiac function (d7) was assessed to determine early post-
injection cardiac function and late function at d14. Left ventricle
(LV) function was assessed with brightness mode (B-mode),
pulse wave Doppler (PWD), and motion mode (M-mode)
in parasternal long axes, short axes and apical 4 chamber
view (as appropriate), EKV (ECG-gated kilohertz visualization),
and global longitudinal strain (GLS) in the long axis. All
echocardiography analyses were blinded.

Immunohistochemistry

Slides were placed in ice-cold acetone for 10 min, followed
by Masson’s trichrome (MT) staining, as per the manufacturer’s
instructions (Thermo Fisher Scientific, UK) to investigate the
infarct area. Collagen was stained using picrosirius red (PSR)
for 1 h. Images were acquired in brightfield for MT and PSR
on an Axioscan 2.1 slide scanner (Zeiss, Cambridge, UK),
tiled at 40x, and the infarct and collagen areas (%) quantified
manually in Fiji.

Immunofluorescence
Tissue staining was performed in blocking solution [0.5%

Triton-X-100, 10% normal goat serum (NGS, Thermo Fisher
Scientific)], and 1% bovine serum albumin. For antibodies
raised in mouse, Mouse-on-Mouse blocking reagent (Vectorlab,
MKB-2213-1) was used, as per the manufacturer’s protocol.
A range of conjugated and unconjugated antibodies were
used (Table 1). In brief, the sections were stained overnight
at 4◦C or for 2 h at room temperature, then washed,
and incubated with corresponding secondary antibodies for
2 h at room temperature. The sections were mounted
in Fluoromount-GTM with DAPI (Invitrogen). Fluorescence
microscopy images were obtained using a slide scanner
Axioscan 2.1 (Zeiss, Cambridge, UK). Vessel density was
quantified as the percentage of Isolectin IB4+ cells measured

at the infarct border using a vessel density Fiji macro. For Edu
quantification, after Click-iT Edu Imaging Kit with Alexa Fluor
647, Edu+/Troponin T+ cells were manually counted at the
infarct border.

Ligand–receptor interaction analysis

To investigate the potential hESC-EC and -MES ligand–
receptor interactions (LRIs) from our previously published
hESC-ECP dataset (GEO; GSE131736), we mined a publicly
available (ArrayExpress: E-MTAB-7895) 10x Chromium
C57BL/6J mouse cardiomyocyte-free scRNAseq dataset from
naive, 1-, and 3-day CAL mouse hearts (15) with CellPhoneDB
(16), similar to network analysis conducted by Wang and
colleagues in ligated neonatal hearts (17).

CellPhoneDB (16) was used to identify potential ligand–
receptor interactions (LRIs) between the hESC-ECP (GEO;
GSE131736) and resident cardiac populations in a publicly
available C57BL/6J mouse cardiomyocyte-free scRNA-seq
dataset from naive, 1-, and 3-day CAL mouse hearts (15).

Data for the mouse cardiac MI were downloaded from
ArrayExpress (E-MTAB-7895) and subsequently processed
using the 10X Cell Ranger pipeline (v3.1.0) with the
10X pre-built Cell Ranger mm10-3.0.0 reference. Custom
quality control was performed using the Scater package
(18) using data from the standard filtered matrices. Cells
with a total UMI count exceeding 4 median absolute
deviations (MADs) from the median value or with fewer
than 200 genes identified were removed from downstream
analysis. In addition, the cells with a high proportion of
counts from mitochondrial genes (>4 MADs) were also
excluded. Prior to merging datasets, data normalization
was performed using the MultiBatchNormalisation (19)
to minimize batch effects between datasets. The top 2,000
most variable genes were subsequently identified using the
standard FindVariableFeatures method (20). Normalized
data were then scaled using the standard ScaleData method
(20) and principal component analysis conducted using the
previously identified variable genes. Harmony correction

TABLE 1 Immunofluorescence antibodies and dilutions.

Primary antibodies (dilution) Manufacturer

Isolectin GS-IB4 (Griffonia simplicifolia) α-biotin
Strep Conjugate

Thermofisher, 121414

Troponin T (1:40) Invitrogen, MA5-12960

α-Smooth Muscle Actin Cy3 (1:100) Sigma, C6198

Secondary antibodies (dilution) Manufacturer

Streptavidin, Alexa FluorTm 647 conjugate Thermo Fisher, S21374

Goat anti mouse 568 (1:300) Invitrogen, A-11004
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was implemented when integrating datasets, following
the standard workflow (21). The cells were clustered and
projected using UMAP implementing the standard Seurat
workflow and utilizing the corrected harmony reduction
embedding values (20). Clusters were annotated based on
the cluster marker genes, as described previously (15). Day
8 hESC-ECP scRNA-seq data were processed, as previously
described (11).

At day 8, the cells were mixed 1:1 with trypan blue
to identify dead cells, visualized, quantified (Bio-Rad,
HertfordshiHuman orthologs for mouse genes were identified
using the BioMart package (22) and used to replace mouse
gene names in the dataset in order to run CellPhoneDB
ligand–receptor analysis (16). Mouse genes with no identified
human ortholog were removed from downstream analysis.
Count values from the mouse cardiac MI data were then
merged with count values from the hESC-ECP data, and
data normalization performed using the standard Seurat
NormalizeData method (20). Normalized count data were then
used as input into the CellPhoneDB package, which was run
using the statistical method with 100 iterations and a P-value
threshold of 0.05.

Statistical analyses

At day 8, the cells were mixed 1:1 with trypan blue to identify
dead cells, visualized, quantified (Bio-Rad, HertfordshiPower
calculations were performed to determine the minimum sample
size required to achieve statistical significance for left ventricular
(LV) function at 14 d. For CAL procedures, with a power of 80%
and a 5% chance of type I error, 12 mice/group are required. At
an 80% survival rate, 15 mice/group are needed.

Data were analyzed in JMP 12 (SAS Institute, Inc.,
Cary, North Carolina, USA). Distribution was verified with

the Shapiro–Wilk test, and non-parametric data were log-
transformed, where necessary. Echocardiography outcomes
were analyzed by ANOVA with Tukey’s post-hoc testing, where
appropriate. Student’s t-test was conducted, where appropriate.
Data were graphed in GraphPad Prism 9 (GraphPad Software
Inc., USA) and are presented as the mean ± SEM and
significance indicated.

Results

Human embryonic stem cell-derived
endothelial cell product differentiation
is efficient and reproducible

In total, three differentiations were produced. Cells
(Figure 2A) comprised 69.6% ± 4.0 CD31+/CD144+ (EC)
at day 6 and 83.5% ± 3.3 at day 8 (Figures 2B,C).
Staining for pluripotent markers at day 8 revealed cells to be
0.08% ± 0.01 TRA160+/SSEA3+ (Supplementary Figure 1).
Finally, 2.6 × 106 cells were harvested per T75 flask with
97%± 0.6 viability.

Human embryonic stem cell-derived
endothelial cell product injection
reduces risk area, but not initial infarct
area

At 1 day post-injection, the infarct risk area was significantly
reduced in the CALC mice compared with CALM (Figure 3A),
while there was no difference in the infarct area at 1 day
post-ligation in CALM and CALC mice (Figure 3B), as
determined by TTC staining (Figure 3C). The infarct area

FIGURE 2

Representative images of hESC-ECP differentiation and phenotypic characterization. Day 8 morphology and confluency (A) and representative
flow cytometric analysis (B,C) of isotype controls and hESC-ECP stained for CD31 (PECAM1) and CD144 (VE-cadherin).
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of the CALD mouse that survived to 1 d post-injection was
88% of the risk area and 75% of the total left ventricle
area.

Human embryonic stem cell-derived
endothelial cell product injection
preserves left ventricular function and
structure

Cell injection prevented CAL-induced cardiac dilation at 7
and 14 days post-injection (Figures 4C,D), preserved ejection
fraction at 7 days, and slowed progression of reduced ejection
fraction in CALM mice at 14 days (Figure 4A). While there
were no observed differences in the mitral valve E/A wave
ratio (Figure 4E) or myocardial performance index (Figure 4F)
amongst groups, global longitudinal strain analysis suggested
that hESC-ECP injection slowed the progression toward heart
failure (Figure 4B).

Human embryonic stem cell-derived
endothelial cell product injection
reduces infarct area and collagen
deposition at 14 days

In order to study the effect of hESC-ECP injection
on cardiac remodeling, we performed immunohistochemical
assessment of the mature infarct area at 14 days by MT
and PSR staining. Cell injection reduced collagen deposition
(CALM: 35.6 ± 6.0%, CALC: 15.6 ± 5.8%) (Figures 5A,E),
and infarct volume was significantly reduced in the CALC
mice compared with CALM (CALM: 54.5 ± 5.0%, CALC:
21.3 ± 4.9%) (Figures 5B,F). There were no differences
in isolectin B4 perfused vascular density (Figures 5C,G)
or myocardial regeneration (Figures 5D,H) between the
groups.

FIGURE 3

1-Day infarct area following hESC-ECP or media injection. Risk
area (%) of LV area below the suture (A), infarct area,% (B) within
the risk area, and (C) representative sections 1 d post-infarct in
CALM, n = 11, and CALC, n = 10 groups. Student’s t-test; data
are presented as individual points and as mean ± SEM.

Ligand–receptor interaction analysis
reveals predicted interactions between
the human embryonic stem
cell-derived endothelial cell product
and resident post-coronary artery
ligation cardiac populations

Dimension reduction and clustering analysis of
cardiomyocyte-free scRNA-seq data from C57BL/6J naive,
1 day, and 3 days post-infarcted hearts identified populations
comparable to those originally identified by Forte et al. (15)
(Figure 6A). Following merging with data from the day 8 hESC-
ECP (11), ligand–receptor interaction (LRI) analysis predicted
multiple interactions between component populations of the
day 8 hESC-ECP (EC and mesenchymal) and resident cardiac
immune (NK and macrophage) and stromal (myofibroblast
and fibroblast) populations (Figure 6B). In keeping with
our observation of modified infarct formation, both EC
and mesenchymal populations of the hESC-ECP expressed
fibronectin (FN1) and collagens (COL3A1 and COL4A1) known
to form complexes with integrins to modulate myofibroblast
function (23) (Figure 6C). Both hESC-ECP component
populations also expressed the HLA-E ligand, known to supress
NK activity via the KLRD1/KLRC1 receptor (24).

Discussion

This study shows that hESC-ECP injection in the infarcted
heart improves functional and structural outcomes in a
mammalian paradigm of heart failure. LR complexes within
immune and myo-/fibroblast niches suggest a potential
mechanism for pathological reprogramming with delivery of
live hESC-ECP independent of cellular integration. Potentially
due to time-dependent LRIs between live hESC-ECs and -
MESs, and resident endothelial cells, monocytes, macrophages,
fibroblasts, and myofibroblasts, the acute tissue remodeling
window through 3 days post-ligation is a powerful and dynamic
environment in which to effect change in the infarcted heart.

Through ultrasound echocardiography and longitudinal
strain analyses, we demonstrate that intracardiac hESC-ECP
injection (CALC) of 1 × 106 cells within the peri-infarct region
in the CAL model of myocardial infarction (MI) preserves the
left ventricle ejection fraction (EF) and reduces ventricular
dilation 14 days post-injection compared with media-injected
(CALM) in Crl:CD1-Foxn1nu mice. Greater end-diastolic
volume (EDV) and end-systolic volume (ESV) in the CALM
mice suggest that hESC-ECP injection preserves functional
myocardium and abrogates CAL-induced ventricular dilation.
Additionally, we demonstrate that at 1 day post-surgery, the
infarct area is comparable in the CALC and CALM mice,
suggesting that subsequent scar remodeling and myocardial
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FIGURE 4

Echocardiography outcomes in hESC-ECP and media injected mice. Ejection fraction (A) was preserved in CALC mice compared to CALM at
7 d, but not at 14 d post-injection. Global longitudinal strain (B) was increased at 7 d in both CALC and CALM compared with SHAM, but only in
CALM mice at 14 d. End-diastolic volume, EDV (C), and end-systolic volume, ESV (D), were preserved at 7 and 14 d in CALC compared with
CALM mice. Mitral valve E/A wave ratio (E) and myocardial performance index (F) were not different amongst groups at either time point.
ANOVA with Tukey’s post-hoc test. Data are mean ± SEM.

function are independent of initial infarct size. Analyses suggest
that hESC-ECP injection may influence acute myocardial
survival, fibroblast maturation, and preserve contractile

myocardium 14 days post-treatment, which integrates into the
mature scar. These first studies in the setting of MI suggest
that improved functional outcomes in parallel with clear,

Frontiers in Cardiovascular Medicine 08 frontiersin.org

106107

https://doi.org/10.3389/fcvm.2022.953211
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-953211 October 3, 2022 Time: 17:44 # 9

Spiroski et al. 10.3389/fcvm.2022.953211

FIGURE 5

Immunohistochemical assessment of mature infarct area and myocardial characteristics. Collagen deposition (A,E) and infarct volume (B,F)
were significantly reduced in CALC mice compared with CALM. There were no differences in isolectin B4 perfused vascular density (C,G) or
myocardial regeneration (D,H) between the groups. Student’s t-test; data are mean ± SEM. White arrows (D) indicate Edu + Troponin T + cells.

time-bound histological changes are indicative of divergent
tissue remodeling pathways in hESC-ECP-injected mice.

Recent pre-clinical testing of other stem cell-based therapies
suggests a complex mechanism of efficacy (5, 25). Rather
than providing a consistent, well-described outcome in the
preservation or recovery of cardiac tissue, these interventions
demonstrate diverse effects on resident cardiac cell populations,
inducing localized immune activation (15, 26), potentially
via paracrine mechanisms (27). Vagnozzi and colleagues
have recently reported that transplanted mouse-on-mouse
cell products enhance inflammation and direct immune cell
trafficking, modulating the chronic inflammatory profile post-
MI due to cell death (6). However, based on our preliminary
LRI, this conclusion may not be fully pertinent herein and not
be generalizable to all stem cell-based therapies. The potential
for direct interaction with resident cell populations suggests that
a viable cell product may be necessary. LRI analyses suggest
that the hESC-EC and -MES have the potential for cell–cell
crosstalk with stromal and immune cell types, including cell
signaling, that may influence immune cell recruitment and
infiltration into the injured heart (CCL23, CCL4L2, KLRC1,
KLRK1) and cardiac remodeling (IGF2R and collagen– and
fibronectin–integrin complexes a1b1 and a5b1, respectively).
Although historically transgenic immunocompromised mice
have been used in cardiac cell therapy studies to avoid immune-
induced xenograft failure and the effects of pharmacological
immunosuppression, recent work suggests that transgenic mice

are able to mount a robust immune response in CAL (28).
Characterization of the modified LRI response in transgenic
immunocompromised mice would help identify the biological
factors influencing disease severity in CAL (15).

The extent of injury, quality of repair, and the breadth of
myocardial remodeling are intricately linked to the intensity
of the inflammatory response. Ischemic injury leads to
the dynamic recruitment and mobilization of a range of
innate and adaptive immune cells that contribute to the
development of a mature scar, and modification of fibroblast
and myofibroblast remodeling. As fibroblast proliferation and
immune cell activation peak 2–4 days post-MI (15, 29), future
investigations of the early post-treatment therapeutic response
could identify druggable networks during the acute remodeling
window. Neutrophils are initially recruited to clear necrotic
tissue, in our studies peaking in the heart 24–48 h post-MI.
Ly6Chigh monocytes, precursors of the “classical” inflammatory
macrophage, are recruited from splenic and bone marrow
reservoirs and localize to the area of damage. Macrophages
dominate during the early immune response, clearing apoptotic
neutrophils and necrotic debris by 3–7 days post-infarct.
Accumulating monocytes give rise to tissue macrophages
with a reparative phenotype, initiating neo-angiogenesis and
fibroblast collagen production, while attenuating inflammation.
Within several weeks, monocyte recruitment subsides and a
mature scar forms within the infarcted region (26, 30, 31).
The dynamic post-MI inflammatory response is influenced by
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FIGURE 6

Ligand–receptor interactions between hESC-ECP constituents and resident cardiac populations. (A) UMAP projection of clusters identified from
cardiomyocyte-free scRNA-seq data of C57BL/6J hearts taken either prior to CAL (naive), or 1 or 3 days post-CAL. (B) Ligand–receptor
interaction (LRI) analysis between day eight hESC-ECP populations and resident cardiac populations at each timepoint. Heatmaps illustrate
log10(number of predicted LRI) between each population. Dot plots of LRIs between hESC-ECP populations and (C) myofibroblasts and (D) NK
and macrophages.

immune cell localization and expansion of immune cells within
the associated pericardial adipose tissue, an organ rich in B
cells (32–36). Adverse remodeling can be caused by excessive
or deficient inflammatory cell recruitment into the heart

post-MI (26, 30, 31, 37). Thus, targeted immunomodulation
offers a powerful approach to improve pathological cardiac
remodeling. hESC-ECP therapy could serve to reprogramme
subsequent scar formation via inflammatory or immune
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mechanisms, modifying fibroblast remodeling and preserving
functional myocardium, subsequently improving clinically
relevant physiological outcomes.

It is important to note the limitations of this study. We have
focused on the effect in a relatively acute setting; thus, extended
long-term studies need to be performed in the future to
elucidate downstream effects in a more translational paradigm
of heart failure. While we provide evidence of potential
mechanisms of action, we have not formally assessed this and
confirmed via independent techniques. Additionally, our ECP
is a combination of both endothelial-like and mesenchymal-
like cells (10, 11), and we do not know which component, or
indeed if both populations, are required for the phenotype.
Our utilization of dead cell materials, which has previously
been suggested to induce immune-mediated remodeling, was
unsuccessful and would require extensive development in the
future. Furthermore, we were not able to demonstrate cellular
integration. However, in a prior study, in the setting of
peripheral limb ischemia, we demonstrated that our ECP is
not likely to survive a prolonged period of time (beyond 24 h;
75% lost at 24 h) (10); thus, assessing cellular integration is
unlikely to provide evidence of causality. Further studies will
address these issues.
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Aim: Adult mammalian cardiomyocytes are incapable of significant

proliferation, limiting regeneration after myocardial injury. Overexpression of

the transcription factor Myc has been shown to drive proliferation in the adult

mouse heart, but only when combined with Cyclin T1. As constitutive HRas

activity has been shown to stabilise Cyclin T1 in vivo, we aimed to establish

whether Myc and HRas could also act cooperatively to induce proliferation in

adult mammalian cardiomyocytes in vivo.

