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resumo

Insuficiéncia Cardiaca; Conversao direta cardiaca; Envelhecimento;
Cardiomiécitos; Metabolismo; Mitocondria

As doencas cardiovasculares sao a principal causa de morte a nivel
mundial. Estas patologias podem ser caracterizadas pela perda de
cardiomiécitos que, devido & sua capacidade muito limitada de regeneragéo,
podem levar a insuficiéncia cardiaca. Deste modo, varias estratégias
regenerativas foram desenvolvidas ao longo dos ultimos anos. A converséo
cardiaca direta (DCC) € uma estratégia promissora, gerando midcitos induzidos
do tipo cardiaco (iCLMs), atravées do uso de fatores cardiogénicos (MGT; Mef2c,
Gatad e Thx5), a partir de fibroblastos, tirando partido da sua presen¢a no
coracdo, que cresce apoés a lesdo. No entanto, esta estratégia ainda tem pouca
eficicia, especialmente em células envelhecidas, e o impacto das manipulagfes
metabdlicas continua por caracterizar.

Utilizando fibroblastos embrionarios de ratinho (MEFs) e fibroblastos da
pele de orelha adultos (AEFs), realizamos uma analise de imunofluorescéncia
da rede mitocondrial, que revelou que a DCC é acompanhada de uma
remodelacgéo significativa das mitocéndrias nos iCLMs derivados tanto de MEFs
como de AEFs, progredindo mais lentamente nos Ultimos. A analise de varios
marcadores metabdlicos (goticulas lipidicas, massa mitocondrial, mitocéndrias
despolarizadas e espécies reativas de oxigénio) revelou que os fibroblastos
embriondrios se aproximam de um metabolismo semelhante ao dos
cardiomiécitos, enquanto os fibroblastos adultos parecem ter mais barreiras no
processo. Além disso, também melhoramos a eficiéncia do DCC em MEFs
através do uso de 2-DG, um inibidor glicolitico.

Em suma, o nosso estudo mostra que existem diferencas claras entre os
iCLMs derivados de fibroblastos embrionarios e adultos, o que pode ser um
ponto de partida para melhorar a eficicia da reprogramacéo de fibroblastos
adultos e envelhecidos.
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Cardiovascular diseases are the leading cause of death worldwide. These
pathologies can be characterized by the loss of cardiomyocytes which, due to
their very limited ability to regenerate, can lead to heart failure. Several
regenerative strategies have been developed over the last years. Direct cardiac
conversion (DCC) shows great promise by generating induced cardiac-like
myocytes (iCLMs), through the use of cardiogenic factors (MGT; Mef2c, Gata4,
and Tbx5), from fibroblasts, taking advantage of their presence in the heart, that
grows after injury. Nevertheless, this strategy still lacks efficiency, especially in
aged cells, and the impact of metabolic manipulations remains elusive.

Using mouse embryonic fibroblasts (MEFs) and adult ear fibroblasts
(AEFs), we performed an immunofluorescence analysis on mitochondrial
network, revealing that DCC is accompanied by significant remodeling of the
mitochondria in both MEFs and AEFs-derived iCLMs, progressing slower in the
latter. We also analyzed several metabolic markers (lipid droplets, mitochondrial
mass, depolarized mitochondria and reactive oxygen species) which revealed
that embryonic fibroblasts are approaching a metabolism that resembles the
cardiomyocytes’, while adult fibroblasts seem to have more barriers to the
process. Moreover, we also improved DCC efficiency in MEFs through the use of
2-DG, a glycolytic inhibitor.

Overall, our study shows that there are clear differences between
embryonic and adult-derived iCLMs, which can be a starting point in improving
the efficiency of the reprogramming for adult and old fibroblasts.
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Introduction

1. Cardiovascular diseases and heart failure

Cardiovascular diseases (CVD) are the leading cause of death worldwide, accounting for about 32%
of the total, according to the World Health Organization (Cardiovascular Diseases, n.d.). Several CVDs,
including myocardial infarction, hypertension, heart valve disease, and myocarditis, can lead to heart failure,
which is associated with a poor prognosis (Bacmeister et al., 2019).

Following the extensive death or injury with subsequent loss of cardiomyocytes, a fibrotic response
is initiated. Myofibroblasts start proliferating and secrete collagen fibers, which accumulate in the injured area
giving rise to a fibrotic scar (Figure 1). This leads to reduction of perfusion, as well as loss of contractile
function of the myocardium which, in turn, can originate heart failure (Gonzélez et al., 2018).
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Figure 1. Healthy (left) and fibrotic (right) cardiac tissue. Image made with Biorender.

Neonatal hearts are capable of regenerating for a short period of time after birth through proliferation
of pre-existing cardiomyocytes. However, with the post-natal loss of proliferation there is also a loss of
regenerative capacity (Cardoso et al., 2020). Interestingly, this is accompanied by a switch from glycolysis to
oxidative phosphorylation (OXPHOS), named the fetal metabolic switch. Although there has been reported an
increase of division of pre-existing cardiomyocytes in the areas adjacent to the injury, this is very limited and
not enough to restore contractile function (Cardoso et al., 2020; Senyo et al., 2013).

Several pharmacological therapies, like Angiotensin-converting enzyme inhibitors and beta-blockers,
are currently available and have been successfully employed in patients with heart failure (Mann, 1999).
However, in more severe cases the only viable solution is heart transplantation which, due to the low number
of organs available, as well as age affecting the eligibility, is an insufficient solution (Kojima & leda, 2017).
Therefore, understanding the molecular mechanisms, including metabolic reprogramming, that govern
regeneration and repair of lost myocardium is warranted for improving heart function upon damage.

2. The fetal metabolic switch and metabolism of the healthy heart

In the fetus, cardiomyocytes are highly reliant on glycolysis as their energy supplier, while presenting
low of levels fatty acid oxidation (FAO) (less than 15%) due to the low oxygen and fatty acid levels in the
environment (Lopaschuk & Jaswal, 2010). Despite being less efficient energy-wise, glycolysis accommodates
the needs of the developing heart, as its reactions happen rapidly and provide intermediate metabolites required
for the synthesis of macromolecules during the growth and proliferation of the cells (Ng & Ng, 2017).



Shortly after birth, cardiomyocytes transition from glycolysis to OXPHQOS, during the fetal metabolic
switch. This accommaodates the higher energetic needs of the adult heart and leads to an increase in Reactive
Oxygen Species (ROS) which, in turn, contributes to cardiomyocytes exiting the cell cycle, due to oxidative
damage and activation of the DNA damage response (Cardoso et al., 2020). From this point, these cells seem
to lose most of their ability to proliferate, with adult cardiomyocytes presenting a turnover rate of about 0,76%
per year, which reduces with age (Senyo et al., 2013). Their growth starts happening mostly through an increase
in size (hypertrophy) (Lopaschuk & Jaswal, 2010).