Methods and results: Using a genetically modified mouse model, we

confirmed that constitutive HRas activity (HRasG12V) increased Cyclin T1

expression. HRasG12V and constitutive Myc expression together co-operate

to drive cell-cycle progression of adult mammalian cardiomyocytes. However,

stimulation of endogenous cardiac proliferation by the ectopic expression of

HRasG12V and Myc also induced cardiomyocyte death, while Myc and Cyclin

T1 expression did not.

Conclusion: Co-expression of Cyclin T1 and Myc may be a therapeutically

tractable approach for cardiomyocyte neo-genesis post injury, while cell

death induced by HRasG12V and Myc expression likely limits this option as a

regenerative therapeutic target.
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Introduction

The adult heart is one of the least regenerative organs of the
human body. Shortly after birth of a mammal, cardiomyocytes
exit the cell cycle and are subsequently characterised by a
reduced rate of turnover (<1% per year in humans) (1).
Consequently, if the adult mammalian heart is damaged (e.g.,
myocardial infarction), the default response is to replace the
lost cardiomyocytes with non-contractile fibrotic scar tissue
and cardiomyocyte hypertrophy which frequently lead to heart
failure. A number of strategies have been proposed to promote
myocardial regeneration post damage, including the direct
injection of stem cells or stem cell-derived cardiomyocytes,
direct reprogramming of non-myocytes into cardiomyocytes
and endogenous cardiomyocyte proliferation (2). Endogenous
cardiomyocyte proliferation requires driving the resident
quiescent cardiomyocytes into a productive mitogenic cell cycle.
Genetic lineage tracing studies in the regenerative neonatal
mouse and zebrafish hearts indicate that the majority of
newly generated cardiomyocytes are derived from endogenous
cardiomyocyte proliferation rather than differentiation from
a mesenchymal progenitor (3–5). These studies suggest that
forced cardiomyocyte proliferation is a viable strategy for
myocardial regeneration and several potential factors capable
of reactivating endogenous proliferation of cardiomyocytes in
adult hearts have been identified, for example, inhibition of
Hippo protein kinase signalling, enforced expression of cell
cycle regulators, inactivation of thyroid hormone signalling,
and hypoxia, all induce regeneration (6–10). We have recently
shown that combined ectopic expression of Myc and Cyclin T1
can lead to extensive cardiomyocyte proliferation in the mouse
heart (11), although exploitation of the therapeutic potential
requires further exploration.

Myc is a pleiotropic transcription factor that, amongst other
activities, regulates cell growth and proliferation in mammalian
cells (12). Consequently, Myc expression in normal cells is
tightly regulated. Following damage in a regenerative tissue, the
release of mitogens stimulates a transient increase in the short-
lived Myc protein followed by a transient proliferative response
(13). In contrast, Myc transcriptional programmes decrease
during postnatal cardiac maturation and fail to reactivate post-
infarction (14). Moreover, even when Myc expression is driven
ectopically in the adult mammalian heart, it is unable to activate
transcription of many target genes and cardiomyocytes remain
almost entirely resistant to proliferation (11, 15). We previously
established that Myc-driven transcription, and consequently cell
proliferation, are critically dependent on the level of Cyclin T1
in cardiomyocytes (11).

Cyclin T1 strongly associates with CDK9 to form the
positive transcription elongation factor b (P-TEFb) (16)
that phosphorylates paused RNA PolII and the elongation
factors DSIF and NELF, leading to productive transcriptional
elongation (16, 17). Both components of P-TEFb, Cyclin T1 and

CDK9 are tightly regulated by various transcriptional and post-
transcriptional mechanisms (18, 19). P-TEFb is also dynamically
controlled by an association with an inactivation complex (7SK
snRNA, Larp7, MEPCE, and HEXIM) (20, 21). Unlike other
cyclin-dependent kinases, CDK9 protein stability is not cell
cycle dependent (22), but is primarily determined by binding to
Cyclin T1 (23, 24). The level of the Cyclin T1 protein is thus the
key factor in controlling the amount of the P-TEFb complex in
a cell (23, 24). During postnatal cardiac maturation in mice the
level of P-TEFb and phosphorylated RNA PolII steadily decline
(11). Transgenic overexpression of Cyclin T1 in the heart leads
to increased levels of both CDK9 and phosphorylated RNA PolII
and, when expressed throughout development, leads to cardiac
hypertrophy (11, 25, 26).

The RAS proteins (K-RAS, N-RAS, and H-RAS in humans)
are small GTPases that function as molecular switches, cycling
between their “off” GDP-bound and “on” GTP-bound states in
response to mitogenic signalling (27). Depending on the cellular
context, Ras can activate several downstream pathways that
regulate protein synthesis, cell growth, survival, and cell motility
(28), in the heart, Ras activation leads to reversible cardiac
hypertrophy (29, 30). Hypertrophy, be it transgenically induced
by constitutively active RAS or secondary to pressure overload
or other hypertrophic stimuli, is accompanied by an increase
in total RNA content. This is a result of increased P-TEFb
activity and phosphorylation of RNA Pol II that increases
total RNA and protein synthesis (25, 31). Using a genetically
modified mouse model that combines the elevated expression of
HRasG12V and an ectopically switchable Myc allele (MycERT2),
we show that expression of constitutively active HRasG12V in
the heart leads to increased P-TEFb levels that, when combined
with constitutive Myc activity, drives signs of cardiomyocytes
proliferation in vivo.

Materials and methods

Mice

All animals were kept under SPF conditions. Mice were
maintained on regular diet in a pathogen-free facility on a
12 h light/dark cycle with continuous access to food and
water. All mice were euthanised under the schedule 1 method
of cervical dislocation. Mouse strain Tg(Myh6-tTA)6Smbf/J
was obtained from the Jackson Laboratory, and mouse strain
Tg(tetO-HRAS)65Lc/Nci was obtained from the NCI Mouse
Repository. Mouse strain R26CAG−c−MycER was produced
in house. 1 mg of (Z)-4-hydroxytamoxifen (4-OHT; Sigma,
H7904) was i.p injected into adult mice in 10% ethanol and
vegetable oil (5 mg/ml), and tissues were collected 4 h post
injection. 1 mg of tamoxifen (Sigma, T5648) was i.p injected
into adult mice in 10% ethanol and vegetable oil (10 mg/ml)
twice over a 24-h period and tissues collected at 24 h post initial
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i.p. injection. Animals requiring doxycycline treatment were
supplied with drinking water containing doxycycline hyclate
100 mg/L (Sigma D9891) in water containing 3% sucrose to
increase palatability, this was replenished two times per week
in light-protected bottles. Ear biopsies were collected from 2
to 5 weeks old mice and genotyped by PCR with the following
oligonucleotide primers: for Rosa26CAG; Universal forward:
5′-CTCTGCTGCCTCCTGGCTTCT-3′ Wild-type reverse:
5′-CGAGGCGGATCACAAGCAATA-3′ and CAG reverse:
5′-TCAATGGGCGGGGGTCGTT-3′. Primers for the TetO-
HRas allele were; H003: 5′-TGAAAGTCGAGCTCGGTA-3′

and H004: 5′-CCCGGTGTCTTCTATGGA-3′. Primers for
the Myh6-tTA allele were; oIMR8746: 5′-CGCTGTGGG
GCATTTTACTTTAG-3′ and oIMR8747: 5′-CATGTCCAGAT
CGAAATCGTC-3′.

Immunoblotting

Snap-frozen animal tissues were ground on liquid nitrogen
and proteins extracted in buffer containing 1% SDS, 50 mM
Tris pH 6.8, and 10% glycerol on ice for 10 min. Lysates
were boiled for 10 min, followed by sonication for 15 min at
room temperature. Total protein (50 µg) was electrophoresed
on an SDS–PAGE gel and transferred onto immobilon-P
(Millipore) membranes. These were then blocked in 5% non-
fat milk and incubated with primary antibodies overnight at
4◦C. Secondary antibodies were applied for 1 h followed by
chemiluminescent visualisation (Thermo Scientific, 32106 or
Millipore, WBKLS0500). Immunoblots were either developed
on Fuji RX X-ray film and scanned on an Epson Perfection
V500 Photo flatbed scanner or visualisation was performed on
LiCOR Odyssey Fc. Protein quantifications were performed on
the LiCOR Odyssey Fc.

Primary antibodies: GAPDH (D16H11) XP R© (Cell Signaling
Technology, 5174, used at 1:5,000), phospho-Rpb1 CTD
(Ser2; E1Z3G; Cell Signaling Technology, 13499, used at
1:2,500), CDK9 (C12F7; Cell Signaling Technology, 2316, used
at 1:1,000), Cyclin T1 (D1B6G; Cell Signaling Technology,
81464, used at 1:1,000), p-ERK is phospho-p44/42 MAPK
(Thr202/Tyr204, Cell Signaling Technology, 9101, used at
1:500), anti-rabbit IgG HRP (Sigma, A0545, used at 1:10,000).
Sample loading was normalised for equal protein content.
Expression of GAPDH is included as a confirmation of efficiency
of protein isolation and comparable loading between individual
tissue samples.

Immunohistochemistry

Immunohistochemistry was performed on formalin-
fixed paraffin-embedded 4 µm sections. Sections were
de-paraffinized and rehydrated, followed by antigen retrieval
by boiling in 10 mM citrate buffer (pH 6.0) for 10 min.

Endogenous peroxidase activity was blocked with 0.3%
hydrogen peroxide for 30 min. Sections were then treated with
rabbit VECTASTAIN Elite ABC horseradish peroxidase kit
(Vector Laboratories, PK-6101) following the manufacturer’s
protocols. Sections were blocked in normal goat serum for
20 min, followed by 1 h incubation in the primary antibody
at room temperature. Sections were then washed three times
in PBST and incubated for 1h in secondary antibody, sections
were then washed again in PBST and then incubated in ABC
complex for 30 min. Sections were developed in DAB (3,3’-
diaminobenzidine) for 5 min, counterstained in haematoxylin,
dehydrated, and mounted in DPX. Staining was imaged on
a Zeiss Axio Imager using the Zeiss ZEN software using the
AutoLive setting and interactive white balance.

Primary antibodies: p-ERK is phospho-p44/42 MAPK
(Thr202/Tyr204, Cell Signalling Technology, 9101, used at
1:500), and anti-Cyclin T1 (AbCam, ab238940, use at 1:500).

Immunofluorescence

Sections were pre-processed followed by antigen retrieval
in the same way as for immunohistochemistry. Sections were
blocked in 2.5% goat serum, and 1% BSA in PBST for 20 mins
at room temperature. Primary antibody, made up of blocking
buffer, was added for 1 h at room temperature, followed by
three 5 min PBST washes, and secondary antibodies were added
for 1 h at room temperature. Nuclei were visualised using
Hoechst (Sigma, 861405) and sections mounted in ProLongTM

Gold Antifade Mountant (Thermo Fisher, P36930). Antibodies:
anti-phospho-Histone H3 (Ser10; Merck Millipore, 06-570, use
at 1:500), cardiac troponin T (13-11; Thermo Fisher, MA5-
12969, use at 1:100) and (CT3, Santa Cruz Biotechnology, sc-
20025, use at 1:50), anti-Aurora B antibody (Abcam, ab2254,
use at 1:200), anti-Mklp1 (Abcam, ab174304, use at 1:400),
anti-CD206 (R&D Systems, AF2535, use at 1:100), anti-PCM1
(Sigma-Aldrich, HPA023370, use at 1:100), anti-Ki67 (SolA15;
Thermo Fisher, use at 1:100) and (Atlas Antibodies, HPA023374,
use at 1:100), Alexa Fluor 555 goat anti-rabbit IgG (H+L; Life
Technologies, A21428), Alexa Fluor 555 goat anti-mouse IgG
(H+L; Life Technologies, A21422), Alexa Fluor 555 goat anti-
rat IgG (H+L; Life Technologies, A21434), Alexa Fluor 488 goat
anti-rabbit IgG (H+L; Life Technologies, A11008), Alexa Fluor
488 goat anti-rat IgG (H+L; Life Technologies, A11006), Alexa
Fluor 350 goat anti-mouse (H+L; Life Technologies A11045),
wheat germ agglutinin, Alexa FluorTM 488 conjugate (Thermo
Fisher, W11261). TUNEL staining we performed following the
manufactures instructions using the ApopTag R© Fluorescein In
Situ Apoptosis Detection Kit (S7110 Sigma-Aldrich). Staining
was imaged on a Zeiss Axio Imager using the Zeiss ZEN
software using the AutoLive setting or Leica Stellaris 5 confocal
microscope. Quantification was performed by counting the
number of positive cardiomyocytes for at least five images per
organ/mouse, the mean of five raw counts was calculated and
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is represented by each data point per graph. Cardiomyocyte cell
areas were quantified by encircling individual cardiomyocytes
stained with cardiac troponin and wheat germ agglutinin.

Quantitative RT-PCR

Total RNA was isolated using TRIzol Reagent (Thermo
Fisher, 15596-018) following manufacturer’s instructions.
cDNA was synthesised from 1 µg of RNA using the High-
Capacity cDNA Reverse Transcription Kit with RNase
Inhibitor (Thermo Fisher, 4374966) following manufacturer’s
instructions. qRT-PCR reactions were performed on an
Applied Biosystems QuantStudio 5 Real-Time PCR System
using Fast SYBR Green Master Mix (Thermo Fisher,
4385612), following manufacturer’s instructions. Primers:
Ccnd1; forward 5′- GCGTACCCTGACACCAATCTC-
3′, reverse 5′-CTCCTCTTCGCACTTCTGCTC-3. Cdk4;
forward 5′-ATGGCTGCCACTCGATATGAA-3′, reverse 5′-TC
CTCCATTAGGAACTCTCACAC-3′. Cdk1; forward 5′- AGAA
GGTACTTACGGTGTGGT-3′, reverse 5′-GAGAGATTTCCC
GAATTGCAGT-3′. Ccnb1; forward 5′-AAGGTGCCTGT
GTGTGAACC-3′, reverse 5′-GTCAGCCCCATCATCTGCG-
3′. Cad; forward 5′- CTGCCCGGATTGATTGATGTC-3′,
reverse 5′-GGTATTAGGCATAGCACAAACCA-3′. Pinx1;
forward 5′-AGCAAGGAGCCACAGAACATA-3′, reverse 5′-
GGTGAGCAATCCAGTTGTCTT-3′. Bzw2; forward 5′-AGC
GACTGTCTCAGGAATGC-3′, reverse 5′-CTGTTTCCGGAA
GGTCGTT-3′. Polr3d; forward 5′-AAAAGCGTGAACGGGAC
AGG-3′, reverse 5′-AATGGGACTGGATCACTTCCG-3′.
St6galnac4; forward 5′-TGGTCTACGGGGATGGTCA-3′,
reverse 5′-CTGCTCATGCAAACGGTACAT-3′. Actin; forward
5′-GACGATATCGCTGCGCTGGT-3′, reverse 5′-CCACGATG
GAGGGGAATA-3′. Gapdh; forward 5′-AGGTCGGTGTGA
ACGGATTTG-3′, reverse 5′-TGTAGACCATGTAGTTGAGG
TCA-3′. Fosl1; forward 5′-ATGTACCGAGACTACGGGGAA-
3′, reverse 5′-CTGCTGCTGTCGATGCTTG-3′. Egr3; forward
5′-CCGGTGACCATGAGCAGTTT-3′, reverse 5′-TAATGGG
CTACCGAGTCGCT-3′.

Bulk RNA sequencing

Total RNA was purified using PureLink RNA Mini
Kit (Thermo Scientific). On-column DNA digestion was
performed using PureLink DNase (Thermo Scientific). 1 µg
of purified RNA was treated with Ribozero rRNA removal kit
(Illumina). RNA quality and removal of rRNA were checked
with the Agilent 2100 Bioanalyser (Agilent Technologies).
Libraries for RNA-seq were then prepared with the NEBNext R©

UltraTM II DNA Library Prep Kit for Illumina (NEB)
following the manufacturer’s instructions starting from the RNA
fragmentation step.

Bulk RNA sequencing data analysis

Sequence reads were adapter trimmed using Cutadapt
(32) (version 1.11) and aligned using BWA aln for
short reads (version 2.5.2a) to the GRCm38 (mm10)
assembly with the gene, transcript, and exon features of
the Ensembl (release 70) gene model. Expression was
estimated using RSEM (33) (version 1.2.30). Transcripts
with zero read counts across all samples were removed
prior to analysis. Normalisation of RSEM expected read
counts was performed by dividing by million reads mapped
to generate counts per million (CPM), followed by the
trimmed mean of M-values (TMM) method from the
edgeR package (34). Differential expression analysis was
performed using edgeR.

RNA sequencing comparison to
myocardial infarction reversion
network

RNA-seq files from E-MTAB-7595, E-MTAB-7636, and
GSE95755 were combined into a single count matrix. Before
remapping, poor quality sequences (<30 phred score) and
adapter sequences were trimmed with Trimmomatic (35).
Reads were mapped with STAR (36) to the reference mouse
genome sequence GCRm38.p4/mm10 using default settings.
The combined count matrix was generated using HTSeq-
count (37) on union mode. Differential expression analysis was
performed with EdgeR(v3.20.8) (34) using the glmLRT function.
Differential expression comparisons were considered significant
if FDR p < 0.05. Gene ontological analysis was performed
using DAVID and Heatmaps were assembled using GENE-E
(Broad Institute).

Statistical analysis

Bioinformatic and statistical analyses were performed
using R with Bioconductor packages and comEpiTools
packages (38, 39). Gene lists from RNA and ChIP sequencing
were analysed in Enrichr or GSEA/MSigDB1 (40). Statistical
analyses for IHC and q-RT-PCR were performed using
GraphPad Prism v9.0d (GraphPad Software, Inc., San
Diego, CA, USA) as indicated with p ≤ 0.05 considered
to be statistically significant. Venn diagrams were drawn
in the Lucidchart.2 Heatmaps were drawn in R and
Morpheus.3

1 http://www.gsea-msigdb.org/gsea/index.jsp

2 www.lucidchart.com

3 https://software.broadinstitute.org/morpheus
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FIGURE 1

Ectopic cardiomyocyte HRasG12V results in increased Cyclin T1 expression. (A) Top- Immunofluorescent staining of cardiac troponin (red) and
wheat germ agglutinin or CD206 (green). middle- immunohistochemical analysis of pERK, bottom- immunohistochemical analysis of Cyclin T1
in hearts from wild type (Control) and TetO-HRas; Myh6-tTA; R26+/+(HRas) mouse hearts 4 weeks post withdrawal of doxycycline. Bars are
100 µm. Representative images based on analysis of 5 images per mouse. (B) Quantitative RT-PCR analysis of control (R26+/+; TetO-HRas,
R26+/+; Myh6-tTA or R26+/+, n = 7) and TetO-HRas; Myh6-tTA; R26+/+(R26+/+;HRas, n = 4) mouse hearts 4 weeks post withdrawal of
doxycycline. Expression is normalised to Actin and Gapdh and relative to the respective control. Replicate samples are derived from
independent mice. Error bars show s.e.m. Two Way ANOVA with multiple comparisons test. **p < 0.01. (C) Immunoblot analysis of the
C-terminal domain of phosphorylated RNA Polymerase II [p-Rpb1(S2)], Cyclin T1 and pERK protein expression in hearts isolated from control
(R26+/+; TetO-HRas, R26+/+; Myh6-tTA or R26+/+) and TetO-HRas; Myh6-tTA; R26+/+(HRas) mice 4 weeks post withdrawal of doxycycline.
Expression of Gapdh is included as a loading control, for completeness, multiple Gapdh blots represent different gels (top – Cyclin T1 and
P-RNA PolII S2, bottom – pERK). Replicate samples are derived from independent mice.

Results

Cardiac HRasG12V expression leads to
hypertrophy and amplified P-TEFb
expression

We employed the cardiac-specific, doxycycline-controlled
transgenic line TetO-HRas [Tg(tetO-HRAS)65Lc/Nci]; Myh6tTA
[Tg(Myh6-tTA)6Smbf/Jm] (30) to overexpress HRasG12V

specifically in cardiomyocytes. Mice were generated and
removed from doxycycline treatment at 4 weeks of age
and the subsequent expression of constitutively active
HRasG12V led to an increase in hypertrophic cardiomyocytes
(∼10%, Supplementary Figure 1A) interspersed with CD206
positive macrophages and cardiomyocytes of normal volume
(Figure 1A), as previously described (30). Hypertrophic

cardiomyocytes displayed elevated pERK immunohistochemical
staining (Figure 1A) and qRT-PCR analysis confirmed
increased expression of the ERK-AP1 target genes Egr3 and
Fos1L (Figure 1B), confirming enhanced HRas signalling.
Despite the heterogeneity of the model, whole hearts expressing
HRasG12V displayed a moderate increase in Cyclin T1 and
Phosphorylated RNA Pol II (Figures 1A,C and Supplementary
Figure 1B).

HRasG12V enables Myc-driven
transcription in cardiomyocytes

To test the hypothesis that persistent HRasG12V expression
renders heart tissue Myc responsive, TetO-HRas; Myh6tTA mice
were crossed to the R26CMER/+ (R26CAG−c−MycERT2) allele
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to generate TetO-HRas; Myh6-tTA; R26CMER/+ mice. In these
mice, the MycERT2 fusion protein is constitutively expressed
from a CAG-enhanced Rosa26 promoter. MycERT2 is inert
in the absence of a ligand but rapidly activated following
administration of the ERT2 ligand 4OHT (4-hydroxytamoxifen),
a primary metabolite of tamoxifen. In these mice, HRasG12V

and MycERT2 proteins can be independently activated by
the withdrawal of doxycycline or administration of 4OHT
(or tamoxifen), respectively (Figure 2A). Doxycycline was
withdrawn from TetO-HRas; Myh6-tTA; R26CMER/+ animals
at weaning to induce expression of HRasG12V and, once mice
reached 8 weeks of age, MycERT2 was activated by injection
of 4OHT for 4 h. We confirmed the elevated expression of
Cyclin T1, CDK9, and phosphorylated RNA Pol II in the heart
tissue of these animals compared to controls (Figure 2B and
Supplementary Figure 1C).

We have previously determined that Myc-driven
transcription is limited by the low level of endogenous
P-TEFb within the adult heart. To establish if an HRasG12V-
driven increase in P-TEFb levels could enhance Myc-driven
transcription, we quantified the expression of a panel of
Myc target genes post MycERT2 activation. Cad, a Myc
target gene previously shown to be transcribed following
MycERT2 activation in all tissues, including the heart, showed
increased expression in the heart tissue of both Myc activated
(R26CMER/) and HRasG12V/Myc activated (TetO-HRas; Myh6-
tTA; R26CMER/+) tissues, confirming the functionality of the
MycERT2 fusion in both conditions (Figure 2C). We then
determined the expression of a panel of Myc target genes that
we have previously observed as unchanged in the adult heart
in response to MycERT2 activation alone. The co-expression
of HRasG12V sensitised the heart tissue to Myc-dependent
expression of these targets over controls (Figure 2C). We
also compared changes in global gene expression in heart
of HRasG12V (TetO-HRas; Myh6-tTA; R26+/+) mice and
Myc/HRasG12V (TetO-HRas; Myh6-tTA; R26 CMER/+) mice 4 h
after MycERT2 activation. We have previously observed marked
induction of a Myc-driven transcriptional programme in the
liver of MycERT2 expressing (R26 CMER/+) mice in the absence
of co-expressed HRasG12V (11) (Figure 2D). In contrast to the
weak transcriptional response elicited by MycERT2 activation
alone, in the presence of HRasG12V, MycERT2 resulted in a
marked transcriptional response (Figure 2D). MycERT2 and
HRasG12V expressing hearts displayed 1198 up-regulated DEGs
and 693 down regulated DEGs (Supplementary Table 1) in
comparison to HRasG12V expression alone. Myc target gene
identities overlapped with genes induced by MycERT2 in the
adult liver, and in the adult heart in the presence of elevated
Cyclin T1 expression (AAV9-driven cardiomyocyte-specific)
(11) (Figure 2E). These genes are Myc targets, involved in
direct Myc-regulated processes such as ribosomal biogenesis
and RNA metabolic processes (Figure 2E, Supplementary
Figure 1D, and Supplementary Table 2). In contrast, there was

little overlap between downregulated genes observed following
MycERT2 and HRasG12V activation in the heart and genes
downregulated by MycERT2 alone in the liver, suggesting a
level of tissue specificity for Myc-dependent transcriptional
repression. Consistent with this, genes downregulated in
response to HRasG12V and MycERT2 overlapped with those
downregulated in the MycERT2 and Cyclin T1 expressing
heart – these genes were characteristic of a homeostatic heart
transcriptional programme, such as HCN4, MYOT (Figure 2E
and Supplementary Table 3).

To determine if the transcriptional changes observed in
response to combined activation of MycERT2 and HRasG12V in
the adult heart were similar to that observed in a regenerating
neonatal heart, we analysed previous data to compare
the transcriptional profiles of cardiomyocytes isolated from
surgically infarcted hearts at different stages of development
(14). Our unbiased comparison revealed that the P1 “neonatal
regeneration gene expression signature” correlated most closely
with the expression changes within the TetO-HRas; Myh6-
tTA; R26CMER/+ hearts (Figure 3A). Upregulated genes
that overlapped with those also elevated in the “neonatal
regeneration gene expression signature” enriched for GO
terms including cell cycle control (Figure 3B). Interestingly,
downregulated genes that overlapped with those also reduced in
the “neonatal regeneration gene expression signature” contained
genes involved in the negative regulation of mTOR signalling
and we have previously observed a broad reprogramming of
metabolism with a transition from neonatal to adult cardiac
maturation (41). Furthermore, when regulated metabolic genes
from our analysis are overlaid on the KEGG metabolic
pathways TetO-HRas; Myh6-tTA; R26CMER/+ hearts show
broad reversion and reprogramming to neonatal metabolic
pathways (Supplementary Figure 2A). Consistent with this
reversion, gene set enrichment analysis (GSEA) indicated
MycERT2 and HRasG12V expressing hearts display enrichment
of genes involved in glycolysis, characteristic of neonatal
cardiomyocyte metabolism, and a reduction in genes involved
with oxidative phosphorylation and fatty acid metabolism
characteristic of adult cardiomyocyte metabolism (Figure 3C).

Combined HRas and Myc expression
drives proliferation of cardiomyocytes
in vivo

To determine if this Myc-dependent “regenerative
transcriptional response” results in productive proliferation,
MycERT2/HRasG12V expressing mice (TetO-HRas; Myh6-tTA;
R26CMER/+) or mice expressing either HRasG12V or MycERT2

alone were administered tamoxifen via intraperitoneal injection
at 8 weeks of age to activate MycERT2 and hearts collected
after 24 h. Transcriptional analysis indicated that activation
of MycERT2 in the presence of HRasG12V induced robust
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FIGURE 2

Cardiomyocyte HRasG12V expression enables Myc-driven transcription. (A) Scheme of experimental work. (B) Immunoblot analysis of the
C-terminal domain of phosphorylated RNA Polymerase II [p-Rpb1(S2)], Cyclin T1 and CDK9 protein expression in hearts isolated from control
(R26+/+; TetO-HRas, R26+/+; Myh6-tTA or R26+/+) and TetO-HRas; Myh6-tTA; R26 CMER/+(HRas/Myc) mice 4 weeks post withdrawal of
doxycycline and at 24 h post administration of 4-OHT. Expression of Gapdh is included as a loading control. Replicate samples are derived from
independent mice. (C) Quantitative RT-PCR analysis of Cad, Bzw2, Pinx1, Polr3d, St6, and Cdc25a in hearts from control (R26+/+; TetO-HRas,
R26+/+; Myh6-tTA or R26+/+, n ≥ 14), TetO-HRas; Myh6-tTA; R26+/+(HRas, n = 4), R26CMER/+ (Myc, n = 6) and TetO-HRas; Myh6-tTA; R26
CMER/+ (MycHRas, n = 5) mice 4 weeks post withdrawal of doxycycline and 4 h post-administration of 4-OHT. Expression is normalised to Actin
and Gapdh and relative to the respective control. Error bars show s.e.m. Two Way ANOVA with multiple comparisons test; control vs
R26CMER/+: p*** = 0.001 (Cad), control vs TetO-HRas; Myh6-tTA; R26 CMER/+: p** = 0.01 (Bzw2, Pinx1, Polr3d, Cdc25a) p*** = 0.001 (St6).
Replicate samples are derived from independent mice. (D) Heat map showing the union of DEGs called in adult liver and adult heart. Shown are
mRNA expression fold changes (Log2) upon MycERT2 activation relative to wild-type, as determined by RNA sequencing of R26CMER/+ (n ≥ 3)
mice in comparison to wild-type (R26+/+, n ≥ 3) and TetO-HRas; Myh6-tTA; R26 CMER/+ mice (Myc/HRas, n = 3) in comparison to TetO-HRas;
Myh6-tTA; R26+/+ mice (n = 3) at 4 h post administration of 4-OHT. (E) Venn diagrams of overlap in the number of genes showing an increase
(top) and decrease (bottom) in expression in response to supraphysiological Myc expression. The most significant GO Biological Process and
ASCHS4 gene lists that overlap are shown. Comparisons included the liver of R26CMER/+ (Myc liver, n = 3) compared to wild type. The adult
mouse heart was isolated 4 weeks post systemic infection with an adeno associated virus encoding Ccnt1 (AAV9-Ccnt1) compared to control
and heart from TetO-HRas; Myh6-tTA; R26 CMER/+ (n = 3) 4 weeks after HRasG12D expression and 4 h post Myc activation compared to control,
as determined by RNA sequencing (FDR < 0.05 and abs(log2FC) > 0.5).
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FIGURE 3

Cardiac MycERT2 and HRasG12V expression result in signalling characteristic of neonatal cardiomyocytes. (A) Pearson correlative analysis of
regenerative network genes (described in 14) expressed in day 1 myocardial infarcted heart myocytes (MIP1), adult day 56 myocardial infarcted
heart myocytes (MIP56), adult R26+/+ (WT) hearts, adult R26 CMER/+ (Myc) hearts, adult TetO-HRas; Myh6-tTA; R26+/+ (HRas) and adult
TetO-HRas; Myh6-tTA; R26 CMER/+ (Myc/HRas) RNA-seq datasets. (B) Heat map depicts gene expression of the regeneration network genes
(described in 14) from RNA-seq of TetO-HRas; Myh6-tTA; R26+/+ (HRas, n = 3) and TetO-HRas; Myh6-tTA; R26 CMER/+ P60 adult hearts
(Myc/HRas, n = 3). MIP1.Myo and MIP56.Myo denotes neonatal (P1) or adult (P56) cardiomyocytes isolated from myocardial infarction-operated
hearts (n = 4). Regeneration network genes were filtered for genes differentially expressed (DEGs) between TetO-HRas; Myh6-tTA; R26+/+

(HRas) and TetO-HRas; Myh6-tTA; R26 CMER/+ (Myc/HRas) hearts (FDR < 0.05). (C) Gene set enrichment analysis of glycolysis, oxidative
phosphorylation, and fatty acid metabolism gene lists in comparison to differential gene expression observed between TetO-HRas; Myh6-tTA;
R26 CMER/+ mice (Myc/HRas, n = 3) and TetO-HRas; Myh6-tTA; R26+/+ mice (n = 3) at 4 h post administration of 4-OHT.

expression of multiple cell cycle genes (Cdk4, Ccnd1, Cdk1,
Ccnb1) that were not induced by HRasG12V or Myc activation
alone (except Cdk4 which is a known Myc target, Figure 4A).
Furthermore, markers of cytokinesis were upregulated in
Myc and HRasG12V expressing hearts (Figure 4B) and GSEA
indicated that these hearts displayed significant enrichment
for genes involved in cell cycle-related pathways such as E2F
targets and G2/M checkpoints (Supplementary Figure 2B).
These transcriptional events also underpinned significant
markers of cell-cycle progression indicated by Ki67 (general cell

cycle) and p-H3 (mitotic) positive cardiomyocytes specifically
marked by PCM1 and cardiac troponin T, respectively
(Figures 4C,D). In addition, Aurora B kinase displayed
staining representative of cell cycle progression (prophase,
metaphase, late anaphase/telophase, and mid body localisation)
combined with features of disassembled sarcomeres that
become marginalised to the cell periphery (4, 42) (Figure 4E
and Supplementary Figure 3). Furthermore, Mklp1 expression
was observed in cardiomyocytes at the cleavage furrow
(Figure 4F).
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FIGURE 4

MycERT2 and HRasG12V expression drive cardiomyocyte proliferation. (A) Quantitative RT-PCR analysis of Cyclin D1, Cdk4, Cyclin B1, and Cdk1
in hearts of control (R26+/+; TetO-HRas, R26+/+; Myh6-tTA or R26+/+, n ≥ 24), TetO-HRas; Myh6-tTA; R26+/+(R26+/+;HRas, n ≥ 5),
R26CMER/+ (n ≥ 14) and TetO-HRas; Myh6-tTA; R26 CMER/+ (R26 CMER/+;HRas, n = 8) mice 4 weeks post withdrawal of doxycycline and 4 or
24 h post administration of 4-OHT. Expression is normalised to Actin and Gapdh and relative to the respective control. Error bars show s.e.m.
One Way ANOVA with multiple comparisons test; control vs 24 h R26CMER/+: p = 0.001*** (Cdk4), control vs 24 h TetO-HRas; Myh6-tTA; R26
CMER/+: p**** = 0.0001 (Cyclin D1, Cdk4, Cyclin B1, Cdk1). Replicate samples are derived from independent mice. (B) Heat map depicts gene
expression (LogCPM) of cytokinesis genes in the regeneration network (described in 14) from RNA-seq of adult TetO-HRas; Myh6-tTA; R26+/+

(HRas, n = 3) and adult TetO-HRas; Myh6-tTA; R26 CMER/+ hearts (Myc/HRas, n = 3), neonatal (P1) or adult (P56) cardiomyocytes isolated from
(Continued)

Frontiers in Cardiovascular Medicine 09 frontiersin.org

119120

https://doi.org/10.3389/fcvm.2022.948281
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-948281 October 14, 2022 Time: 15:58 # 10

Boikova et al. 10.3389/fcvm.2022.948281

FIGURE 4 (Continued)

sham and myocardial infarction-operated (MI) hearts (n = 4). (C) Left- immunofluorescent staining of heart from control, TetO-HRas; Myh6-tTA;
R26+/+ (HRas), R26CMER/+ (Myc) and TetO-HRas; Myh6-tTA; R26 CMER/+ (Myc/HRas) mice 4 weeks post-withdrawal of doxycycline and 24 h
post administration of tamoxifen. Cardiac troponin (red) and p-H3 positive mitotic nuclei (green). Representative images based on analysis of at
least 3 independent mice. Right- quantification of percent p-H3 positive cardiomyocyte in hearts isolated from control (R26+/+; TetO-HRas,
R26+/+; Myh6-tTA or R26+/+, black, n = 8), TetO-HRas; Myh6-tTA; R26+/+ (HRas, red, n = 3), R26CMER/+ (Myc, blue, n = 4) and TetO-HRas;
Myh6-tTA; R26 CMER/+ (Myc/HRas, purple, n = 3) mice 4 weeks post withdrawal of doxycycline and 24 h post administration of tamoxifen. Bold
symbols = average per mouse heart, small faint symbols = each individual field quantified. Bars are 100 µm. Representative images based on
analysis of 5 images per mouse; error bars show s.e.m. One Way ANOVA with multiple comparisons test: p < 0.0001****. (D) Left-
Immunofluorescent staining of PCM-1 (red) and Ki67 (green) in the heart from control, TetO-HRas; Myh6-tTA; R26+/+ (HRas), R26CMER/+ (Myc)
and TetO-HRas; Myh6-tTA; R26 CMER/+ (Myc/HRas) mice 4 weeks post withdrawal of doxycycline and 24 h post administration of tamoxifen.
Right Myc/HRas image shows relocation of PCM1 and cardiac troponin signal in mitotic cardiomyocytes. Right- quantification of percent Ki67
positive cardiomyocytes in hearts isolated from control (R26+/+; TetO-HRas, R26+/+; Myh6-tTA or R26+/+, black, n = 10), TetO-HRas;
Myh6-tTA; R26+/+ (HRas, red, n = 3), R26CMER/+ (Myc, blue, n = 7) and TetO-HRas; Myh6-tTA; R26 CMER/+ (Myc/HRas, purple, n = 3) mice
4 weeks post withdrawal of doxycycline and 24 h post administration of tamoxifen. Bold symbols = average per mouse heart, small faint
symbols = each individual field quantified. Bars are 100 µm. Representative images based on analysis of at least 3 independent mice. One Way
ANOVA with multiple comparisons test: p < 0.0001****. (E) Left- Immunofluorescent staining of cardiac troponin (red) and Aurora B positive
mitotic nuclei (green) in the heart of TetO-HRas; Myh6-tTA; R26 CMER/+ (Myc/HRas) mice 24 h post administration of tamoxifen. Numbers
indicate differences in Aurora B localisation throughout the cell cycle. 1- Prophase and Prometaphase, 2- Metaphase, 3- Late anaphase/early
telophase, 4 – centrally located mid-body. Right- quantification of percent ABK positive cardiomyocytes in hearts isolated from control
(R26+/+; TetO-HRas, R26+/+; Myh6-tTA or R26+/+, black, n = 8), TetO-HRas; Myh6-tTA; R26+/+ (HRas, red, n = 4), R26CMER/+ (Myc, blue, n = 7)
and TetO-HRas; Myh6-tTA; R26 CMER/+ (Myc/HRas, purple, n = 3) mice 4 weeks post withdrawal of doxycycline and 24 h post administration of
tamoxifen. Bold symbols = average per mouse heart, small faint symbols = each individual field quantified. Bars are 100 µm. Representative
images based on analysis of at least 3 independent mice. Kruskal–Wallis with Dunn’s multiple comparisons: p < 0.01**, p < 0.001***.
(F) Immunofluorescent staining of cardiac troponin (red), Ki67 (green) and Mklp1 (orange) in the heart of TetO-HRas; Myh6-tTA; R26 CMER/+

(Myc/HRas) mice 24 h post administration of tamoxifen. Bars = 100 µm.