Adult cardiomyocytes use mostly fatty acid oxidation for ATP production. Fatty acyl-CoA, generated
through lipolysis or free fatty acids uptake, is converted in the mitochondria through FAO generating acetyl-
CoA, which enters the tricarboxylic acid cycle (TCA). FAO and TCA generate FADH, and NADH, that are
utilized as electron donors during OXPHOS to generate ATP (Correia et al., 2022). The adult heart requires
around 6 Kg of ATP per day for myocardial contraction. Mitochondria are the main supplier of energy to
cardiomyocytes, providing around 90% of the cell’s ATP, therefore presenting a crucial role in these cells (A.
Li et al., 2020).

Glycolysis has a more secondary role as energy source in adult cardiomyocytes, being responsible for
supplying ion pumps with ATP for their activity. However, the process remains crucial as it supplies the cell
with intermediate metabolites for other pathways, regulating cell proliferation and transcription (Correia et al.,
2022).

3. Mitochondrial structure and function

In the majority of eukaryotic cells, mitochondria are crucial organelles (A. Li et al., 2020). They
consist of an outer membrane (OMM), which surrounds an inner membrane (IMM), with a small
intermembrane space (IMS) between. The IMM contains the mitochondrial respiratory chain and delimits the
mitochondrial matrix, which is where the mitochondrial DNA (mtDNA) and metabolic enzymes are located
(Figure 2) (Giacomello et al., 2020; A. Li et al., 2020).
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Figure 2. Mitochondria and its components. Image made with Biorender. Adapted from (Giacomello et al., 2020).

Mitochondria are considered “the powerhouses of the cell”, since they efficiently generate ATP
through TCA and OXPHOS (Giacomello et al., 2020; A. Li et al., 2020). During TCA, several chemical
reactions occur, providing reducing equivalents (NADH and FADH2) to OXPHOS. These reducing
equivalents supply electrons that are transferred to Oxygen in the mitochondrial respiratory chain, leading to
the generation of ATP (Giacomello et al., 2020). During these reactions, the proton pumps generate the
mitochondrial membrane potential, which is a crucial part in energy storage (Zorova et al., 2018). Moreover,
Reactive Oxygen Species can also be generated during OXPHQOS, with mitochondria being their main source
(Orrenius et al., 2007).

Adding to their energetic function, mitochondria have also been implicated in an increasing number
of cellular processes as cell signaling, calcium homeostasis, stem cell differentiation and cell death (A. Li et
al., 2020) (Giacomello et al., 2020).



3.1 Mitochondrial homeostasis and dynamics

Mitochondria are regulated through several mechanisms to avoid cell dysfunction or death.
Particularly, mitochondria homeostasis is maintained by biogenesis, the generation of new organelles, and
mitophagy, the degradation of damaged ones (Figure 3). Mitochondrial biogenesis occurs through the division
of pre-existing mitochondria or through their “growth” (by fusion, for example). This process allows for the
increase of mitochondrial mass, and consequently the increase of the energy production, being important for
adapting to metabolic changes or energy depletion. One of the key factors of biogenesis is peroxisome
proliferator-activated receptor gamma coactivator 1-a (PGCl-a), which coactivates several transcription
factors such as nuclear respiratory factor-1 (Nrfl). Nrfl, in turn, activates transcription factor A, mitochondrial
(TFAM), promoting the replication of the mitochondrial genome, as well as the expression of some mtDNA -
encoded genes (Tronstad et al., 2014). The degradation of damaged mitochondria through mitophagy is done
by the lysosomal-autophagic machinery. Several proteins are involved in this process, including PTEN-induced
putative kinase 1 (Pink1), and a component of E3 ubiquitin ligase complex, Parkin. When Pink1 accumulates
in the OMM, following mitochondrial depolarization, Parkin is recruited (Tronstad et al., 2014). This promotes
the mitophagy signaling through the generation phosphorylated ubiquitin which binds P62 and LC3, for
example, in the autophagosome and the degradation process is initiated (Y. Li et al., 2021).

The location and morphology of mitochondria, as well as their distribution as separated organelles or
as part of an interconnected network, are also important for their function, being regulated by fission and fusion
(A. Lietal., 2020) (Figure 3). The division of mitochondria happens through fission, which is regulated in the
OMM by dynamin-related protein 1 (Drpl). When the process is initiated, Drpl is dephosphorylated and
mobilized to the mitochondrial surface binding to its receptors, for example Fission protein 1 (Fisl). This leads
to the constriction of the membrane, resulting in the division into two mitochondria (Giacomello et al., 2020).
The joining of mitochondria through fusion is regulated in the OMM through mitofusin 1 (Mfn1), and through
optic atrophy protein 1 (OPA1) in the IMM. The OMMs of two mitochondria tether through the Mfn1 proteins
leading to the docking of the two membranes. The fusion of the two OMMs is followed by the fusion of the
IMMSs which is regulated by OPA1 (A. Li et al., 2020).
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Figure 3. Mitochondria dynamics and homeostasis and proteins involved. Image made with Biorender. Adapted from
(Giacomello et al., 2020; Y. Li et al., 2021)



These events of mitochondrial dynamics and homeostasis are interconnected. In order to undergo
mitophagy, mitochondria need to be divided through fission for the removal of the damaged mitochondrion.
The healthy mitochondria are then fused to share intramitochondrial content and lipid membranes. Moreover,
biogenesis seems to be promoted by either inhibiting fission or inducing fusion and PGC-1a was also
implicated in the regulation of proteins involved in mitochondrial dynamics (A. Li et al., 2020).

3.2 Metaboloepigenetics

Apart from their role in the metabolism, intermediate metabolites derived from the mitochondria have
been increasingly implied as substrates or cofactors for epigenetic modifications, specifically acetylation and
methylation marks (Chi, 2020), nowadays referred as mitochondrial metaboloepigenetics.

Histone acetylation, which leads to the opening of the chromatin and activation of gene transcription,
is catalyzed by histone acetyltransferases through the transfer of acetyl groups from acetyl-CoA in the cytosol.
However, this metabolite, which is converted from pyruvate in the mitochondria, is only able to leave the
organelle after being converted to citrate. When in the cytosol, citrate can then be cleaved back to acetyl-CoA,
being an important source for acetylation reactions. These reactions can have variable roles in stem-cell
differentiation and can be regulated through metabolic changes (Intlekofer & Finley, 2019). In pluripotent stem
cells undergoing differentiation, it was found that low levels of acetyl-CoA, due to decreased glycolysis, led
to a decrease of histone acetylation (Moussaieff et al., 2015). Moreover, by replenishing this metabolites levels,
the differentiation was impaired. However, for progenitor cells, increased histone acetylation promotes the
expression of the lineage-specific genes, with low levels of acetyl-CoA debilitating the differentiation
(Intlekofer & Finley, 2019).