Combined HRasG12V and MycERT2

expression leads to apoptosis of
cardiomyocytes

It has been previously noted that HRasG12V hypertrophic
hearts display increased levels of cell death, mononuclear cell
infiltration, and damage that ultimately lead to heart failure (30).
We observed an increase in the presence of mononuclear cell
infiltration such as CD206 positive macrophages (Figure 1A)
and the apoptosis marker cleaved caspase 3 (Figure 5A).
We also observed increased cleaved caspase 3 when elevated
HRasG12V expression was combined with MycERT2 activation
(Figure 5A) and an apoptotic gene expression signature was
present (Supplementary Figure 1D). Therefore, longer-term
analysis and cardiomyocyte dissociation and counting of these
mice hearts were not possible. Although elevated levels of Myc
expression are associated with apoptosis in some tissues (43)
we did not observe apoptosis in hearts expressing activated
MycERT2 in the absence of HRasG12V (Figure 5A). Using a
different system, we next determined if the cell death observed
with HRasG12V and Myc together was recapitulated by co-
activation of MycERT2 and Cyclin T1. We infected, R26CMER/+,
and R26LSL−CMER/+;Myh6Cre mice with cardiac-specific (cTnT
promotor-dependent) overexpression of Cyclin T1 using AAV9-
cTnT-Ccnt1 or a control β-galactosidase virus (AAV9-cTnT-
LacZ). In contrast, to control mice, MycERT2 activation in the
presence of Cyclin T1 increased cardiomyocyte proliferation
as previously described (11), increased heart weight to tibia
size ratio, increased number of Ki67 and p-H3 positive
cardiomyocyte nuclei (Supplementary Figure 4) (11). However,
we found no evidence of apoptosis (cleaved caspase 3) in
cardiomyocytes in hearts overexpressing Myc and Cyclin T1

(Figure 5B). To confirm negativity we also performed Terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
for cell death which also indicated that elevated Myc and Cyclin
T1 activity does not induce cardiomyocyte cell death within
48 h (Figure 5B). While the method for overexpressing Cyclin
T1 differed, we compared the upregulated gene expression
profile of Myc/HRas expressing hearts and Myc/Cyclin T1
expressing hearts and found the GSEA hallmark signatures
vastly overlapped. Myc/Ras expressing hearts showed additional
gene set enrichment for apoptosis (including the pro-apoptotic
proteins Bak and Bok), epithelial mesenchymal transition
and inflammatory response (Figure 5C and Supplementary
Table 4). The only GSEA pathway that was enriched in
Myc/Cyclin T1 expressing hearts was Wnt/Beta Catenin. These
data indicate that cell death is specific to HRasG12V activation,
not simply an inevitable consequence of enforced endogenous
cardiomyocyte proliferation.

Discussion

Myc is a transcription factor that serves as a pivotal
instructor of tissue regeneration following injury in a
regenerative organ (13), however, in the heart both Myc
transcription and Myc-driven transcription are attenuated.
When Myc is acutely overexpressed in the heart it competently
binds to DNA but only drives a limited transcriptional
programme, and cell-cycle progression is not observed within
48 h (11). Protracted Myc expression in cardiomyocytes
eventually leads to DNA synthesis, and myocyte hypertrophy
but not to cardiomyocyte cytokinesis (15). We have previously
shown that the ability of Myc to drive all the transcriptional
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FIGURE 5

Cardiac HRasG12V and MycERT2 expression results in cardiomyocyte apoptosis. (A) Left- immunofluorescent staining of cleaved caspase 3
(green) and cardiac troponin (pink) in heart from control, TetO-HRas; Myh6-tTA; R26+/+ (HRas), R26CMER/+ (Myc) and TetO-HRas; Myh6-tTA;
R26 CMER/+ (Myc/HRas) mice 4 weeks post withdrawal of doxycycline and 24 h post administration of tamoxifen. Representative images based
on analysis of at least 3 independent mice. Right- quantification of CC3 positive cardiomyocytes in hearts isolated from control (R26+/+;
TetO-HRas, R26+/+; Myh6-tTA or R26+/+, black, n = 8), TetO-HRas; Myh6-tTA; R26+/+ (HRas, red, n = 4), R26CMER/+ (Myc, blue, n = 4) and
TetO-HRas; Myh6-tTA; R26 CMER/+ (Myc/HRas, purple, n = 3) mice 4 weeks post withdrawal of doxycycline and 24 h post administration of
tamoxifen. Bars are 100 µm Representative images based on analysis of 5 images per mouse; error bars show s.e.m. One-Way ANOVA with
multiple comparisons test; Myc/HRas vs control: p = 0.0003, Myc/HRas vs Myc: P = 0.0006, Myc/HRas vs HRas; Myh6-tTA; R26+/+: p = 0.0295.
(B) Left- immunofluorescent staining of heart from Control and Myh6-Cre; R26LSL-CMER/+ (Myc/Cyclin T1) mice 4 weeks post systemic
infection with an AAV-Cyclin T1 adeno-associated virus and 48 post administration of tamoxifen (tam) at adulthood. Top: Control is R26+/+,
cleaved caspase 3 (green) and cardiac troponin (pink), Bottom: Control is Myh6-Cre; R26LSL-CMER/+ without tam treatment. TUNEL (green).
Representative images based on analysis of 5 independent mice. Right- quantification of TUNEL positive cells in hearts isolated from R26+/+

(WT) mice infected with AAV-LacZ and or AAV-Cyclin T1 and Myh6-Cre; R26LSL-CMER/+ (Myc) mice 4 weeks post systemic infection with an
adeno-associated virus and 48 post administration of tamoxifen (tam). Bars are 100 µm. Representative images based on analysis of 5 images
per mouse; error bars show s.e.m. Thymus is shown as a positive control. One-Way ANOVA with multiple comparisons test. ns = not significant.
(C) Venn diagram of the overlap of the GSEA hallmark signatures obtained from the upregulated gene expression profile of Myc/HRas
expressing hearts or Myc/Cyclin T1 expressing hearts. Adult mouse hearts were either isolated 4 weeks post systemic infection with an adeno
associated virus encoding Ccnt1 (AAV9-Ccnt1) compared to control and heart from TetO-HRas; Myh6-tTA; R26 CMER/+ (n = 3) 4 weeks after
HRasG12D expression and 4 h post Myc activation compared to control, as determined by RNA sequencing (FDR < 0.05 and abs(log2FC) > 0.5).
The significant non-overlapping GSEA hallmark signatures are shown below.
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programmes necessary for cell division in cardiomyocytes
depends on the level of P-TEFb (11). We and others have shown
that the level of P-TEFb is dependent on the level of Cyclin
T1 and elevated Cyclin T1 leads to a corresponding increase
in CDK9 and phosphorylated RNA PolII (11, 25, 26). Since
HRasG12V upregulates P-TEFb in cardiomyocytes (31) resulting
in cardiac muscle hypertrophy, we hypothesised that Myc and
Ras would co-operate to drive cardiomyocyte proliferation.

We employed a previously described mouse model of
HRasG12V overexpression in which oncogenic HRasG12V is
under the control of a tetracycline response element (TetO-
HRas) harbouring a cardiomyocyte-specific reverse tetracycline
transactivator (Myh6-tTA). Withdrawal of doxycycline at
4 weeks of age leads to cardiomyocyte-restricted HRasG12V

overexpression and pathogenic myocardial hypertrophy.
Cessation of HRasG12V activity after induction of hypertrophy
leads to hypertrophy resolution (30). We confirmed that
long-term overexpression of HRasG12V in cardiomyocytes led
to increased HRas signalling and cardiomyocyte hypertrophy
as previously reported (29, 30, 44–46). Four weeks after
HRasG12V expression higher levels of CDK9, Cyclin T1, and
phosphorylated RNA Pol II in HRasG12V were observed
compared to control animals, confirming that long-term
HRasG12V expression upregulates the transcriptional elongation
machinery. The exact mechanism of increasing P-TEFb activity
by Ras is not known, however, recently the downstream Ras
effector AP-1 (heterodimeric transcription factors comprising
members of the Fos and Jun families) has been shown
to be critical for both Zebrafish and Xenopus tropicalis
heart regeneration (47, 48). Fosl1 plays an essential role in
cardiomyocyte proliferation by interacting with JunB and
binding the Ccnt1 promoter, increasing the expression of
Cyclin T1 (48). Here we show that HRasG12V overexpression
in cardiomyocytes leads to increased Fosl1 and an increase in
Cyclin T1 protein levels. We have previously demonstrated
that Myc co-operates with elevated Cyclin T1 expression to
drive cardiomyocyte proliferation in vivo (10), therefore, we
hypothesised that Myc and HRas would also co-operate in
cardiomyocyte proliferation. In the presence, but not the
absence, of HRasG12V, Myc activation competently elicited
transcriptional programmes involved in cell growth, biogenesis,
and metabolism that led to a cardiomyocyte proliferative
response. Overlap of the genes altered in Myc and HRas
activated hearts with those altered during regeneration of
P1 neonatal cardiomyocytes indicated a strong correlation,
suggesting that common regenerative transcriptional pathways
are activated.

Quantification of cardiomyocyte division is notoriously
challenging as cell-cycle re-entry does not necessarily lead
to cell division (49–51), and the cell death observed in the
HRas model prohibited long-term experimentation and
cardiomyocyte number estimation by dissociation techniques.
Ki67 is expressed during all active phases of the cell cycle

while p-H3 expression begins in G2 and is present throughout
mitosis. These markers relay no information regarding
cytokinesis and hence they are technically markers of cell
cycling and not necessarily proliferation. Here, we observe
both Ki67 and p-H3 expression in cardiomyocytes (Figure 4D)
demonstrating that combined Myc and HRas overexpression
drive cardiomyocytes into the cell cycle. Aurora B kinase is
expressed during G2, anaphase, metaphase, telophase, and
cytokinesis, where it is detected within the mid-body and can
be used as a marker of cardiomyocyte division. However, it
is present in an asymmetrical location within cardiomyocytes
undergoing bi-nucleation (49) and caution is needed when
interpreting staining patterns (50). Here we observed Aurora B
kinase localisation in cardiomyocytes in prophase, metaphase,
anaphase/telophase and symmetrical mid-bodies. Mitotic
kinesin-like protein 1 (Mklp1) is an additional marker of
cardiomyocyte cytokinesis where it accumulates at the cleavage
furrow (52, 53). Here we observed Mklp1 staining at the
cleavage furrow of cardiomyocytes in Myc/HRas overexpressing
hearts. While these data provide some evidence that Myc
and HRas together drive cardiomyocytes’ entry into the cell
cycle with positivity for markers of cytokinesis, productive
cell division cannot be formally confirmed without direct
cardiomyocyte counting.

In healthy adult mammalian heart apoptosis is rare with
only 0.01–0.001% TUNEL-positive cardiomyocytes observed.
This rises to 2–12% apoptotic cardiomyocytes in MI ischaemia
and reperfusion injury (54–56). Apoptotic death is also a
common feature of cardiomyocytes driven into the cycle by
overexpression of some cell cycle regulators such as E2F1,
CDK1, and CCNB (8, 57). Paradoxically oncogenes, particularly
Myc and Ras, promote both pro-proliferative and pro-apoptotic
signals, and the cell fate outcome depends very much on
the cell type and context (58). In cardiomyocytes, PI3K and
ERK activation downstream of HRas has strong anti-apoptotic
effects, promoting cardiomyocyte survival in pressure-overload
hypertrophy and heart failure (59). However, hypertrophic
cardiomyopathy resulting from HRas mutation associated with
chronic constitutively activated Ras/Raf/MEK/ERK pathway
and pathological hypertrophy leads to apoptosis (60), similar
to the phenotype seen in TetO-HRas; Myh6-tTA mice used
in this study. We show that MycER expression alone did
not lead to cell death in agreement with similar models (15).
However, prolonged/persistent ectopic HRasG12V signalling
leads to apoptotic cell death, which was exacerbated by transient
Myc signalling. Transcriptional profiling indicated Myc/HRas
hearts expressed increased levels of the pro-apototic factors
Bak, Bok and enhanced inflammatory response, which may be
promoting apoptosis. These data indicate endogenous cardiac
regeneration is unlikely to be effective with the combination
of Myc and HRas. More importantly, the data suggest patients
with elevation in Ras signalling in hypertrophic hearts may
not benefit or may be harmed, from driving endogenous
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cardiomyocyte regeneration via activation of cell cycle genes
such as Myc. Here, we activated HRas for 4 weeks, further
studies are required to establish whether a shorter period of
HRas expression results in similar transcriptional changes and
proliferation without hypertrophy and apoptosis.

More encouragingly, elevated Cyclin T1 expression,
absent of HRas activation, co-operated with activated Myc
to drive cardiomyocyte proliferation in the absence of
apoptosis, suggesting that co-expression of Cyclin T1 and
Myc may be a therapeutically tractable approach for heart
regeneration after injury. Myc/Cyclin T1 hearts expressed
an increased Wnt/Beta catenin signature, which has recently
been shown to be cardioprotective in an adult mammalian
setting (61), deciphering the key protective and destructive
pathways will be key to translating these findings. As with
all genes able to drive proliferation in cardiomyocytes the
expression must be tightly regulated and localised. Promising
modes of delivery are being developed including cell-specific
viral expression vectors and transient modified mRNA
technologies.

Study limitations

HRasG12V is restricted to the cardiomyocytes in the TetO-
HRas; Myh6-tTA; R26CMER/+ mice, but Myc is expressed
across the whole animal, so care must be taken to draw
conclusions from the bulk transcriptional data because
the interaction between Myc activated non-myocytes and
cardiomyocytes are possible. The different systems used to
overexpress HRas (TetO-HRas; Myh6-tTA; R26CMER/+ mice)
and Cyclin T1 (AAV9-cTnT-Ccnt1) mean the apoptosis and
proliferation efficiencies between these groups cannot be
directly compared.
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Myocardial remodeling is a key pathophysiological basis of heart failure,

which seriously threatens human health and causes a severe economic

burden worldwide. During chronic stress, the heart undergoes myocardial

remodeling, mainly manifested by cardiomyocyte hypertrophy, apoptosis,

interstitial fibrosis, chamber enlargement, and cardiac dysfunction. The

NADPH oxidase family (NOXs) are multisubunit transmembrane enzyme

complexes involved in the generation of redox signals. Studies have

shown that NOXs are highly expressed in the heart and are involved in

the pathological development process of myocardial remodeling, which

influences the development of heart failure. This review summarizes the

progress of research on the pathophysiological processes related to the

regulation of myocardial remodeling by NOXs, suggesting that NOXs-

dependent regulatory mechanisms of myocardial remodeling are promising

new therapeutic targets for the treatment of heart failure.

KEYWORDS

heart failure, myocardial remodeling, NADPH oxidase, reactive oxygen species,
oxidative stress

Introduction

Myocardial remodeling is a fundamental pathophysiological process in heart
failure (HF) and is closely related to high morbidity and mortality of cardiovascular
diseases (CVD) worldwide (1, 2). The main pathological features of myocardial
remodeling are cardiomyocyte hypertrophy and apoptosis, excessive extracellular matrix
protein (ECM) deposition, collagen deposition, and perivascular fibrosis, which lead to
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myocardial stiffness, chamber dilation, cardiac insufficiency,
and ultimately heart failure (1, 3). Furthermore, various
cardiovascular diseases, such as myocardial infarction,
cardiomyopathy, heart valve disease, myocarditis, and
hypertension, can lead to myocardial remodeling, myocardial
stiffness, and reduced compliance, followed by heart failure
and death (4). Therefore, reversing myocardial remodeling and
reducing morbidity and mortality of heart failure is the key
to clinical treatment of cardiovascular diseases. Accumulating
evidence suggests that ROS produced by nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases (NOXs) can
regulate the level of oxidative stress and participate in the
development of myocardial remodeling. This review explores
the involvement of NADPH oxidase-related isoforms in
the pathophysiological process of myocardial remodeling
development through the regulation of complex molecular
pathways and provides new ideas and approaches for the
treatment of heart failure.

Nicotinamide adenine
dinucleotide phosphate oxidase

NADPH oxidase, a multi-enzyme complex originally found
in neutrophils, is involved in the non-specific host immune
defense response against pathogenic microorganisms and is
a key regulator of the redox homeostatic response. Seven
mammalian isoforms of NOXs have been identified, including
NOX1, NOX2, NOX3, NOX4, NOX5, double oxidase 1
(DUX1), and double oxidase 2 (DUOX2) (5, 6). All NOX
isoforms contain NADPH-and flavin adenine dinucleotide
(FAD)-binding domains. The different isoforms comprise
homologs containing the NOX2 gp91Phox subunit but have
different localization and regulatory roles (7). NOX1–4 consists
of the NOX subunit catalytic subunit and p22phox as the
only membrane-bound subunit. NOX5 is a structurally active
enzyme body consisting of only the NOX subunit. DUOX 1
and DUOX2 consist of the DUOX-1/2 subunit, DUOXA1/2
subunit, and amino-terminal transmembrane structural domain
with the peroxidase-like structural domain (8, 9). Table 1
describes the composition, localization and related functions of
NADPH oxidase.

The highest levels of NOX1, NOX2, NOX4, and NOX5
are found in the cardiovascular system (10), and the main
isoforms expressed in the skeletal system are NOX1, NOX2,
and NOX4. NOX3 is expressed only in fetal tissues and in
the inner ear, especially in the cochlea, sensory epithelium,
and spiral ganglia of the vestibule, which are essential for
vestibular development and function (11, 12). DUOX1 and
DUOX2 are mainly expressed in thyroid tissues (13). NOXs are
composed of different regulatory subunits. NOX1 consists of
p22Phox, NOXO1, NOXA1, and RAC1/2 regulatory subunits,
NOX2 consists of Gp91Phox, p22Phox, p47Phox, p67Phox,
p40Phox, and RAC1/2 regulatory subunits, and NOX3 consists

of p22Phox and NOXO regulatory subunits. The p22Phox
regulatory subunits regulate NOX4, and NOX5, DUOX 1,
and DUOX2 are mainly regulated by the calcium-dependent
mode of the N-terminal structural domain without p22Phox
regulatory subunits (8, 14, 15).

NOXs are one of the main sources of reactive oxygen
species (ROS) that are involved in the pathophysiological
processes of CVD through redox reactions (11, 16). ROS in
the heart is mainly produced through NOX1, NOX2, NOX4,
and NOX5 catalysis (17). The main enzymatic sources of ROS
are mitochondrial respiratory chain enzymes, xanthine oxidase
(XO), uncoupled endothelial nitric oxide synthase (eNOS), and
NOXs (18, 19). ROS, known as “second messengers,” play a
role in rapidly regulating the activity of signaling molecules
and transcription factors. The main types of ROS include
superoxide radical anion (O2·-), hydrogen peroxide (H2O2),
and hydroxyl radicals (·OH). NOX1, 2, and 5 produce O2·-,
while NOX4 mainly produces H2O2. NOX-induced oxidative
stress that produces ROS can lead to eNOS dysregulation and
endothelial dysfunction, reduce NO bioavailability, and induce
myocardial damage (20). Under normal conditions, a small
amount of ROS maintains the homeostasis of the cardiovascular
system. However, excess ROS can cause redox imbalance,
resulting in myocardial cell apoptosis and necrosis, fibroblast
proliferation, activation of matrix metalloproteinases (MMPs),
collagen deposition, and other pathophysiological processes,
activating oxidative stress and causing pathological myocardial
remodeling, leading to various diseases, such as myocardial
infarction, hypertension, arrhythmia, heart failure, and vascular
dysfunction (21–23). Excessive production of ROS also activates
a variety of hypertrophic signaling kinases and transcription
factors, disrupting the contractile function of excitation-
contraction coupling core proteins, causing mitochondrial
DNA(mtDNA) damage, lipid and protein peroxidation,
abnormal ion channel function, leading to fibroblast
proliferation, vascular endothelial dysfunction, interstitial
fibrosis, atheromatous plaque formation, thromboembolism
formation and inadequate cardiac energy supply, eventually
progressing to heart failure (24–28). Recent studies have shown
that ROS produced by mitochondria activate the oxidative stress
process, causing apoptosis and interstitial fibrosis, resulting in
functional and structural impairment, leading to deterioration
of right ventricular (RV) function and pressure overload, which
in turn leads to right heart failure (29). Studies have shown
that NOX-related subtypes can mediate the development of
cardiovascular diseases through the production of excess ROS.
Figure 1 shows the functional properties and basic activators of
the four isoforms involved in myocardial remodeling.

NOX1

NOX1 was initially found in colon epithelial cells but
can also be expressed in smooth muscle cells, fibroblasts, and
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TABLE 1 Introduction to the composition, localization and related functions of NADPH oxidase.

Essential
regulatory
subunits

Requirement
for p22phox

Cell/tissue
distribution

Cardiomyocyte
expression

Regulating
factors

Model building References

NOX1 NOXO1
NOXA1
RAC

Yes Smooth muscle cells
Fibroblasts

Endothelial cells

No AngII NF-κB
ET-1 IFN-γ

VEGF PDGF
ATF-1 GPER

ApoE−/− , SHRs
TgSMCnox1

HFHS/STZ,
NoxO1−/−

Gper−/−

(6, 8–12, 17, 20, 22,
26, 27, 29, 33,

36–39)

NOX2 Gp91Phox
p47Phox

p67Phox

p40Phox

RAC

Yes Cardiomyocytes,
endothelial cells
Vascular-smooth

muscle cells
Fibroblasts

Yes AngII ET-1
TGF-β IFN-γ
PDGF VEGF

Nox2−/− , ApoE−/−

LysMCre/WT

gp91phox−/−

TLR5−/−

TRPC3/C6 ectopic-
expression

(6, 10–12, 17, 20,
31, 34, 41, 42, 44,
45, 47, 51, 52, 59,

104)

NOX3 NOXO Yes Fetal tissue inner ear No (11, 12)

NOX4 Calcium ions Yes Cardiomyocytes,
endothelial cells

Fibroblasts
Vascular-smooth

muscle cells

Yes HIF-1 TGF-β
TNF-α IFN-γ

VEGF

NOX4−/− , APOE−/−

Tg-Nox4 HCAEC
Cardio-Nox4−/−

Endo-Nox4−/−

ApoE−/−/

p47phox−/−

SHRs

(6, 7, 9, 22, 31, 35,
62, 63, 67–70, 75)

NOX5 Calcium ions No Endothelial cells
Vascular-smooth

muscle cells
Extravascular

fibroblasts

No AngII TNF-α
TGF-β PDGF

IFN-γ

NOX5±CRE±
TeloHAEC cell line

NOX5-siRNA

(6, 17, 20, 22, 31,
77–79, 81, 82, 84)

AngII, Angiotensin II; NF-Kb, nuclear factor kappa-B; ET-1,endothelin-1; IFN-γ, interferon-γ; VEGF, vascular endothelial growth factor; PDGF, platelet derived growth factor; ATF-
1, activating transcription Factor 1; GPER, G-protein-coupled estrogen receptor; HIF-1, hypoxia-inducible factor-1; TNF, tumor necrosis factor; TGF-β, transforming growth factor-β;
ApoE−/− , ApoE knockout mice; SHRs, spontaneously hypertensive rats; TgSMCnox1 , mice overexpressing Nox1 in SMCs; HFHS/STZ, high-fat and high-sugar diet/streptozotocin mouse
model; NoxO1−/− , Noxo1-knockout mice; Gper−/− , G protein-coupled estrogen receptor gene deficient mice; Nox2−/− , Nox2 knockout mice; LysMCre/WT , Model mice using the
promoter of LysM gene to drive Cre recombinase; gp91phox−/− , gp91phox knockout mice; TRPC3/C6, Canonical transient receptor potential; −CRE, Cyclization Recombination
Enzyme; Cardio-Nox4−/− , Cardiomyocyte NOX4 knockout mice; Endo-Nox4−/− , endothelial cell NOX4 knockout mice; Tg-Nox4 HCAEC, NOX4 overexpression in mouse coronary
endothelial cells; TeloHAEC cell line, is a clonal cell line immortalized by stably expressing human telomerase catalytic subunit hTERT; NOX5-siRNA, NOX5-silenced.

endothelial cells. NOX1 is involved in the development of many
diseases, such as atherosclerotic cardiovascular disease, lung
disease, chronic kidney disease, cerebrovascular disease, and
cancer (5, 30, 31). NOX1 is expressed on the X chromosome
and determines the risk of sex-linked diseases (32). It is the main
isoform regulating hypertensive diseases and aortic thickening.
NOX1 has a self-regulatory function and is mainly regulated by
the expression levels of various proteins such as AngII, NF-κB,
endothelin-1 (ET-1), interferon-γ(IFN-γ), vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF),
activating transcription factor 1 (ATF-1), and G protein-coupled
estrogen receptor (GPER), which play pro-proliferative and
pro-inflammatory roles (6, 31, 33, 34).

Studies have shown that NOX1 promotes the progression
of atherosclerotic disease, hypertensive disease, and myocardial
remodeling through multiple signaling targets. Experimental
studies showed that NOX1 expression was barely detectable
in the left ventricle of adult rats and cultured cardiomyocytes
of neonatal rats, but NOX2 and NOX4 could be detected, and
the NOX2 expression level was higher than that of NOX4
(35). High NOX1 expression activates macrophage infiltration

and promotes systemic inflammatory responses, thereby
accelerating atherosclerosis development in female mice
(36). Studies have found that NOX1 expression in ApoE−/−

mouse models activates endothelial cell and macrophage
proliferation and collagen deposition, significantly enlarging
the intra-aortic plaque area and promoting atherosclerotic
disease progression concurrently (33, 37). Studies have also
reported that diabetic APOE−/− mice can increase the NOX1
level by mediating the overexpression of ET-1, increasing the
production of ROS in peri-aortic adipose tissue, and promoting
atherosclerosis progression (38). Vascular smooth muscle cell
phenotype transition is a pathophysiological mechanism of
atherosclerotic disease, and protein disulfide isomerase-A1
(PDIA1) is an upstream regulator of smooth muscle cell
(SMC) phenotype transition, upregulating the expression levels
of NOX1 and NOX4, causing cytoskeleton reconstruction
and promoting atherosclerotic disease progression and
exacerbating myocardial remodeling (39). AngII directly
enhances the binding of NOX1 to angiotensin type 1 (AT1)
receptors and stimulates vascular smooth muscle cell activation
(5), which has pro-inflammatory and pro-atherosclerotic
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FIGURE 1

NADPH oxidase expression in myocardial remodeling.

effects. The epidermal growth factor receptor (EGFR), an
important target of NOX1, upregulates ATF-1-mediated
NOX1 expression levels and regulates cell proliferation
and migration, promoting atherosclerosis progression (33).
A study showed that NOX1 and NOX2 are highly expressed
in aged spontaneously hypertensive rats (40). By constructing
transgenic mice overexpressing NOX1 in vascular smooth
muscle cells (TgSMCnox1), releasing excessive ROS from NOX1
could cause vascular endothelial cell dysfunction, leading to
vessel wall hypertrophy and hypertension (41). In another
study, NOX1-deficient mice (KO) had reduced expression
of the surface adhesion molecules VCAM-1 and ICAM-1,
reduced levels of myocardial inflammatory markers such as
Mac-2, IL-1, and NLRP3, and downregulated myocardial
metabolic remodeling in cardiac endothelial cells compared

to male wild-type mice (WT) using a high-fat, high-sugar
diet (HFHS)/streptozotocin (STZ) mouse model (42). GPER
receptors promote ROS production by directly enhancing
NOX1 binding to AT1, stimulating the proliferation of
cardiomyocytes and vascular smooth muscle cells, affecting
myocardial structural and morphological changes (43), and
leading to myocardial remodeling.

NOX2

NOX2 (gp91Phox), present in phagocytes, is the first typical
member of the NADPH oxidase family to be identified. NOX2
can be expressed in cardiomyocytes, endothelial cells, vascular
smooth muscle cells, fibroblasts, and inflammatory cells and is
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present in the heart, blood vessels, neural tissue, and kidney (14,
44, 45). NOX2 is a major enzyme involved in the membrane-
bound release of ROS and the development of heart failure,
dyskinesia, and myotonic diseases (46). Many factors could
enhance the expression of NOX2, such as Hyperglycemia,
hyperlipidemia, ischemia-reperfusion injury, Ang II, ET-1,
transforming growth factor β (TGF-β), IFN-γ, PDGF, and VEGF
(6, 7, 31, 34).

NOX2 is involved in the normal heart developmental
process but aggravates the progression of diseases such as
atherosclerosis, hypertension, arrhythmias, and heart failure.
NOX2−/− embryonic hearts develop abnormal endocardial
cushion development, which severely affects the endocardial-
to-mesenchymal transition (EndMT) of atrial cushion explants,
resulting in endocardial cell proliferation, apoptosis, and cardiac
malformations (47). When cardiomyocytes are subjected to
mechanical distortion by physiological stretch, they activate
NOX2 in the sarcoplasmic and t-tubular membranes, induce
ROS production through a microtubule-dependent network (X-
ROS signaling), activate oxidative stress, sensitize ryanodine
receptors (RyRs) around the sarcoplasmic reticulum (SR),
induce massive cytoplasmic calcium ion (Ca2+) release and
increase the incidence of arrhythmias and cardiomyopathy
(48). Studies have demonstrated that NOX2 expression in
ApoE−/− mice reduces NO bioavailability, downregulates
oxidative stress, decreases ROS release, and activates vascular
smooth muscle cells, which can cause atherosclerosis (49). By
constructing a post-infarction heart failure model in the left
anterior descending branch of mice, AT1 receptor blockers
acted on NOX2+ myeloid cells, inducing inflammatory cell
infiltration and activation of oxidative stress, causing vascular
endothelial dysfunction and exacerbating heart failure (50).
Transverse aortic constriction(TAC) induction model mice
showed that the absence of NOX2 interfered with oxidative
stress in the heart and produced a sustained protective effect
against heart failure (45). By constructing gp91phox−/− mouse
models, inhibition of NOX2 expression reduced the release
of ROS and MMPs, decreased the activation of vascular
endothelial cells owing to hypoxia and inflammatory response,
and attenuated vascular remodeling (51). NOX2 and NOX4
in the hypothalamic paraventricular nucleus are key sources
of aldosterone, leading to ROS release, causing sympathetic
excitation, and contributing to the development of hypertensive
disease (52). Activation of the renin-angiotensin system (RAS)
promotes the high expression of NOX2 in cardiac endothelial
cells, releasing excess superoxide, leading to NO inactivation,
mediating inflammatory responses, and enhancing endothelial-
mesenchymal transition (EMT), which leads to vasodilator
dysfunction and increased cardiac interstitial fibrosis (53).
Clinical studies have demonstrated a certain thrombotic risk
in COVID-19 patients, correlating with oxidative stress caused
by NOX2 activation (54, 55). Therefore, NOX2 is expected
to be a novel pharmacological target for the treatment and

prevention of COVID-19. This shows that NOX2 can be
involved in the progression of cardiovascular diseases by
participating in the pathogenesis of inflammatory response,
apoptosis, and oxidative stress, providing novel ideas for
clinical treatment.

NOX2 is involved in cellular hypertrophy and apoptosis
during myocardial remodeling. Studies have shown that
hyperglycemia can participate in NOX2-mediated oxidative
stress in an AMPK-dependent manner, causing myocardial
remodeling by causing apoptosis (56, 57). Ras-related C3
botulinum toxin substrate 1 (RAC1) is an important
component of NADPH oxidase that promotes the transfer
of cytoplasmic subunits to the membrane and induces NOXs
activity. RAC1 is an important regulator that mediates
NADPH oxidase activity to produce myocardial remodeling
(58). RAC1 is involved in NOX2-induced hypertrophy
of cardiomyocytes, causing myocardial remodeling (35).
NOX2 expression mediates toll-like receptor 5 (TLR5)
in adriamycin (Doxorubicin, DOX) toxicity, exacerbating
cardiomyocyte death and interstitial fibrosis, leading to
acute myocardial injury (59). Transient receptor potential
canonical (TRPC) subfamily proteins are components of
calcium channels that mediate calcium signaling and are
key mediators involved in the development of myocardial
remodeling. TRPC3 mediates pathological myocardial
remodeling by forming a stable protein complex with NOX2
and p22phox, releasing ROS, amplifying redox signals,
and inducing fibrotic responses in cardiomyocytes and
fibroblasts through mechanical stimulation (60). Studies have
shown that NOX2 is the main source of superoxide anion
production by human atrial myocytes, causing apoptosis
and interstitial fibrotic remodeling, which is an important
basis for oxidative stress and electrophysiological remodeling
in patients with atrial fibrillation (61). Therefore,NOX2
downregulation can act as an oxidative stress inhibitor and
reduce ROS formation, providing long-term therapeutic
value for the treatment of myocardial remodeling and the
development of new drugs.

NOX4

NOX4 is the most widely expressed protein initially found in
the kidney. NOX4 is present in the mitochondria, endoplasmic
reticulum, cardiomyocytes, endothelial cells, vascular smooth
muscle cells, fibroblasts, blood vessels, and various organs (31,
39). During various stress conditions, NOX4 is an important
source of oxidative stress in myocardial mitochondria and
is involved in the energy metabolic process of myocardial
remodeling (62). TGF-β, TNF-α, and IFN-γ can activate high
NOX4 expression (6, 31, 63, 64). NOX4 can be involved in the
pathogenesis of various cardiovascular diseases and myocardial
remodeling as a central component of endoplasmic reticulum
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stress, participating in the oxidation of sarcoplasmic reticulum
calcium ATPase (SERCA), increasing intracellular calcium ion
transport, mediating myocardial electrophysiological activity,
activating oxidative stress, and reducing autophagy (65).