Histone methylation can either repress or activate transcription, while DNA methylation leads to
repression of transcription. These are regulated by methyl marks which are transferred by methyltransferase
enzymes from S-adenosylmethionine (SAM) to histones in lysine and arginine residues and DNA in mostly
cytosine nucleotides. SAM can be obtained from the methionine cycle or through import by amino acid
importers. The loss of methyl marks can occur passively, due to cell division, or through the action of
demethylase enzymes. Some of these enzymes are dependent on a-Ketoglutarate (a-KG), an intermediate
metabolite of the TCA (Intlekofer & Finley, 2019). Like acetyl-CoA, a-KG can also have a role in stem cell
differentiation. Indeed, intracellular levels of a-KG were shown to promote the pluripotency of mouse
embryonic stem cells. Conversely, downregulation of a-KG, through knockdown of its regulator Psatl, was
found to increase histone methylation, promoting differentiation of embryonic stem cells (Hwang et al., 2016).
Therefore, the mitochondrial metabolism can have an important role in reprogramming.

3.3 Mitochondria in the heart

At embryonic day 9.5, mitochondria in cardiomyocytes were found to be fragmented and immature,
as well as low in number. As these cells develop, mitochondria mature and fuse, creating an interconnected
and filamentous network that spreads through the cell (Figure 4, left). Concomitantly to this evolution of the
mitochondrial network, the fetal metabolic switch occurs (Chi, 2020) (A. Li et al., 2020).

As the heart continues to mature, mitochondria appear to fragment, as adult cardiomyocytes have
spheroid mitochondria aligned longitudinally (Figure 4, right). This was shown to allow for a quick and
efficient energy flow and lead the organelle to occupy around 40% of the cells’ volume (A. Li et al., 2020).
However, it was found that with aging, this longitudinal conformation is lost as mitochondria start grouping
irregularly, with most organelles being swollen and damaged (di Fonso et al., 2021).
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Figure 4. Mitochondria in neonatal (left) and adult (right) cardiomyocytes. Adapted from (A. Li et al., 2020)

In addition to fusion, it was also reported that, in cardiomyocytes, mitochondria exchange their
metabolic components with each other through a process in which two adjacent mitochondria touch and,
without fusing, rapidly separate (A. Li et al., 2020).

4 Cardiac regenerative strategies

Several regenerative strategies have gained a more prominent role in heart disease therapy in the recent
years. These include activation of cardiomyocyte proliferation, activation of cardiac progenitor cells,
differentiation of induced pluripotent stem cells and direct cardiac conversion (Correia et al., 2022).

A promising therapeutic strategy consists in activating cardiomyocyte proliferation by either forcing
their re-entry in the cell cycle or by manipulating their metabolism to switch to glycolysis (“reverting” the fetal
metabolic switch that happens concomitantly to the loss of regenerative ability). However, with only a limited
increase in proliferation and improvement in cardiac function achieved and in multiple studies, this strategy
still needs further research (Johnson et al., 2021).

In the healthy heart, the replenishment of the cardiomyocyte population is mostly made through the
proliferation of existing cardiomyocytes. However, after injury, the recruitment and differentiation of
endogenous progenitor cells gains a more prominent role (Malliaras et al., 2013). Cardiac progenitor cells can
differentiate into cardiomyocytes and non-myocytes (Brade et al., 2013), with hypoxia and supplementation
with the metabolic substrates glucose and glutamine shown to either increase the migration or the proliferation
of these progenitor cells (André et al., 2019; Tang et al., 2009).

Induced pluripotent stem cells (iPSCs) are stem cells that can be generated from somatic cells through
the use of reprogramming factors. iPSCs can then be differentiated into cardiomyocytes (iPSC-CMs) and, since
they can be generated from the patient’s own cells, present reduced risk of an immune response (Pushp et al.,
2021). Despite presenting several properties characteristic of primary human cardiomyocytes, including
molecular, mechanical and metabolic, iPSC-CMs still present an immature phenotype (Karakikes et al., 2015).
Furthermore, this technique presents a potential risk of tumorigenesis, as well as poor survival rate when
transplanted (Kojima & leda, 2017).

Direct cardiac conversion (DCC) is the reprogramming of fibroblasts into cardiomyocytes in situ,
without passing through a pluripotent state, thus overcoming some of iPSCs disadvantages. Moreover, it takes
advantage of the resident population of fibroblasts in the heart that grow and replace lost cardiomyocytes after
injury (Kojima & leda, 2017). This strategy will be addressed in this work.



4.1 Direct Cardiac Conversion

DCC was first described by leda and colleagues, in 2010. They screened fourteen transcription factors
involved in heart development and concluded that Mef2c, Gata4 and Thx5 were capable, through transduction,
of generating induced Cardiac Like Myocytes (iCLMs) from mouse postnatal cardiac fibroblasts (CF) as well
as tail-tip fibroblasts (TTFs). These iCLMs expressed several cardiac genes including cardiac Troponin, Actcl,
and Myh6 and showed spontaneous ability to contract (leda et al., 2010). These experiments, performed in
vitro, were later done in vivo also leading successful transdifferentiation (Qian et al., 2012).

Since then, several other transcription factors, microRNAs and small molecules have been described
to successfully induce DCC both in vitro and in vivo. For example, adding transcription factor Hand2 to the
MGT cocktail (GHMT) was shown to increase the efficiency of the process in almost five-fold over only MGT
transduction (Song et al., 2012). As for micro-RNAs (miRs), the combination of miR-1, miR-133, miR-208,
and miR-499, which are involved in cardiomyocyte differentiation and development, was also able to
successfully induce DCC both in vitro and in vivo (Jayawardena et al., 2015). To overcome the risks associated
with genetic modification of the previous viral-based methods, Fu and colleagues developed a chemical
cocktail (CRFVPT with CHIR99021, RepSox, Forskolin, VPA, Parnate and TTNPB) that led to the generation
of chemical-iCLMs from mouse embryonic fibroblasts (MEFs) and TTFs (Fu et al., 2015).

Human fibroblasts have also been subjected to DCC experiments. However, MGT transduction was
proven to be insufficient to generate iCLMs, highlighting the need for other transcription factors (Wada et al.,
2013). Indeed, by adding Mespl and Myocd to GMT (GMTMM), both human CFs and dermal fibroblasts were
able to generate iCLMs that expressed cardiac proteins and were able to contract synchronously in coculture
with murine cardiomyocytes (Wada et al., 2013). Moreover, the combination of micro-RNAS (miR-1 and miR-
133) and transcription factors (Gata4, Hand2, Myocd and Thx5-GHMT) also led to successful reprogramming,
with some iCLMs displaying sarcomere-like structures and spontaneous contractility (Nam et al., 2013).

Despite all these progresses made, DCC still presents low efficiency, which could be due to several
factors. For instance, the cell type influences the outcome, as MEFs have been shown to be more easily
converted to iCLMs than CFs, with TTFs presenting lower efficiency. Other factors like the stoichiometry of
the reprogramming factors, epigenetics and metabolism have also been shown to influence the process (Kojima
& leda, 2017).