NOX4 expression plays a partially protective role in the
heart (66). NOX4 serves as a vasodilator through H2O2.
NOX4−/− and APOE−/− mice can induce atherosclerotic
disease progression by increasing endothelial cell inflammation
and oxidative stress levels (67). NOX4 attenuates age-related
mitochondrial oxidative stress and vascular inflammation
and reduces the incidence of cardiovascular disease (62, 68).
NOX4−/− mice (c-NOX4 KO) inhibited cysteine oxidation
and nuclear withdrawal of HDAC4, and TAC-induced
pathological myocardial hypertrophy was attenuated (69).
During myocardial ischemia-reperfusion (I/R), cardiomyocyte
NOX4 levels contributed to macrophage proliferation and
polarization responses, and volume overload improved
ventricular remodeling after myocardial infarction (MI)
through NOX4 activation of Akt and an increase in
downstream protein synthesis markers (S6 ribosomal protein
and eIF4E-BP1), a therapeutic target (70).

High expression of NOX4, an endogenous anti-
atherosclerotic enzyme, can cause damage to the heart.
Lack of NOX4 in cardiac myocytes is beneficial, while the
lack of NOX4 in blood vessels causes a decreased adaptive
response, leading to post-ischemic and hypoxic myocardial
injury. During hypoxia, NOX4 mediates the release of
HIF-1α and vascular endothelial growth factor (VEGF),
causing apoptosis and dysfunction of cardiomyocytes (7, 71).
Excess ROS produced by NOX4 promotes cardiomyocyte
apoptosis and mitochondrial dysfunction by mediating the
upregulation of the pro-apoptotic proteins Bax and caspase-3
and the downregulation of the anti-apoptotic protein BCL2
and the survival protein p-AKTser473, resulting in myocardial
structural damage and cardiac systolic and diastolic insufficiency
(7, 72). Increased NOX4 expression in male Wistar rats treated
with dexamethasone caused sympathetic excitation of the heart
and blood vessels, upregulated oxidative stress levels, elevated
blood pressure, and caused myocardial fibrosis. Simultaneously,
the incidence of ventricular arrhythmias was significantly
increased when induced by drugs or abrupt pacing (73).
Clinically, the novel hypoglycemic GLP-1 agonist liraglutide
exerts an anti-inflammatory effect by interfering with Sirtuin-1
(SIRT1)/NOX4/ROS signaling and NLRP3 inflammatory
vesicle-dependent cellular scorching, downregulating NOX4
expression, reducing hypoxia-induced oxidative stress, and
acting as a myocardial protector (74). JunD is a member
of the activator protein 1 (AP-1) family of transcription
factors and serves as a key target protein involved in anti-
oxidative stress. JunD−/− mice upregulate oxidative stress
levels by activating signaling pathways involved in JNK1
(c-Jun N-terminal kinases), increasing NOX2/4 expression, and
inducing inflammatory response pathways involved in NF-κB

signaling, causing left heart dysfunction (75). NOX1 and NOX4
mediate signaling pathways that promote smooth muscle cell
proliferation, differentiation, and migration, causing vascular
remodeling and exacerbating the progression of atherosclerosis
and hypertension. Dual inhibitors of Nox1/4 increase blood
pressure and perivascular macrophage infiltration, exacerbating
perivascular inflammation and fibrosis levels in models of
spontaneous hypertension (76). Thus, NOX4 exerts a dual
regulatory effect on the myocardium and blood vessels to
control the development of myocardial remodeling. The
potential risk of cardiovascular disease should be considered
when using NOX4 inhibitors.

NOX5

NOX5 is found only in humans and is not expressed in
other mammals. It is mainly found in the vascular and renal
systems and can be expressed in endothelial cells, vascular
smooth muscle cells, and extravascular fibroblasts (77, 78). The
NOX5 gene is located on chromosome 15 and includes six
different splice isoforms: α, β, γ, δ, ε, and ζ, all of which are
expressed in the vascular endothelial and smooth muscle cells.
NOX5-α and NOX5-β are the most abundantly expressed and
functional proteins for ROS production, and NOX5-ε may be
a negative regulator of NOX5 (79). NOX5 does not require
regulatory subunit activation and depends on an increased Ca2+

concentration for activation, causing a conformational change
in the N-terminal structural domain containing the EF-hand
loop (78).

Clinical studies have found that NOX5 is involved in
the development of myocardial infarction, atherosclerosis,
hypertension, and aortic aneurysm and aggravates myocardial
remodeling. Hyperglycemia, TNF, TGF-β, IFN-γ, PDGF
and Ang II promote increased intracellular calcium,
and NOX5 binds directly to intracellular calcium and is
activated for overexpression (6, 31, 79). Protein kinase
C (PKC) also promotes NOX5 overexpression, regulates
the endothelial cyclooxygenase-2 (COX-2)/prostaglandin-2
(PGE2) axis, causes ROS overproduction, and accelerates
the progression of myocardial remodeling by activating the
post-myocardial infarction (MI) inflammatory response
(80, 81). NF-κB, a transcription factor involved in NOX5-
induced adenocarcinoma, is involved in apoptosis through the
upregulation of ROS-mediated activation of cyclooxygenase-2
(COX-2) (81). Recent studies have shown that NOX5, a gene
newly associated with hypertension (82), ameliorates abnormal
VSMC proliferation, inhibits oxidative stress, and attenuates
hypertensive complications through the NOX5/ROS/c-Src
signaling pathway (redox-sensitive protein) (83). In response
to platelet-derived growth factor (PDGF) stimulation, NOX5
produces ROS to activate the JAK/STAT pathway to induce
the proliferation of human aortic endothelial cells (84). NOX5
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promotes the release of ROS from extracellular vesicles (EVS),
induces phenotypic conversion of vascular smooth muscle cells,
activates oxidative stress, promotes vascular smooth muscle
cell proliferation, and induces myocardial remodeling (85).
Therefore, NOX5 may be a new therapeutic target for the
clinical treatment of heart failure.

Nicotinamide adenine
dinucleotide phosphate and
myocardial remodeling

NADPH is involved in oxidative stress-induced
myocardial remodeling, mainly in endothelial dysfunction,
ROS overproduction, and reduced antioxidant capacity
(79, 86). ROS produced by NOXs can regulate the level
of oxidative stress and participate in the development of
myocardial remodeling, a response produced by the heart
to pathological stimuli and consists of two main categories:
physiological and pathological (87). Physiological myocardial
remodeling is a compensatory and adaptive change of
the heart to the body to maintain normal physiological
functions of the heart. Pathological myocardial remodeling
mainly occurs in structural, morphological, and energy
metabolic remodeling, resulting in cardiac scarring, leading
to myocardial stiffness, cavity dilation, and ventricular
systolic dysfunction, resulting in arrhythmias and heart
failure (1). The myocardial remodeling processes involve
cardiomyocytes, fibroblasts, endothelial cells, vascular smooth
muscle cells (VSMCs), and immune cells. Numerous studies
have shown that modulation of NOX levels can improve the
progression of myocardial remodeling. In contrast, NOXs
produce ROS that act on mitochondrial enzymes, protein
kinases, and transcription factors, causing cardiomyocyte
hypertrophy, apoptosis, and necrosis, severely impairing
cardiomyocyte energy metabolism and mitochondrial function,
affecting myocardial excitation-contraction coupling, leading
to myocardial hypertrophy and end-stage heart failure. Studies
have confirmed that Ang II is important in regulating ROS
generation by NOXs through AT1 receptors (86). Ang II
inhibition also helps reduce the expression of NOXs and
regulate myocardial remodeling.

Nicotinamide adenine
dinucleotide phosphate oxidase
affects myocardial structural
remodeling

Myocardial structural remodeling includes cardiomyocyte
hypertrophy, apoptosis, and interstitial fibrosis (14, 88).
Cardiomyocyte hypertrophy is manifested by increased

cardiomyocyte length, width, and mass, but the number of
cardiomyocytes remains unchanged. Pathological myocardial
hypertrophy is stimulated by cardiomyocyte apoptosis,
fibroblasts, endothelial cells, smooth muscle cells and
phagocytes activation and differentiation, extracellular matrix
protein deposition, and interstitial and perivascular fibrosis
(87), causing myocardial stiffness, abnormal cardiac function,
and eventually heart failure (Figure 2).

Cardiomyocyte hypertrophy and apoptosis are the
underlying features of myocardial structural remodeling.
Studies have demonstrated that the main isoforms in
cardiomyocytes are NOX2 and NOX4, with NOX2 mainly
localized in the plasma membrane and NOX4 distributed
in the nuclear membrane. Both are associated with the
myocardial structural remodeling in chronic stress states.
Intracellular NOX-mediated ROS, activated via the Ras-
MEK1/2-ERK1/2 pathway, are involved in α1-adrenoceptor
(α1-AR) mediated cardiomyocyte hypertrophy (22), which
leads to myocardial structural and morphological remodeling.
RAC1 is an important active regulator of NOXs. Ang
II activates RAC1, upregulates the expression of NOXs,
promotes cardiomyocyte hypertrophy, fibroblast proliferation,
and myofibroblast differentiation, and induces myocardial
remodeling (89). Studies have revealed that activation of NOX2
was induced after AngII, pressure overload and myocardial
infarction, leading to cardiomyocyte hypertrophy, apoptosis,
vascular smooth muscle cell proliferation and extracellular
interstitial fibrosis, and aggravating myocardial structural
remodeling (90–92). The AMPK/NOX2 pathway attenuates
oxidative stress in diabetic hearts with ischemia/reperfusion
injury and may reduce myocardial hypertrophic lesions by
reducing cardiomyocyte death (93). NOX2, expressed in
the heart, not only mediates oxidative stress, apoptosis, and
inflammation through multiple target pathway proteins but
is also subject to gene-level regulators, such as microRNAs
(miRNAs) for its downstream products, to reduce its activity
and slow the progression of cardiomyopathy and myocardial
remodeling after MI (94). Cardiomyocyte hypertrophy caused
by erythromycin (DOX) is associated with the activation of
TRPC3/NOX2 signaling targets, which causes left ventricular
hypertrophy, resulting in cardiac dysfunction (95). FYN is
a tyrosine kinase of the Src family that negatively regulates
NOX4 activity, attenuates oxidative stress and cardiomyocyte
death, and slows myocardial remodeling through translational
modification of the phosphorylated C-terminal Y566 of NOX4
(96). Another study indicated that high NOX4 expression
activates the AKT/mTOR/NF-κB signaling pathway, mediates
oxidative stress, releases excess ROS, causes cardiomyocyte
hypertrophy and interstitial fibrosis, and leads to cardiac
remodeling. Myocardial remodeling was significantly reduced
after the treatment of mouse hearts with the NOX inhibitor
GKT137831 (97).

Frontiers in Cardiovascular Medicine 07 frontiersin.org

132133

https://doi.org/10.3389/fcvm.2022.1000578
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1000578 October 29, 2022 Time: 15:30 # 8

Miao et al. 10.3389/fcvm.2022.1000578

FIGURE 2

NOX2 and NOX4 are involved in myocardial remodeling.

Interstitial fibrosis is another characteristic change in
the structural remodeling of the myocardium. Extracellular
matrix protein deposition is an important component of
interstitial fibrosis, and the main basic proteins included are
type I and type III collagen while altering the myocardial
meshwork. The proliferation and migration of cardiac
fibroblasts are crucial in the interstitial fibrosis process of
myocardial structural remodeling (1), and the two contribute
to each other to aggravate myocardial remodeling progression.
TGF-βis critical for the conversion of cardiac fibroblasts to
a myofibroblast phenotype. Intervention in the TGF-β/Smad
signaling pathway attenuates the activation and phenotypic

conversion of fibroblasts due to Ang II induced NADPH oxidase
activation and attenuates extracellular matrix remodeling due
to cascade reactions (98). NOX4 induces TGF-β-induced
actin upregulation and phenotypic transition in fibroblasts by
stimulating Smads 2/3 phosphorylation and activation (99).
ROS production after NOX4 expression upregulation can
promote endothelial cell migration and vascular remodeling
in an eNOS-dependent manner (100), which are jointly
involved in promoting extracellular matrix remodeling.
In the case of chronic hemodynamic overload, the NOX4
expression level in cardiomyocytes and endothelial cells
increases, enhancing HIF-1 and VEGF signaling, activating
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FIGURE 3

NOX2 and NOX4 participate in myocardial energy metabolism remodeling.

oxidative stress, causing myocardial fibrosis and vascular
proliferation, increasing myocardial capillary density, and
acting as a partial myocardial compensation but leading to
the development of myocardial remodeling (66). However,
NOX2 is deleterious in oxidative stress, and salusin-β is a
bioactive peptide with 20 amino acids that can regulate the
proliferative activity of vascular endothelial and smooth muscle
cells. Salusin-β inhibits NOX-mediated ROS production,
activates eNOS and NO production, causes dysregulation of the
balance of contractile and vasodilator factors released from the

vascular endothelium (101), improves endothelial dysfunction,
cardiovascular remodeling, and cardiac dysfunction, and
promotes early depolarization of rabbit cardiomyocytes
by activating the calmodulin-dependent protein kinase
II (CaMKII) pathway. Studies demonstrated its use as a
downstream target of NOX2 to increase the incidence of
arrhythmias in AngII-induced mouse models (102, 103),
suggesting that NOX2 is involved in cardiac structural
remodeling. Myocardial interstitial fibrosis due to pressure
overload induced by Ang II injection, aldosterone, and aortic
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ligation was significantly reduced in the NOX2−/− mouse
model (104).

Nicotinamide adenine
dinucleotide phosphate oxidase
affects remodeling of myocardial
energy metabolism

In cardiac energy metabolism, 95% of energy is provided
by mitochondrial oxidative phosphorylation in the form of
adenosine triphosphate (ATP), and the remaining 5% is
provided by glycolysis. Mitochondria provide ATP mainly from
the oxidation of fatty acids, approximately 40–60%, and the rest
from the oxidation of ketone bodies, amino acids, and pyruvate
(derived from glucose and lactate) (105, 106). Therefore, the
remodeling of myocardial energy metabolism consists mainly
of disorders of cardiac metabolic substrates and intracellular
mitochondrial dysfunction (4, 107, 108).

NOX2 and NOX4 are involved in disrupting metabolic
substrates for myocardial remodeling. The expression of NOX2
facilitates the polarization of M1 macrophages, promotes the
coupling of inflammatory receptors to NOX2, activates the
inflammatory cascade response, enhances the transport of
glucose transporter proteins to the cytoplasmic membrane,
and increases glucose uptake by glycolytic metabolic processes
(109). Excitation-contraction coupling and metabolic disorders
can cause increased mitochondrial respiratory chain superoxide
synthesis, increased mitochondrial ROS release, and an
imbalance between myocardial oxygen supply and demand,
triggering oxidative stress and affecting various cellular survival
rates during myocardial remodeling (110). NOX4 is mainly
localized in the mitochondria and is involved in tricarboxylic
acid cycle (TCA) and energy metabolism in the electron
transport chain through redox reactions, thereby affecting
nutrient metabolism (97).

Mitochondria are key to the remodeling of myocardial
energy metabolism. Mitochondria are the center of intracellular
processes of calcium homeostasis, energy metabolism, and
oxidative stress. Intracellular Ca2+ and Na+ imbalance
impede mitochondrial calcium overload, leading to the
abnormal opening of the mitochondrial permeability transition
pore (mPTP), resulting in abnormal mitochondrial energy
metabolism, triggering oxidative stress, leading to excessive
release of ROS from mitochondria, interfering with the
excitation-contraction coupling process in the myocardium,
and inducing cardiomyocyte death (111, 112). Studies have
shown that NOX4 upregulation mediates mitochondrial
dysfunction, cardiomyocyte hypertrophy, and apoptosis and is
involved in myocardial structure and energy metabolism (97).
AMPK is a physiological inhibitor of NOX and ROS production
in endothelial cells. During pathological conditions, AMPK

expression is reduced, and mitochondria produce excessive
ROS, affecting myocardial energy supply and promoting
inflammatory responses, exacerbating myocardial energy
metabolic remodeling (113). Thus AMPK can be a therapeutic
target for NOX-mediated remodeling of myocardial energy
metabolism as a key mediator. AngII induces NADPH oxidase
activation and ROS production, leading to mitochondrial
microstructure and dysfunction by decreasing mitochondrial
membrane potential and affecting mitochondrial morphology.
Ang II stimulates NADPH oxidase through a protein kinase
C (PKC)-mediated pathway-dependent stimulation, causing
increased ROS release, activating mitochondrial Na+-K+-
ATP channels, causing mitochondrial membrane potential
abnormalities, disrupting the mitochondrial respiratory
enzyme complex, resulting in mitochondrial dysfunction and
remodeling of myocardial energy metabolism (114). NOX4 is
mainly localized in the mitochondria of cardiomyocytes and
endothelial cells. Mitochondrial DNA (mtDNA) is the main
target of NADPH oxidase-mediated ROS action (25). NOX4
plays an adaptive role by promoting the oxidation of fatty
acids and providing the energy required by cardiomyocytes
(115). NOX4 and ROS produced by mitochondria are involved
in NLRP3 inflammatory vesicles, dynamin-related protein
1 (Drp1) activation, and mitochondrial division induced
by dilated cardiomyopathy (DCM) (116). NOX4 is crucial
for myocardial energy metabolic remodeling. Therefore,
mitochondrial dysfunction is critical in myocardial energy
metabolic remodeling during pathological myocardial
remodeling and simultaneously promotes myocardial
pathological structural remodeling, leading to cardiac
hypertrophy and functional decline (87). Figure 3 shows
the involvement of NOXs in the remodeling of myocardial
energy metabolism through the release of ROS. The intervention
of NADPH-activated oxidative stress provides new ideas for the
treatment of myocardial remodeling and end-stage heart failure.

Nicotinamide adenine
dinucleotide phosphate oxidase
and therapeutic interventions

Drugs targeting NOX subtypes and related pathways are
well researched and can be useful in the clinical management
of cardiac and vascular disease. Numerous studies have
shown that clinical agents acting on NOX family targets can
slow the progression of myocardial remodeling and heart
failure. RAC1 knockdown and NADPH oxidase inhibitors were
shown to reduce myocardial apoptosis, inhibit the conversion
of fibroblasts into myofibroblasts, provide antihypertrophic
and antifibrotic effects, and improve the progression of
myocardial remodeling (117). As an NOX inhibitor, celastrol
directly binds to signal transduction and transcriptional
activator proteins, reduces tyrosine phosphorylation and
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nuclear translocation, and inhibits AngII involvement in NOX2-
mediated myocardial remodeling, presumably leading to a
protective effect on the myocardium through anti-oxidative
stress (118, 119). Apocynin reduces DNA damage and telomere
shortening in cardiomyocytes, inhibits the release of ROS from
NOX, reduces oxidative stress levels, improves myocardial
remodeling and reduces death in heart failure. Apocynin has
been shown to reduce fibroblast activation, cardiomyocyte
hypertrophy and apoptosis through anti-oxidative stress,
preventing deterioration of cardiac function and pathological
remodeling in Diabetic cardiomyopathy (DCM) mouse model
(120, 121). Vitamin D deficiency is an important potential
risk factor for cardiovascular disease. Vitamin D regulates NO
synthesis by mediating the activity of eNOS. Studies have
shown that vitamin D enhances oxidative capacity through
the activity of antioxidant enzymes and can inhibit NOX
production of ROS (122). The key to the development of NOX
subtypes of cardiovascular disease and the exploration of NOX-
mediated related targets provide potential therapeutic directions
for the clinical treatment of cardiovascular disease caused by
myocardial remodeling.

Conclusion

Myocardial remodeling is a common pathophysiological
process in many cardiovascular diseases, accelerating disease
progression and eventually leading to heart failure. There are
few clinically effective drugs to reverse myocardial remodeling,
and NADPH oxidases play a crucial role in the pathogenesis
of cardiovascular diseases. NOX-mediated ROS production
is associated with important cellular functions such as cell
differentiation, proliferation, migration, apoptosis, and immune
response. In addition, it is involved in different signaling
pathways mediating the pathogenesis of cardiovascular diseases,
such as inflammatory response, autophagy, apoptosis, and
oxidative stress. Increased ROS release and oxidative stress-
induced cellular damage lead to structural and functional
alterations in the heart, leading to cardiac arrest, the major
cause of death worldwide (123). Studies have confirmed that
NADPH oxidase can induce ROS production and accelerate the
morbidity and mortality associated with heart failure through
different pathways and molecular mechanisms.

In this review, the basic pathophysiological process of
myocardial remodeling was explored regarding the NADPH
oxidase family mediating related signaling pathways through
multiple signaling targets, upregulating oxidative stress
levels, activating increased ROS expression levels, and
severely affecting pathological changes such as cardiomyocyte
hypertrophy, apoptosis, and interstitial fibrosis, and causing
changes in myocardial structural and energy metabolic
remodeling, leading to the deterioration of heart failure.
However, its role in the signaling cascade and the associated

molecular mechanisms involved in different pathological
conditions are still unknown. Therefore, exploring the
pathogenesis of myocardial remodeling and related therapeutic
targets of oxidative stress is crucial. Although there are still
some limitations to the clinical understanding of NOX in
cardiovascular diseases, exploring relevant NOX inhibitory
targets and developing new directions for clinical drugs provide
potential applications for reversing myocardial remodeling and
delaying the progression of heart failure in the clinical setting.
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Cardiac regeneration is one of the grand challenges in repairing injured

human hearts. Numerous studies of signaling pathways and metabolism on

cardiac development and disease pave the way for endogenous cardiomyocyte

regeneration. New drug delivery approaches, high-throughput screening, as well

as novel therapeutic compounds combined with gene editing will facilitate the

development of potential cell-free therapeutics. In parallel, progress has been made

in the field of cell-based therapies. Transplantation of human pluripotent stem

cell (hPSC)-derived cardiomyocytes (hPSC-CMs) can partially rescue the myocardial

defects caused by cardiomyocyte loss in large animals. In this review, we summarize

current cell-based and cell-free regenerative therapies, discuss the importance of

cardiomyocyte maturation in cardiac regenerative medicine, and envision new ways

of regeneration for the injured heart.

KEYWORDS

cardiac regeneration, cell-free therapies, cell-based therapies, hPSC-CMs, transplantation

Introduction

Cardiovascular disease (CVD) remains a leading cause of morbidity and mortality globally.
As cardiac regeneration is limited in adults, damaged cardiac regions form compensatory
scars with very few functional cardiomyocytes, ultimately resulting in cardiac dysfunction and
chronic heart failure. Current clinical therapies have been shown to enhance cardiac function,
but none of them is designed to directly address the restoration of cardiomyocyte loss (1).
Heart transplantation represents a standard treatment for patients with end-stage heart failure,
however, the availability of organ donors is far from adequate to meet demand (2). It is therefore
paramount to develop cardiac regenerative medicines.

Over the past two decades, fundamental advances have been made to uncover the cellular
and molecular mechanisms of heart development (3, 4). The discovery of multiple signaling
pathways and metabolic regulation of cardiac growth and homeostasis has shed light on
potential endogenous mechanisms of cardiomyocyte regeneration. Novel drug delivery systems
such as the adeno-associated virus 9 (AAV9) system or heart-targeted nanoparticles and the
development of novel small molecules might allow for myocardial regeneration approaches in
clinical settings (5–7). Moreover, human pluripotent stem cells (hPSCs)-derived cardiomyocytes
(hPSC-CMs) have been extensively used for disease modeling and drug screening in CVD
(8, 9). With the advancement of hPSC-CM research and cardiac organoid engineering, it has
become possible to graft stem cell-derived-CMs into the injured heart, providing directions for
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optimizing these approaches. In this review, we list some candidates
for cell-free regenerative therapy, discuss the transplantation of adult
stem cells and hPSC-CMs in cell-based therapy, and envision new
regenerative approaches to repair damaged hearts.

Mechanisms underlying cardiac
regeneration

Although the adult heart has been shown to lack regenerative
capacity in mammals (10, 11), the heart can effectively regenerate
within the first week after birth. Studies of apical resection (12, 13)
and left anterior descending (LAD) coronary artery ligation (14–
16) in neonatal rodents have shown that murine, as well as rat
cardiomyocytes, have an intrinsic regenerative capacity within the
first 7 days after birth. Similarly, the neonatal porcine heart is capable
of regeneration after acute myocardial infarction (MI) during the
first 2 days after birth (17). Furthermore, we recently reported the
complete functional recovery after a massive MI in a human newborn
(18). Compared to the neonatal mammalian heart, adult mammalian
cardiomyocytes are highly differentiated and often contain more
than one nucleus and well-aligned sarcomeres to maintain cardiac
function (19); however, this in turn hinders myocardial regeneration
in the adult heart once the heart is damaged (Figure 1). Therefore,
inducing mature cardiomyocytes to re-enter the cell cycle from a
quiescent state is one of the strategies to repair damaged hearts.

To date, extensive studies of neonatal heart regeneration and
adult heart repair following injury in mammals have identified
fundamental mechanisms underlying cardiac regeneration,
providing directions for repair after myocardial injury. The
transcription factor GATA4 (20), for example, is known to play
an essential role in cardiomyocyte replication in neonatal mice.
Myocardial Erbb2 (21) and BMP (22, 23) signaling were found
to control cardiomyocyte proliferation. Inhibition of adrenergic
receptor (AR) and thyroid hormone (TH) pathways promoted
cardiomyocyte regeneration in mice after postnatal day 7 (24).
Activation of Neuregulin1/ErbB4 signaling (25) or overexpression of
a single transcription factor, namely Tbx20 (22), promoted the repair
of damaged adult cardiomyocytes after myocardial infarction in mice
and enhanced cardiomyocyte cell-cycle entry. Deletion of Salvador,
a component in the Hippo pathway, improved heart function
after myocardial infarction (26). Moreover, deletion of the hypoxia
response element Meis1 increased the number of cardiomyocytes,
especially mononucleated cardiomyocytes in adult mice (27).

In addition to directly inducing cardiomyocyte proliferation,
several studies have demonstrated that other cardiac cell types, such
as fibroblasts, can transdifferentiate into functional cardiomyocytes,
which may be a potential and viable approach to heart regeneration
in vivo. A classic combination of transcription factors Gata4, Mef2c,
and Tbx5 (GMT) enabled direct reprogramming of postnatal cardiac
or dermal fibroblasts into spontaneously contracting cardiomyocyte-
like cells with cardiac-specific markers and contracted spontaneously
(28). One study showed that blocking TGF-β and WNT signaling
increased the efficiency of reprogramming in GMT-overexpressing
cardiac fibroblasts. In vivo, mice treated with GMT, TGF-β
inhibitor SB431542, and WNT inhibitor XAV939 for 2 weeks after
myocardial infarction significantly improved reprogramming and
cardiac function compared to mice treated with GMT only (29).
In addition, the transcription factor Tead1 (Td) could efficiently

replace Tbx5 in the GMT cocktail, enhancing reprogramming
efficacy (30). Such reprogramming can also be achieved by
chemical induction alone. A combination of nine compounds
induced the transdifferentiation of fibroblasts into contracting
cardiomyocyte-like cells (31). Importantly, fibroblasts can be
directly reprogrammed to spontaneously contracting patches of
differentiated cardiomyocytes without a pluripotent intermediate
through transgenic expression of Oct4, Sox2, Klf4, and c-Myc (32).
Recent studies have shown that in addition to fibroblasts, endocardial
cells have the potential to generate cardiomyocytes (33). For example,
the deletion of the stem cell leukemia (SCL) gene induces the
expression of cardiac-specific proteins in endothelial cells (34).

Numerous studies have uncovered mechanisms that promote
cardiac regeneration, and artificially increasing or decreasing these
critical molecules in vivo may alleviate or even rescue the
pathogenesis heart disease process. Thus, the discovery of druggable
regenerative targets is vital to cell-free therapies.

Cell-free therapies

For cardiac repair, recombinant DNA, RNA-based, or
recombinant protein therapeutics have been used in regenerative
medicine. Here, we discuss some potential drug/molecule candidates
for cell-free therapies based on preclinical reports of cardiac
regeneration (Table 1).

In murine MI models, for example, injection of Neuregulin1
induced a sustained improvement in myocardial function and
attenuated compensatory hypertrophy following MI (25).
Adenoviral-based delivery of cyclin A2 increased myofilament
density at the border zone of the MI and improved cardiac
function (35). Moreover, cardiac-specific overexpression of FGF16
via AAV subtype 9 (AAV9) led to an upregulation of genes
associated with cell proliferation in Gata4-ablated mouse hearts (20).
Combined intramyocardial injection of CDK1/CCNB/CDK4/CCND
significantly improved ejection fraction (EF), stroke volume, cardiac
output, and markedly reduced the scar size (36). Down-regulation
of Lrp6, a Wnt co-receptor, promoted adult post-MI cardiac repair
by increasing cardiomyocyte proliferation (37). Delivery of IGF2BP3
through AAV9-Igf2bp3 into neonatal mouse hearts 3 days prior to
LAD ligation significantly improved heart function as determined at
3-weeks post-injury (38). Some RNAs are potential targets for cardiac
regeneration. For example, silencing miR-99/100 and Let-7 can
induce cardiomyocyte dedifferentiation and improve heart function
in adult LAD-treated mice (39). Knockdown of LncDACH1 using
LncDACH1 shRNA (Adv-shLncDACH1) reactivated cardiomyocyte
proliferation in adult mice and enhanced cardiac function in the
injured heart (40). Delivery of Pkm2 modified RNA (modRNA)
in mice hearts can increase cardiomyocyte cell proliferation and
improve cardiac function after myocardial infarction (41). Moreover,
one study showed chronic hypoxia-induced cardiac regeneration in
adult mice. Long-term low oxygen treatment induced cardiomyocyte
proliferation and angiogenesis in vivo, thereby reducing myocardial
fibrosis and improving left ventricular systolic function in mice
with myocardial infarction (42). In addition, induction of non-
cardiomyocyte transdifferentiation into cardiomyocytes in vivo
can also be achieved. Direct intramyocardial injection of GMT
transdifferentiated non-cardiomyocytes into new cardiomyocyte-like
cells, decreased infarct size, and attenuated cardiac dysfunction after
myocardial infarction in mice hearts (43).
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FIGURE 1

Schematic of approaches for cardiac regenerative medicine using cell-free therapies. Mammals have the intrinsic capability to structurally and
functionally regenerate their hearts shortly after birth, a capacity that is subsequently lost. Approaches to cardiac regeneration involve the re-entry of
cardiomyocytes into the cell cycle and/or transdifferentiation of other resident cell types into cardiomyocytes. Recombinant proteins, RNA-based drugs,
PROTAC, or small molecules could serve as viable strategies for cardiac repair. High-throughput screening of drug candidates can be performed in
hPSC-CMs or, at lower throughput, cardiac organoids prior to clinical application. Created with BioRender.com.

In swine MI models, cardiomyocyte hypertrophy and fibrosis
following chronic MI were reduced when IGF-1/HGF was
intramyocardially delivered into the injured area (44). Subcutaneous
injection of a daily dose of growth hormone-releasing hormone
agonist (GHRH-A) into pigs with a LAD ligation showed left
ventricular structural and functional improvements, whereas
cardiomyocyte proliferation was not significantly altered (45). In
addition, the cardiomyogenic factor Follistatin Like 1 (FSTL1),
produced by the epicardium, can stimulate recovery of contractile
function within 2 weeks and limit fibrosis 4 weeks after MI injury,
suggesting that FSTL1 has therapeutic efficacy in a large animal MI
I/R swine model (46).

Although there many targets for cardiac regeneration have been
identified and validated in animal models, the drugs currently
available for clinical application are limited. The development of
human cardiomyocytes from pluripotent stem cells will undoubtedly
help test delivery systems and screen novel drugs for cardiac
regeneration in a human “background” since hPSC-CMs from
patients can also be used for preclinical tests for drug toxicity,
thus enabling more precise and personalized treatments (47,
48). For example, one study designed an engineered bivalent
neuregulin-1β that attenuates doxorubicin-induced double-strand
DNA breaks in hPSC-CMs, with the vision to utilize such treatment

to protect the heart from doxorubicin cardiotoxicity (49). hPSC-
CMs from Arg663His-mutated patients can be treated with the
L-type Ca2+ channel blocker verapamil to avoid the development
of the hypertrophic cardiomyopathy phenotype in vitro. Therefore,
verapamil might be a potential drug for patients with Arg663His-
mutated hypertrophic cardiomyopathy (50). Compared with 2D
hPSC-CMs, human cardiac organoids generated from human
pluripotent stem cells through cell self-assembly (51) and 3D printing
(52) are more similar in the structure and function of the human
heart. Combined with gene editing, these 3D tissues can now be
used to model various cardiovascular diseases such as myocardial
infarction (51) and thus can ultimately be used as models for
screening a collection of drug candidates (Figure 1).

Cell-based therapies for cardiac
regeneration

Heart transplantation is currently the only restorative therapy
for end-stage heart failure patients. Although the development of
new drugs and surgical as well as improved storage techniques
have led to an increase in successful heart transplantations, heart
transplantation is still a high-risk medical procedure, and there
remains an insufficient amount of donor hearts. In addition,
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TABLE 1 Potential targets and candidates for cardiac regenerative cell-free therapies.