411 MGT Reprogramming factors

The forced expression of the transcription factors Mef2c, Gata4, and Thx5 was found to be enough to
reprogram fibroblasts into iCLMs. These factors are crucial for the development of the heart, by coactivating
the expression of cardiac genes and inducing the differentiation of cardiomyocytes, while regulating each
other’s expression (leda et al., 2010) (Olson, 2006). More specifically, Mef2c is important in the formation of
cardiac structures, and, along with Gata4, regulating contractile protein genes (Olson, 2006). In addition to
cardiac development, both Mef2c and Gata4 have been shown to have a role in the injured heart by regulating
contractility and cardiac function (Olson, 2006). Thx5 has been shown involved in the establishment of the
cardiac conduction system (Olson, 2006). Moreover, Gata4 is thought to open the chromatin, being called a
“pioneer” factor, which allows the binding of the other two factors to their target sites and activation of the
cardiac program (leda et al., 2010).

Wang and colleagues generated 6 different polycistronic constructs, by switching the order of the
M,G,T factors, and concluded that the stoichiometry affected the efficiency of DCC. Although all the
combinations lead to deactivation of fibroblast markers, some (TMG, TGM; GMT and GTM) weren’t able to
induce a significant activation of cardiac markers. Ultimately, the MGT polycistronic construct that led to
higher levels of Mef2c expression relative to Gata4 and Thx5 presented the best outcome (L. Wang et al.,
2015).



4.1.2 Epigenetic Barriers

For a successful conversion into iCLMs, fibroblasts must be able to activate cardiac genes, while
repressing fibroblast genes (Kojima & leda, 2017). For this, they need to overcome epigenetic barriers, which
regulate the expression of the genome through modifications of histones and DNA that either increase or
decrease chromatin accessibility (Liu et al., 2016).

Liu and colleagues have studied the expression of histone3-lysine27-trimethylation (H3K27me3),
associated with inactive transcription, and histone3-lysine4-trimethylation (H3K4me3), associated with active
transcription during DCC. They found decreased H3K27me3 and increased H3K4me3, at day 3 post-
transduction, at cardiac promoter sites, while at fibroblast promoter sites there was still increased H3K27me3
and decreased H3K4me3 at day 10. They concluded that, during DCC, while cardiac genes were rapidly
activated, the repression of the fibroblast genes were a lengthier process (Liu et al., 2016). Moreover, it was
reported that through inhibition of Ezh2, a component of the complex responsible for catalyzing H3K27me2/3,
lead to increased efficiency of the DCC process (Hirai & Kikyo, 2014). On the other hand, through knockdown
of Bmil, a component of the polycomb repressive complex 1, there was an increase of H3K4me3 at cardiogenic
genes including Gata4, which led to a successful reprogramming with only exogenous Mef2c¢ and Thx5 (Zhou
et al., 2016).

4.1.3 Metabolic switch in direct reprogramming

Fibroblasts are metabolically different from cardiomyocytes, relying mostly on glycolysis as their
energy supplier, while the latter, with larger energetic demands, rely on OXPHOS (Figure 5). Therefore, a
metabolic switch has been reported to accompany the reprogramming process, similar to what happens during
the fetal metabolic switch in the developing heart, being a crucial part of the process (H. Wang et al., 2021).
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Figure 5. Fibroblast and Cardiomyocyte Metabolism. Image made with Biorender.

Therefore, manipulating fibroblast metabolism to resemble that of cardiomyocytes seems to be a good
strategy to improve direct cardiac reprogramming efficiency. Fibroblasts with downregulation of HIF-10, an
important regulator of glycolysis, are more successfully reprogrammed (Stone et al., 2019). Conversely, the
use of rotenone, an inhibitor of mitochondria respiration, and knockdown of the TCA cycle enzyme isocitrate
dehydrogenase3a (IDH3 o) decreases reprograming efficiency, while IDH3 o upregulation led to increased
reprogramming (Ishida et al., 2021). High ROS levels can also affect the efficiency of the process, and the use
of antioxidants could boost this process. Selenium and ascorbic acid (vitamin C) supplementation have been



shown to enhance reprogramming efficiency, in vitro, by increasing cardiac gene expression (Talkhabi et al.,
2015; X. Wang et al., 2016), and vitamin E nicotinate promotes heart damage repair through reprogramming
in vivo (Suzuki & Shults, 2019). Despite these advances in the modulation of the metabolism to improve the
reprograming of fibroblasts into iCLMs, the mechanisms underlying the metabolic switch and its impact in
DCC remains elusive.



Objectives

Direct Cardiac Conversion (DCC) has gained a great deal of interest over the last years as a
regenerative strategy for cardiac diseases. However, it is still an inefficient process, particularly in adult
fibroblasts. Moreover, despite being an important component of the process, there is still little knowledge of
the metabolic switch that occurs during the process and how it affects the cells, particularly the mitochondria.

Therefore, the main objectives of this work are:

e Characterize the mitochondrial metabolic reprogramming taking place during DCC of
mouse embryonic fibroblasts and adult skin ear fibroblasts into iCLMs.

e Evaluate the impact of metabolic modulation in the reprogramming of fibroblasts into
iCLMs.



Methods

Cell Culture

During the experiments, the following cell lines were used: the primary cells Mouse Embryonic
Fibroblasts (MEFs) and Adult Ear Fibroblasts (AEFs) and the immortalized cell lines icMEFs (Vaseghi et al.,
2016), Human Embryonic Kidney 293T (HEK 293T) and HL-1 (Claycomb et al., 1998).

AEFs were prepared from adult (4-6 months) mouse skin from the ears (Rodrigues & Roelen, 2020),
while MEFs were prepared from mouse embryos (13.5 days) (Rodrigues & Roelen, 2020). MEFs and AEFs
were cultured in Dulbecco’s Modified Eagle's Medium (DMEM) (Gibco) high glucose (4.5g/L glucose) or low
glucose (1g/L glucose), supplemented with 10% Fetal Bovine Serum (FBS) (SIGMA) and 1%
Penicillin/Streptomycin (100 U/ml:100 pg/ml). For Retroviral Infection, 28.000 and 170.000 cells were
counted and seeded in 24-well plates (with glass coverslips for Immunocytochemistry protocol) and 6-well
plates, respectively, coated with 0.1% gelatin. Cells were incubated at 37°C with 5% CO..

HL-1, which is a cardiac muscle cell line from mice, was cultured in Claycomb medium (SIGMA)
with 10% FBS, 1% Penicillin/Streptomycin (100 U/ml:100 pg/ml), 0.1 mM Norepinephrine (SIGMA) and 2
mM L-Glutamine (Gibco). For experiments, 2.000/3.000 cells were counted and seeded in 24-well plates with
glass coverslips.

icMEFs is a cell line from immortalized MEFs from embryonic a muscle heavy chain-green
fluorescent protein (aMHC-GFP) cardiac reporter strain mice (13.5 days), kindly provided to our lab (Vaseghi
et al., 2016). This cell line contains a TeTOn system encoding MGT, which is induced by doxycycline (Dox).
For experiments, icMEFs were seeded at a density of 10.000/15.000 cells per well in 24 well plates (with glass
coverslips for Immunocytochemistry protocol) coated with 0.01% gelatin. The following day, media was
changed to induced Cardiac Myocyte (iCM) growth medium consisting of 4:1 DMEM:M199 (Zenbio) with
10% FBS and 1% Penicillin/Streptomycin (100 U/m1:100 pg/ml) with 1/2 ug/mL doxycycline (SIGMA).