Candidates Regulation Application Outcome References

Tbx20 Up Transgenic mice Mice Promotes cardiomyocyte proliferation (22)

mir302-367 Up Systemic delivery of miRNA LAD mice Induces cardiomyocyte proliferation and promotes
cardiac regeneration post MI

(128)

miR-31a-5p Up miR-31a-5p antagomir Neonatal rat Promotes postnatal cardiomyocyte proliferation (129)

NRG1 Up Injection of NRG1 protein LAD mice Induces cardiomyocyte proliferation and promotes
myocardial regeneration following MI

(25)

Jagged1 Up – – Notch activation promotes immature cardiac
myocyte proliferation and expansion at early time
points in neonatal rats

(130)

GATA4 Up – – GATA4 directly interacts with Cyclin D2 and Cdk4
promoters in cardiac myocytes from mice

(131)

CDK1, CDK4,
Cyclin B1 and Cyclin
D1

Up Delivery of recombinant
CDK1, CDK4, cyclin B1 and
cyclin D1

LAD mice Enhances cardiac function in mice after acute or
sub-acute MI

(36)

Cyclin A2 Up Adenoviral vector delivery LAD rat Induces cardiomyocyte mitotic activity and
improves ventricular function after ischemic injury

(35)

IGF-1, HGF Up Administration of
recombinant IGF-1/HGF

Intracoronary balloon
occlusion in pigs

Improves cardiac function following MI (44)

FGF16 Up AAV9 delivery Neonatal Gata4fl/fl mice
with Cryoinjury

Rescues cryoinjury-induced cardiac hypertrophy
and improved heart function after injury

(20)

Pkm2 Up Delivery of Pkm2 modRNA LAD mice Increases cardiomyocyte cell division and improves
cardiac function following MI

(41)

Agrin Up Recombinant Agrin LAD mice Stimulates cardiomyocyte proliferation in primary
cardiac culture and is involved in cardiac
regeneration in neonatal mice

(132)

PPARδ Up PPARδ agonist LAD mice Improves heart function in mice after myocardial
infarction

(133)

hsa-miR-590,
hsa-miR-199a

Up AAV9-miRNA Neonatal rat Promotes cardiomyocyte proliferation in adult mice
and improves cardiac function following MI

(134)

Hypoxia Up Hypoxia condition LAD mice Induces cell cycle re-entry of adult cardiomyocytes
and improves functional recovery following MI in
adult mice

(42)

ERBB2 Up Transgenic mice Erbb2-cKO mice Transient induction of ERBB2 in adult mice is
sufficient to reactivate CMs to proliferative and
induce their regenerative potentials after ischaemic
injury

(21)

FSTL1 Up Patch with FSTL1 to the
epicardium

LAD mice and pig Stimulates cell cycle entry of CMs and improves
cardiac function and survival in mouse and swine
models of myocardial infarction

(46)

Yap1 Activated – – Stimulates proliferation of postnatal
cardiomyocytes in mice and in cultured rat
cardiomyocytes

(135)

Gata4, Mef2c and
Tbx5 (GMT)

Up Injection of GMT-encoding
retrovirus

LAD mice Enhances cardiac reprogramming and cardiac
function

(29, 43)

miR-99/100, Let-7a/c Down AAVs encoding for
anti-miR-99/100 and
anti-Let-7a/c

LAD mice Adult cardiomyocyte dedifferentiation, enhances
cardiomyocyte proliferation, and facilitates heart
regeneration

(39)

LncDACH1 Down Adv-LncDACH1, or
Adv-shLncDACH1

LAD mice Stimulates cardiac regenerative potential and
enhanced cardiac function in the injured heart

(40)

LrP6 Down AAV9-miRNAi-Lrp6 delivery LAD mice Reduces scar size in the infarcted hearts of mice and
stimulates cardiomyocyte proliferation in the
infarct border zone

(37)

Meis1 Down Deletion of meis1 in mice Adult mice Induces cell cycle re-entry in mice (27)

(Continued)
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TABLE 1 (Continued)

Candidates Regulation Application Outcome References

FGF1, p38 MAP
kinase

Down FGF1/p38 inhibitor LAD rat Induces cardiomyocyte proliferation and rescue
cardiac function following MI

(136)

Dag1 Down – TAC mice The dystrophin– glycoprotein complex component
dystroglycan 1 (Dag1) directly binds to the Hippo
pathway effector Yap to inhibit cardiomyocyte
proliferation in mice

(137)

α-catenins Down Gene depletion αE- and αT-Catenin
double KO mice

Leads to nuclear accumulation of Yap and induction
of cardiomyocyte proliferation in mice

(138)

GSK-3β Down Gene depletion GSK-3β conditional KO
mice

Protects against post-MI remodeling and promotes
cardiomyocyte proliferation in adult mice

(139)

GHRH-A Down Injection of a
hormone-releasing hormone
agonist (GHRH-A)

LAD pig Reduces infarct size and improve cardiac function
in pigs with subacute ischemic cardiomyopathy

(45)

Adrenergic receptor
(AR), thyroid
hormone (TH)

Down AR and TH inhibitors Neonatal mice Extends postnatal cardiac regenerative capacity in
part by promoting cardiomyocyte cell division

(24)

immunosuppression is required after heart transplantation, which is
a risk factor for complications. In recent years, cell-based therapies
have been proposed as a promising approach for treating advanced
heart failure and repairing damaged myocardial tissue.

Adult stem cells transplantations

Early evidence suggested that adult stem cells such as bone
marrow cells (BMCs), bone marrow-purified haematopoietic stem
cells (HSCs), and bone marrow-purified mesenchymal stem cells
(MSCs) can differentiate into cardiomyocytes. A 2001 study showed
that 9 days after transplantation of c-kit+ BMCs in a LAD mouse
model, newly formed myocytes occupied 68% of the infarcted region
in the ventricle leading to an overall improvement in cardiac function
(53). Then, one report claimed that the grafts of c-Kit+, stem cell
antigen-1 positive (Sca-1+) BMCs migrated to ischemic areas where
they differentiated into cardiomyocytes and endothelial cells (54).
C-kit+ cells (55) and Sca-1+ cells (56, 57)were hence considered
as adult cardiac stem/progenitor cells (CPCs). However, multiple
follow-up studies showed negative results (58, 59). One study found
that transplantation of HSCs into adult mouse hearts did not result
in any detectable transdifferentiation into cardiomyocytes, nor was
there a significant increase in cardiomyocytes in the HSCs-treated
hearts (58). Likewise, multiple laboratories have demonstrated that
the transplantation of c-kit+ cells into infarcted adult mouse hearts
did not result in the differentiation of cardiomyocytes (60, 61).
Additional studies further showed that Sca-1+ cells do not generate
new cardiomyocytes (62–64), but are rather precursors of endothelial
cells (62). Moreover, lineage-tracing techniques have confirmed
that both c-kit+ and Sca1+ adult stem cells in transplanted mice
cannot differentiate into cardiomyocytes in vivo (62–67). Thus,
the concept of adult cardiac stem cells, as well as the idea that
adult stem/progenitor cells can promote cardiac remuscularization,
have been rejected.

Nonetheless, numerous clinical trials of bone marrow-derived
adult stem cell transplantation have been conducted [reviewed in
(68–70)]. As expected from foundational research, the overall clinical
benefit was not significant. To date, there is growing evidence that

the minute benefits of adult stem cell therapy could be attributed to
the effects of secreted factors acting on neighboring cells through a
paracrine mechanism (69, 70). Several key secreted growth factors
have been identified, such as VEGF, HGF, IGF-1, and TGF-β,
mediators that stimulate angiogenesis, inhibit apoptosis or modulate
inflammatory pathways (71, 72). In addition, exosomes might be
one of the reasons for the improvement of cardiac function after
such adult stem cell transplantation. Treating the infarcted area
with exosomes secreted by cardiac mesenchymal stem cells can
enhance cardiac angiogenesis, promote cardiomyocyte proliferation,
and maintain cardiac function in mouse hearts (73). In addition,
one study found that both live and dead adult stem cells induced
macrophage accumulation in the infarcted area of hearts, improving
the heart function after I/R injury, which also occurred after the
direct induction of innate immune response. Thus, the recovery of
the infarcted area of the heart following adult stem cell therapy may
attribute to an acute inflammatory wound-healing response through
the accumulation of regional macrophages (74).

Pluripotent stem cell-based therapies
for cardiac regeneration

Human embryonic stem cells (ESCs) have the ability to
differentiate into multiple cell types and thus have great therapeutic
potential in regenerative medicine. However, because human ESCs
are extracted from blastocysts, both scientific research and clinical
applications of human ESCs face ethical issues (75). In 2006,
Takahashi and Yamanaka successfully induced pluripotent stem
cells (iPSCs) from fibroblasts by the introduction of four factors,
Oct3/4, Sox2, c-Myc and Klf4. The self-renewal and differentiation
capacity of pluripotent stem cells is largely comparable to that of
embryonic stem cells but avoids ethical issues (76). In recent years,
many laboratories have reported the development of cardiomyocytes
from ESCs (77, 78) and iPSCs (79–84). ESC-derived cardiomyocytes
(ESC-CMs) and iPSC-derived cardiomyocytes (iPSC-CMs), here
collectively referred to as hPSC-CMs, express molecular markers
and exhibit subcellular structures and electrophysiology resembling
primary, albeit immature cardiomyocytes.
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TABLE 2 Preclinical and clinical studies of hPSC-CMs transplantations for treatment of cardiac disease.

Species Disease
model

Cell types Delivery method Heart
function

Side effect References

Mice LAD hiPSC-CMs Intramyocardial injection Enhance No major side effects
reported

(85, 87)

Rat I/R hESC-CMs Intramyocardial injection (90)

LAD hiPSC-CMs Intramyocardial injection (86)

LAD hiPSC-CMs and rat
microvessels

Intramyocardial injection (111)

Guinea-pig Cryoinjury Partly matured hESC-CMs Intramyocardial injection Arrhythmia but reduced (99)

Pig Ameroid ring
placement

hiPSC-CMs Cell sheet Arrhythmia (88)

LAD hESC-CMs Direct image-guided
transendocardial injection

(95)

Cryoinjury hiPSC-cardiac spheroids Intramyocardial injection (110)

Monkey I/R hESC-CMs Intramyocardial injection (93)

LAD hESC-CMs (97)

LAD mPSC-CMs (94)

Human Patients hiPSC-CMs Injection Not yet reported Not yet reported (120)

hiPSC-CMs Patches Clinical symptoms
improved

No adverse events (114)

Several groups have transplanted hPSC-CM in experimental
cardiovascular disease models in vivo (85–93), providing
experimental feasibility studies for future clinical applications
(Table 2). Studies have confirmed that hPSC-CMs can engraft,
survive, and electrically couple with host myocardial tissue in vivo
and improve contractile function after infarction. For example,
in both acute myocardial infarction and chronic post-infarction
heart disease in rats, transplanted hPSC-CMs can survive and form
viable tissue containing striated cardiomyocytes. These hPSC-CM
injections attenuated ventricular dilatation and preserved systolic
function after acute myocardial infarction but are insufficient to
alter adverse remodeling of chronic myocardial infarction rats
(90, 91). In addition, transplanted hPSC-CMs could remuscularize
cryoinjured guinea-pig hearts, thereby preserving cardiac function
(92). Intramyocardial delivery of one billion hPSC-CMs into
Macaques suffering an ischemia/reperfusion injury also resulted in
the remuscularization of substantial areas of the infarcted monkey
heart (93). The hPSC-CM engraftment is indeed promising as a
cell-based therapy. However, there are key issues that remain to be
solved.

Arrhythmias are considered the most critical side effect of
engraftment, as they can be lethal, especially in pigs and primates.
In ischemia/reperfusion-injured macaques, ventricular arrhythmias
were observed despite remuscularization (93). Similar results were
found in myocardial-infarcted cynomolgus monkeys. Ventricular
tachycardias happened following the transplantation of monkey
iPSC-derived cardiomyocytes (mPSC-CMs) (94). Studies in infarcted
hearts of rats and pigs also showed the development of arrhythmias
and tachyarrhythmias following injection of immature hPSC-
CMs (95, 96). In infarcted hPSC-CM recipient pigs, frequent
and fatal ventricular tachyarrhythmias were observed during the
first few days of post-transplantation, and normal sinus rhythm
was observed 28 days after transplantation (95). Such graft-
related ventricular arrhythmias most likely originate from an

ectopic pacemaker formed by the transplanted hPSC-CMs (97).
To eliminate such arrhythmic events, several strategies have been
considered. Pharmacologic treatment is one of the solutions to
engraftment arrhythmia. One study showed that a combination of
amiodarone and ivabradine could effectively suppress arrhythmia
in infarcted hPSC-CM recipient pigs (98). In addition, the
engraftment of more mature cardiomyocytes was beneficial in
reducing arrhythmia events (99). This study showed that hPSC-
CMs cultured on polydimethylsiloxane (PDMS) substrates exhibited
increased expression of cardiac maturation markers and improved
structural and functional properties of more mature cardiomyocytes
in vitro. They then found that transplantation of this PDMS-
treated hPSC-CMs in an infarcted guinea pig enhanced post-
transplant structure and alignment, host-graft electromechanical
integration, and importantly, reduced proarrhythmic behavior (99).
To engraft matured hPSC-CMs, several studies have attempted to
induce cardiomyocyte maturation in vitro. For example, using 3–
6 months long-term cultures, hPSC-CMs exhibited an adult-like
phenotype, including increased cell size or greater myofibril density
and alignment (100, 101). In addition, electric pacing and mechanical
stimulation were shown to promote hPSC-CMs maturation in vitro
(102, 103). hPSCs-CMs treated with a maturation medium including
a peroxisome proliferator-activated nuclear receptors alpha (PPARa)
agonist, palmitate, dexamethasone, and Tri-iodo-l-thyronine (T3)
(104) in the presence of low glucose resulted in hPSC-CMs
with increased the expression of genes associated with fatty acid
oxidation (FAO), mitochondrial respiration, and muscle function
(105). In addition, insulin-like growth factor-1 (IGF-1) or low
glucose in culture media was shown to promote cardiomyocyte
maturation (106, 107). In contrast to monolayer cardiomyocyte
cultures, hPSCs-CMs grown in 3D in vitro appear to be more
mature and thereby better mimic bona fide cardiomyocytes (108).
In particular, self-organizing cardiac organoids, as compared to
2D-grown hPSC-CMs, exhibit increased expression of cardiac ion
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FIGURE 2

Cell-based approaches to cardiac regenerative medicine. Delivery methods such as intracardiac injection and cell patches can be used for cell-based
therapies. Though controversial, transplanting bone marrow-derived adult stem cells could promote cardiac function via secreted factors. Human
pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) can repair damaged hearts through tissue replacement of lost cardiomyocytes and help
promote cardiac function by secreting growth factors such as VEGF. However, preclinical models and clinical trials must carefully address
post-transplant arrhythmias and other side effects. The increased maturity of hPSC-CMs might reduce unwanted and potentially lethal arrhythmic
events. Co-delivery of multiple cell types, including endothelial cells or other cardiac cell types, might improve hPSC-CMs retention and thereby
promote the repair of injured hearts. Created with BioRender.com.

channels (KCNH2), structural proteins (TNNI1, TTN, and MYH6),
cardiac transcriptional factors (TBX5 and MEF2C), or sarcoplasmic
reticulum proteins (RYR2 and ATP2A2), indicating improved
maturity (108).

During the transplantation of exogenous hPSC-CMs, the
nutrient-deprived and hypoxic environment in the infarcted area is
a major challenge (109). Although studies demonstrated that hPSC-
CMs could be engrafted in monkey hearts and survive up to 3 months
(93, 94, 97), another report found that the engrafted hPSC-CMs were
massively reduced in numbers after 8 weeks post-transplantation
in pig hearts (110). Therefore, the addition of support cells may
be beneficial for hPSC-CMs integration and survival. Indeed, co-
transplantation of microvessels and hPSC-CMs into the ischemic area
of the LAD-treated rats promoted the survival of hPSC-CMs in vivo
and improved cardiac function compared with the transplantation of
hPSC-CMs alone (111). Although the mechanisms involved in the
functional integration and survival of hPSC-CMs in host tissues are
not fully understood, studies have found vascularization occurs after
hPSC-CMs transplantation and may be related to cytokines such as
VEGF secreted by the grafted cells (109, 112). Therefore, the addition
of VEGF (113) or other pro-angiogenic factors before transplantation
may also contribute to the improvement of hPSC-CMs survival and
subsequent enhanced cardiac function.

Besides cardiomyocyte maturation and vascularization, the mode
of delivery might be critical. Intracardiac injection is the current
delivery method, but grafts may be eluted with the circulatory
system. To enhance hPSC-CMs survival, a multicomponent pro-
survival cocktail was developed, and its co-injection with hPSC-CMs
improved graft residency in vivo (90, 91). Bioengineering methods
such as cell patches (114, 115) and cell sheets (116, 117) have also
been devised to improve cell engraftment rates, however, integrating
cells in biomaterials with host myocardium is a big challenge. For
example, transplantation of hPSC-CMs sheets improved cardiac
systolic function not attributable to graft integration into the
host myocardium but most likely due to neovascularization (118).
Recently microneedle patches were developed to be inserted into the
myocardium, improving the connection between the graft and the
host myocardium (119).

So far, there have been two clinical trials engrafting hPSC-CMs
for heart disease. Two patients in China underwent an experimental
treatment for heart disease based on hPSC-CMs, though the clinical
outcomes have not yet been published (120). In Japan, one male
patient who suffered from severe heart failure due to ischemic
cardiomyopathy was treated with clinical-grade hPSC-CMs patches.
The clinical symptoms apparently improved 6 months after surgery,
without any major adverse events or changes in the cardiac wall
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motion at the site of the transplant. However, more details need
to be disclosed (114). Regardless, these first human clinical trials
hold promises for the use of hPSC-CMs to repair cardiac damage
(Figure 2).

Future directions and conclusion

The field of cardiac regeneration has made remarkable progress
in recent years. Both cell-free and cell-based methods are vigorously
researched and developed to promote and improve cardiac
regeneration for clinical applications. Along the way, numerous
molecular mechanisms and key factors involving cardiomyocyte’s
re-entry into the cell cycle or trans-differentiation of non-
cardiomyocytes into cardiomyocytes were discovered and are now
being translated to drug development. Although some molecules,
such as recombinant proteins, small molecule inhibitors, or RNA-
based therapies, are being developed, more effective drugs need to
be discovered. Moreover, Proteolysis Targeting chimera (PROTAC)
technologies might provide viable modes of drug delivery for targeted
and time-resolved degradation of candidate drug targets (121, 122).

For cardiac repair using cell-based systems, hPSC-CMs
have the potential to form functional tissue containing striated
cardiomyocytes in vivo. To achieve clinical use, hPSC-CMs will
be required to be mass-produced with strict quality standards.
Therefore, allogeneic, off-the-shelf hPSCs-CMs must be developed.
In addition to pharmacological immunosuppression, including new-
generation drugs with fewer side effects, gene-edited hypoimmune
hPSC-CM have been generated to overcome the rejection from
the host (123). Another obstacle is the maturity of transplanted
hPSC-CMs, in particular, addressing and reducing arrhythmic
events triggered by the transplanted cardiomyocytes that have
to be functionally integrated into the electrically coupled cardiac
tissue. Compared to monolayer cultures, 3D hPSCs-CMs appeared
to express more maturation markers and functionally mimic
more mature cardiomyocytes, including the formation of tight
junctions between cardiomyocytes. Thus, transplantation of hPSC-
CM aggregates rather than loose single cardiomyocytes may
contribute to graft survival, improve functionality and reduce
arrhythmias. However, several studies suggest that the optimal
timing of transplantation depends on the developmental stage of
hPSC-CMs (124, 125). Moreover, the mode of delivery of such
cell-based therapies will be critical. Balancing hPSC-CMs maturity,
effective delivery, and transplantation timing must be the focus of
future research.

Besides cardiomyocytes, the heart contains multiple other cell
types, such as endothelial cells, fibroblasts, smooth muscle cells,

or different types of immune cells, that might affect graft survival
and improve the function of damaged hearts (126). As more hPSC-
derived cell types can be faithfully generated, co-transplantation
of multiple cell types might therefore greatly improve cell-based
therapies for cardiac diseases. For instance, our group developed
stem cell-derived self-organizing 3D blood vessel organoids (BVOs)
that form bona fide and functionally perfused vascular trees
containing arterioles, capillaries, and venules when transplanted into
immunodeficient mice (127). Such BVOs and other approaches to
generate human endothelial cells and blood vessels, such as 3D
printing, could be utilized to enhance and maintain the engraftment
of stem cell-derived cardiomyocytes.
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