2-Deoxi-d-glucose (2-DG, SIGMA) was added to MEFs and icMEFs at 1/2 mM.

For trypsinization, medium was removed, cells were washed with Phosphate Buffered Saline (PBS)
(Fisher Bioreagents) and 0.05% Trypsin-EDTA 1x (Gibco) was added. After incubation at 37°C with 5% CO.,
trypsin was inactivated with 10%FBS containing DMEM medium.

For cell passaging, cells were trypsinized, counted and seeded in the new plate. To count cells, Trypan
Blue (AMRESCO) was added to a microtube with an aliquot of cells. The mix was then added to the
hemocytometer and cells were counted, using the formula Total cells/ml = (Total cells counted x Dilution
factor x 10,000 cells/ml)/ Number of squares counted.

To freeze cells, following trypsinization, cells were centrifuged for 3 minutes at 1000 revolutions per
minute (rpm) and resuspended in FBS + 10% Dimethyl sulfoxide (DMSO) (Sigma-Aldrich), placed in a
gradual freezing container and stored at -80°C.

Retroviral Infection for Direct Cardiac Conversion

MEFs and AEFs were retroviral infected according to the following procedure. On day 1, for each
transfection, 5x10® HEK 293T cells were seeded onto a 10 cm dish in growth media containing DMEM plus
10% FBS. 4 pg of plasmid DNA (pMXsMGT, a polycistronic vector containing the reprogramming factors
Mef2c, Gata4 and Thx5 (MGT) (L. Wang et al., 2015), or pMXsEmpty) was mixed with 4 pug pCL-Ampho
(packaging plasmid). Separately, 576 ul Opti-MEM (Gibco) media containing 24 pl of X-tremeGENE 9 DNA
(Roche) incubated for 5 minutes at room temperature (RT), being then joined with the plasmid mixtures, and
incubated at RT for 45 min before adding to HEK cells. Medium was changed the next day (day 2) and virus
containing-supernatant was collected 48 hours after transfection (day 3), followed by filtration through a 0.45
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pum cellulose acetate filter and supplementation of 1 nug/ml polybrene (Milipore), and added to target cells
immediately. This step was performed twice a day for 2 days.

On day 5, the virus containing medium was replaced with growth media and changed every 3-4 days
until the day of analysis. For positive selection, puromycin (SIGMA) at 2 pg/ml was added to target cells three
days after viral infection and maintained in growth medium at the concentration of 1 pg/ml. For some
experiments, iCM maturation medium consisting of 4:1 DMEM:M199 with 10% FBS and 1%
Penicillin/Streptomycin (100 U/ml:100 pg/ml) was used.

Flow cytometry

For live staining, cells were incubated with the following reagents and conditions (Table 1). After
incubation, cells were washed with PBS and trypsinized. Cells were then centrifuged (5 minutes, 1000 rpm,
RT), washed with PBS and resuspended in 0.05% Bovine Serum Albumin (BSA) (SIGMA) + PBS 1x.

Table 1. Reagents used in Flow Cytometry with respective concentration, incubation time and temperature.

Mitotracker Bodipy TMRE Mitosox CellROX
Deep Red (Life | (Invitrogen) (Abcam) (Invitrogen) | (Invitrogen)
technologies)
Concentration 2nM 0.15 ug/mL 100 nM 5uM 2 uM
Incubation 15 min RT dark | 10 min RT 20 min 37°C 15 min 37°C | 20 min 37°C
dark

For intracellular staining, cells were incubated with Mitotracker Deep Red (200 nM) in the dark, at
RT for 15 minutes. Cells were trypsinized and centrifuged as before. The pellet was resuspended in PBS, fixed
with 4% formaldehyde (Thermo Scientific) and incubated on ice for 15 min. Cells were washed with PBS,
followed by centrifugation at 1200 rpm for 5 minutes at 4°C. After permeabilization with 0.5% tween
(MARCA) 20 + 0.5% DMSO for 10 minutes in rotation and a spin (1200 rpm, 5 min), cells were treated with
Stain Buffer (0.5% BSA + PBS 1x) for 10 min at RT followed by incubation with anti-cTnT (cardiac troponin
T) mouse primary antibody (1:200) (Abcam) for 1 hour in rotation at RT. Cells were washed with Stain Buffer,
centrifuged (1200 rpm, 5 min) and incubated with anti-mouse Alexa 488 secondary antibody (1:800)
(Invitrogen) for 45 min in rotation in the dark. Cells were washed with Stain Buffer and centrifuged as before
and resuspended in Stain Buffer.

Prior to analysis, cells were filtered through a 40 um cell strainer and acquisition was made in an
Accuri™ C6 Flow Cytometer (BD Biosciences). Analysis was conducted in FlowJo software, where a gating
for alive and singlets events was performed before analysis of populations of interest with fluorescent marker.

Immunocytochemistry and Fluorescence Microscopy

Cells were washed with PBS three times, fixed with 4% formaldehyde at RT for 15 minutes, washed
again and stored at 4°C in PBS between 1 — 7 days.

After permeabilization with 0.1% Triton/PBS for 10 minutes (with three subsequent PBS washes) and
blocking in 1% BSA for 30 minutes, cells were treated with primary antibody at 4°C overnight and secondary
antibody for 1h30 at RT. The cells were then mounted with Vectashield with DAPI (Vector Laboratories). The
following antibodies and reagents were used: anti-HSP60 mouse (1:200) (BD Biosciences), anti-mouse Alexa
488 (1:500) (Invitrogen), anti-phalloidin 568 (1:200), anti-TOMZ20 rabbit (1:100 and 1:150) (Proteintech), anti-
rabbit Alexa 488 (1:500) (Invitrogen), anti-cTnT mouse (1:150) (Abcam), anti-mouse Alexa 594 (1:500)
(Invitrogen) and a-GFP Alexa 488 (Invitrogen).

Images were acquired using a 63x oil objective of the Zeiss LSM 880 confocal fluorescence
microscope. The mitochondrial network and morphology were evaluated by ImageJ/Fiji plug-in Mitochondrial
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Analyzer (Chaudhry et al., 2020) (Figure 6). The corrected total cell fluorescence (CTCF) was also analyzed
in ImageJ/Fiji and was calculated using the formula: CTCF = Integrated Density — (Area of selected cell x
Mean fluorescence of background readings) (Hammond, 2014).
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Figure 6. Overview of the quantification of mitochondrial network. Briefly, a z-stack of images (with an interval of 1,26
um) was acquired using a Zeiss LSM 880 confocal fluorescence microscope. Using ImageJ/Fiji, maximum intensity
projections were obtained from each z-stack. Images were thresholded and analyzed trough macro “Mitochondrial
Analyzer” (Chaudhry et al., 2020). Figure made using BioRender.

Reverse Transcriptase Reaction

RNA samples from MEFs and AEFs cells in their respective conditions (Empty and MGT), previously
extracted and isolated in the lab, were retrotranscribed to cDNA using the "NZY First-Strand cDNA Synthesis
Flexible pack™ and following the manufacturer instructions. Briefly, 1 ug of RNA was mixed with 1.5 pl of
Oligo(dT)12-18, 1.5 pl of Random hexamer mix, 1 ul of dNTP Mix and DEPC-treated H,O to make up 16 pl.
This mixture was incubated at 65 °C for 5 min and chilled on ice. To the mixture were then added 2 pl of
Reaction Buffer, 1 pl of NZY Ribonuclease Inhibitor and 1 pl of NZY Reverse Transcriptase, making up a
volume of 20 pl of reaction. It proceeded to incubation at 25 °C for 10 min, followed by 50 °C for 50 min and
then, to inactivate the reaction, 85 °C for 5 min. The reaction chilled on ice, before 1 ul of NZY RNase H was
added, with subsequent incubation of 37 °C for 20 min. The generated cDNA was diluted at 1:5 and stored at
-20°C.

Quantitative Polymerase Chain Reaction (QPCR)

For each reaction, 5 ul of cDNA (at 1:5) was mixed with 7.5 pl of SYBR Green (Thermo Fisher
Scientific), 0.4 ul of each forward and reverse primers (see Table 2) and 1.7 pl of H,O, making up a final
volume of 15 ul. gPCR was performed using Applied Biosystems 7500 Real-Time PCR System and 18S rRNA
was used as housekeeping gene. Values were given by 2-24¢ through the AACt method (ACt(est) — ACT(calibrator)).

Table 2. Amplified genes and primer sequences used for gPCR.

Amplified Genes | Sequence (F: forward primer, R: reverse primer)
18S F: AGGATGTGAAGGATGGGAAGT
R: CAGGTCCTCACGCAGCTTG
TFAM F: AACACCCAGATGCAAAACTTTCA
R: GACTTGGAGTTAGCTGCTCTTT
NRF1 F: AGCACGGAGTGACCCAAAC
R: AGGATGTCCGAGTCATCATAAGA
PINK1 F: TTCTTCCGCCAGTCGGTAG
R: CTGCTTCTCCTCGATCAGCC
OPA-1 F: TGGAAAATGGTTCGAGAGTCAG
R: CATTCCGTCTCTAGGTTAAAGCG
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Mfnl F: ATGGCAGAAACGGTATCTCCA

R: GCCCTCAGTAACAAACTCCAGT
Parkin F: GAGGTCGATTCTGACACCAGC

R: CCGGCAAAAATCACACGCAG
LC3 F: TTATAGAGCGATACAAGGGGGAG

R: CGCCGTCTGATTATCTTGATGAG
Mef2c F: GAGCCGGACAAACTCAGACA

R: TCAAAGCTGGGAGGTGGAAC
Gatad F: TGTGCCAACTGCCAGACTAC

R: TGGGCTTCCGTTTTCTGGTT
Thx5 F: CTTCTATCGCTCGGGCTACC

R: GCTATAGGAGGGCATGCTGG
Myl7 F: TCGGGAGGGTAAGTGTTCC

R: GTCCGTCCCATTGAGCTTCTC
Tnnt2 F: GAGCTACAGACTCTGATCGAGG

R: CCGCTCATTGCGAATACGC
ACTC1 F: TGCCCCCGGCTGCTC

R: GTTCTGTAGGCGTGCTAGGG
Col3al F: CTGTAACATGGAAACTGGGGAAA

R: CCATAGCTGAACTGAAAACCACC
Eln F: TGTCCCACTGGGTTATCCCAT

R: CAGCTACTCCATAGGGCAATTTC
PGCl-a F: TATGGAGTGACATAGAGTGTGCT

R: CCACTTCAATCCACCCAGAAAG
Fisl F: AGAGCACGCAATTTGAATATGCC

R: ATAGTCCCGCTGTTCCTCTTT
Mtfpl F: GCTACGCCAATGAGGTGGG

R: AGACTGCCACACAAAGGTGTC
Collal F: GCTCCTCTTAGGGGCCACT

R: CCACGTCTCACCATTGGGG
P62 F: AGGATGGGGACTTGGTTGC

R: TCACAGATCACATTGGGGTGC

Statistical Analysis

The results are presented as mean values and standard deviations (mean + SD) or standard error of the
mean (mean + SEM) for each experimental group.

Differences between samples comparing with the control conditions were estimated by T student test.
Multiple comparisons were performed with One-way ANOVA or Kruskal Wallis with a false discovery rate
correction. For normality, the Shapiro-wilk test was performed. A P value < 0.05 was regarded statistically
significant. Details of the sample numbers can be found in the appropriate figure legend.

Statistical analysis was performed using GraphPad Prism.
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Results

1. Direct Cardiac Conversion presents low efficiency in mouse adult fibroblasts

DCC is a very promising cardiac regenerative technique, although it still lacks efficiency (Chen et al.,
2012). Indeed, at day 11 (D11) post transduction and puromycin selection of MGT -retroviral infected cells,
only 4% of MGT-transduced embryonic fibroblasts (MEFs) are positive for the cardiac marker ¢cTnT, detected
by flow cytometry (Figure 7). Moreover, aging leads to an even further decrease of efficiency as adult
fibroblast cells (from the skin or cardiac origin) appear to have more difficulty in the process, when compared
to embryonic fibroblasts (Kojima & leda, 2017).
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Figure 7. Reprogramming efficiency quantified by flow cytometry for the percentage of cTnT+ cells at 11 days (D11)
after infection of MEFs with retroviruses expressing MGT. Cells infected with empty vector viruses were used as control
and cTnT intracellular staining (conjugated to anti-mouse Alexa 488 secondary antibody) detected in the FL1 channel
.Cells were cultured with 4:1 DMEM low glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin.

Data is presented as Mean = SEM (n = 3 from 1 independent experiment); statistical significance was determined by Student
t-test. *P < 0.05.

In order to see how DCC affects the gene expression profile in both embryonic and adult fibroblasts,
we evaluated several markers by qPCR in MGT and Empty-retroviral infected cells at D12 post-transduction.
Analysis of the expression of the MGT genes (Mef2c, Gata4 and Thx5) (Figure 8) revealed that, as expected,
the expression of the reprograming factors was increased in both MEFs and AEFs-transduced with MGT, when
compared to their Empty counterparts.
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Figure 8. Reprogramming genes expression profile of MEFs and AEFs groups in their respective conditions (Empty and
MGT) normalized to 18S rRNA and represented as the fold change over MEFs Empty, at D12 post transduction. Cells were
cultured with 4:1 DMEM high glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin.
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Data is presented as Mean + SD (n=2/3 from 1 independent experiment); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. **P < 0.01; ***P < 0.001.

It has been reported that, during DCC, there is first an activation of cardiac genes at as early as D3
post transduction and a deactivation of fibroblast genes at around D10 post transduction (Kojima & leda, 2017).
Analysis of the expression of cardiac (Myl7, Tnnt2 and Actcl) and fibroblast (Collal, Col3al and Eln) markers
by gPCR (Figure 9) revealed that, at D12 post transduction, a significant increase of the expression of all
cardiac genes is observed in MEFs transduced with MGT, when compared with MEFs Empty, as well as a
significant decrease of all fibroblast markers. However, for AEFs transduced with MGT, the expression of
cardiac genes only shows a slight tendency to increase (e.g., Myl7), while the levels of all fibroblast markers
remain unchanged compared to the control. Moreover, the expression of fibroblast markers, particularly
Collal and Eln, decreases significantly in control (Empty) adult fibroblasts compared to embryonic MEFs.
These results were further validated at the protein level, with MEFs MGT presenting higher level of cTnT
expression than AEFs MGT, as detected by immunofluorescence and confocal microscopy (Figure 10).

(@)

Tnnt2 Actcl

* % * %

Fold expression
(normalized to 18S)
Fold expression
(normalized to 18S)
. o B Poay ow o oa
(2] o oo o o o
Fold expression
(normalized to 18S)
= =
(9] o (62
*

0.0 T T e T 0 B e S Ed
& L Q&KL S & Q&L & LA KL
& & & & & ¢ &
e & 2 C L O 2 e & 2
& & g & & & g & & & @ &
& & K é & &
b
( ) Col3al Eln Collal
*%
o * kKK
15 *k *% 15 15
. - ) *kk * %K
%) —~ P
53 5% 5%
29 10 do 10 o 10
[ 0 = 0 =
5% 2o o]
g3 g8 g2
% E 0.5 e} E 0.5 =] E 05
23 £ £
0.0 T T T T 0.0 0.0
S & &6 S & AN NN
& e\“ @Q N @Q& @o ‘éz« @(7 é\Q‘ @0 § ‘“0
<& 2 <& 9 O 2 < o & 2
o & o8 & & & o & & & o &
$ ¥ A T & T

Figure 9. Cardiac (a) and fibroblast (b) genes expression profile of MEFs and AEFs groups in their respective conditions
(Empty and MGT) normalized to 18S rRNA and represented as the fold change over MEFs Empty, at D12 post-
transduction. Cells were cultured with 4:1 DMEM high glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin.

Data is presented as Mean + SD (n=2/3 from 1 independent experiment); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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MEFs Empty MEFs MGT AEFs Empty AEFs MGT

Figure 10. Representative immunocytochemistry images of MEFs and AEFs infected with Empty and MGT retroviruses

at D11 post-transduction and stained with ¢cTnT (cardiac troponin) (upper) and double labelling of cTnT and TOMZ20
(mitochondria) with 2.0x zoom (lower). DAPI stains for nuclei. Scale bar equals 20 pm.

cTNT DAPI

[OM20 ¢TNT DAPI

Overall, these results show that both MEFs and AEFs underwent forced expression of the cardiogenic
factors with activation of MGT expression. Moreover, at D11/12 post transduction, embryonic
transdifferentiated fibroblast cells already show an activation of cardiac markers and deactivation of fibroblast
markers, while, at the same timepoint, adult fibroblasts cells do not show major differences compared to empty
controls especially in fibroblast genes suppression.

2. Direct Cardiac Conversion is accompanied by alterations in the mitochondria network

During DCC, the fibroblasts undergo a metabolic switch from glycolysis to OXPHOS (H. Wang et
al., 2021). With this, mitochondria gain a more prominent role in supplying the cell with energy, which requires
some changes in the network. Indeed, cardiomyocytes also go through a similar energetic transformation, the
fetal metabolic switch, leading to a maturation of the cell, as well as a remodeling of the mitochondria (A. Li
et al., 2020). However, the exact changes in the mitochondrial network that accompany DCC remain
uncharacterized.

To address the remodeling of the mitochondrial network during DCC of embryonic and adult
fibroblasts, MEFs and AEFs MGT-infected (D11 post-transduction) were used for immunofluorescence
detection of the mitochondrial protein TOM20, a component of the mitochondrial Translocase of the Outer
Membrane (TOM) complex (Giacomello et al., 2020), through confocal microscopy using a Zeiss LSM 880
confocal fluorescence microscope (Figure 10). Images were analyzed through Fiji’s macro “Mitochondria
Analyzer” (Chaudhry et al., 2020), with the evaluated parameters briefly summarized in Table 3 and the
quantifications expressed at Figure 11.



MITO COUNT 1 1 1
TOTAL AREA ! 1 )
MEAN AREA ! i [l
ASPECT RATIO =1 (Round) > 1 (Elongated) > 1 (Elongated)
FORM FACTOR = 1 (Round) > 1 (Elongated) > 1 (Elongated)
BRANCH

JUNCTION 0 0 2002
MEAN BERANCH ! 1 1
LENGHT

TOTAL BRANCH 11
LENGHT ! U

Table 3. Summary of morphological and network parameters used to describe mitochondria on a round mitochondrion
(Left), along mitochondrion (Middle) and mitochondria with multiple branches (I-111) and junctions (1-2) (Right). Adapted
from (Chaudhry et al., 2020).

The number of mitochondria is given by Mito Count (normalized to the cell area) where MEFs present
the highest organelle number, followed by AEFs (Figure 11a), and no difference between MGT and Empty
was observed. The Total Area occupied by the mitochondria (normalized to the cell area) (Figure 11b)
displayed higher levels in MEFs MGT than AEFs MGT, both surpassing their corresponding Empty. MEFs
MGT present the highest Mean Area of mitochondria particles (Figure 11c), while in adult fibroblasts, Empty
present higher than MGT transduced. The shape is reflected in the Form Factor (FF) and Aspect Ratio (AR),
where 1 is equivalent to round particles and increases with more elongated particles (Table 3). In Figure 11d-
e, it is possible to evaluate that MGT-transduced MEFs present highest AR and FF than corresponding Empty,
while in AEFs, MGT transduction produced a decrease or no significant differences in AR and FF, respectively.
The mitochondrial network is described by the number of Branches (connected mitochondria), the Junctions
between them (connecting points) and their size which is given by both Mean and Total Branch Length (Table
3), all normalized to the number of mitochondria. In all these parameters (Figure 11f-i), MGT-transduction
produced increase levels in MEFs whereas no major differences were observed for AEFs transduced cells
comparing to Empty. Moreover, analysis of TOM-20 staining intensity, performed using Fiji, further revealed
that at D11, MGT-transduced MEFs present higher total TOM-20 fluorescence levels compared to
corresponding Empty transduced cells (Figure 12a), whereas AEFs MGT transduced show similar values to
AEFs Empty (Figure 12b).

With this analysis, it is visible that, at D11 post-transduction, MEFs infected with MGT acquire a
more filamentous and interconnected network characteristic of higher energetic demands (as of induced
cardiomyocytes), when comparing with Empty-infected MEFs. However, at the same timepoint (D11), AEFs
transduced with MGT do not show differences in the majority of the parameters analyzed, especially for the
network, compared to Empty-transduced AEFs.
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Figure 11. Quantitative analysis and comparison of TOM-20 stained mitochondria number (a), area (b-c), shape (d-e) and
network (f-i) parameters (briefly summarized in table 3), between MEFs and AEFs in their respective conditions (Empty
and MGT), at D11 post transduction. Cells were cultured with 4:1 DMEM high glucose:M199 + 10% FBS + 1%
Penicillin/Streptomycin (experiment 1) and 4:1 DMEM low glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin

(experiment 2). Au = Arbitrary units

Data is presented as Mean + SEM (n=22/40 from 1-2 independent experiments); statistical significance was determined by
One-way ANOVA or Kruskal-Wallis with False Discovery Rate multiple comparisons test. *P < 0.05; **P < 0.01; ***P <

0.001; ****P < 0.0001.
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Figure 12. Quantitative analysis and comparison of TOM-20 fluorescence intensity between MEFs Empty and MGT (a)
and AEFs Empty and MGT (b), at D11-days post transduction. Cells were cultured with 4:1 DMEM low glucose:M199 +
10% FBS + 1% Penicillin/Streptomycin.

Data is presented as Mean + SEM (n = 10/16 from 1 independent experiment); statistical significance was determined by
Student t-test. **P < 0.01.

A similar analysis by immunofluorescence was performed using the alternative mitochondrial marker
HSP-60, a stress protein involved in the folding of proteins (Pellegrino et al., 2013) (Supplementary Figure
1) where, additionally, the cardiac HL-1 cell line was used as positive control for cardiomyocytes. Regarding
mitochondria number (Supplementary Figure 1a), HL-1 presents the highest value, followed by both MEFs
and AEFs with no significant differences between MGT and Empty conditions. In Total area (Supplementary
Figure 1b), an increase is seen in MEFs MGT comparing to corresponding Empty, with no significant
differences between AEFs’ conditions. For Mean Area as well as all shape and network parameters
(Supplementary Figure 1c-i), both MEFs and AEFs MGT transduced present higher values than
corresponding Empty, being similar to HL-1. Analysis of HSP-60 staining intensity (Supplementary Figure
2) revealed no significant differences between MEFs and AEFs experimental groups with HL-1 presenting the
highest HSP-60 total fluorescence levels. Overall, in this analysis, age doesn’t seem to have an impact in the
mitochondrial changes that accompany DCC, in contrast to TOM-20 evaluation (Figure 11), with both MEFs
and AEFs MGT transduced presenting a more filamentous network than their Empty counterparts and
approaching the cardiac cell line HL-1.

Despite the high efficiency of retroviruses used for MGT infection (with around 90% of infected cells
with a similar plasmid encoding GFP, pMXsGFP, data not shown), which is further incremented by
Puromycin-selection (L. Wang et al., 2015), DCC is an inefficient and unsynchronized process as not all cells
undergo DCC at the same time (Liu et al., 2017). Therefore, to evaluate the mitochondrial parameters
specifically in MGT-transduced cells that already express cardiac markers, we used the cardiac marker cTnT
to stratify the MEFs MGT-infected cells into cTnT-positive and cTnT-negative (Figure 10). No significant
differences were observed regarding mitochondria number, total area and mean area between Empty, cTnT-
negative and cTnT-positive (Figure 13a-c). However, there is a marked increase in shape (AR, FF) and branch
related parameters in cTnT-positive compared to cTnT-negative cells, reaching significance only in relation to
MEFs Empty (Figure 13d-i), in agreement with Figure 11. This suggests that, as expected, MGT-transduced
cells that already express cardiac markers have a more filamentous and interconnected mitochondria network
than the remaining MGT-transduced cTnT-negative cells. Indeed, the MEFs MGT cTnT-positive are closely
followed by the cTnT-negative, especially in shape parameters (Figure 13d-e), showing a tendency to increase
in branch parameters compared to MEFs Empty (Figure 13f-i), suggesting that these cells are also undergoing
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changes in their mitochondrial network, despite not yet expressing cardiac markers. Similar results were
obtained with the same analysis performed on adult fibroblast cells, with a tendency to increased branch
number, length and junctions in AEFs MGT-cTnT positive compared to Empty (Supplementary Figure 3),
however the low number of analyzed cells did not allow to reach significance.
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Figure 13. Quantitative analysis and comparison of TOM-20 stained mitochondria number (a), area (b-c), shape (d-e) and
network (f-i) parameters (briefly summarized in table 3), between MEFs Empty and MGT, divided in cTnT-negative and
cTnT-positive, at D11-days post-transduction. Cells were cultured with 4:1 DMEM low glucose:M199 + 10% FBS + 1%
Penicillin/Streptomycin.

Data is presented as Mean = SEM (n = 16/26 from 1 independent experiment); statistical significance was determined by
One-way ANOVA or Kruskal-Wallis with False Discovery Rate multiple comparisons test. *P < 0.05; **P < 0.01; ***p
<0.001.
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In order to assess the evolution of the mitochondria network with the progression of DCC, the same
mitochondrial parameters (Table 3) were evaluated at late stages of DCC in AEFs at D21 post-transduction by
immunofluorescence detection of TOM20, depicted as fold to corresponding Empty (Figure 14). Apart from
Mito Count, (Figure 14a) where no differences were observed, all remaining parameters (Figure 14b-i)
measured at AEFs 21 days display higher values than AEFs 11 days, with a tendency to surpass the values
present in MEFs 11 days, confirming the slower progress of AEFs during DCC.
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Figure 14. Quantitative analysis and comparison of TOM-20 stained mitochondria number (a), area (b-c), shape (d-e) and
network (f-i) parameters (briefly summarized in table 3), between MEFs and AEFs groups MGT-infected (Fold to
corresponding Empty), D11 and D21 post-transduction. Cells were cultured with 4:1 DMEM low glucose:M199 + 10%
FBS + 1% Penicillin/Streptomycin.
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Data is presented as Mean = SEM (n=22/36 from 1 independent experiment); statistical significance was determined by
Kruskal-Wallis with False Discovery Rate multiple comparisons test. *P < 0.05; ***P < 0.001; ****P < 0.0001.

We reasoned that modulating of signaling pathways that control cell fate conversion, including
mitochondrial metabolism, may increase the efficiency of DCC and bring new opportunities for direct cardiac
reprogramming. In that sense, in the lab we are using an inducible reprogrammable mouse embryonic fibroblast
cell line, icMEFs, kindly provided by LiQian lab, in which MGT expression is induced by the addition of
doxycycline (Dox), enabling the temporal control of reprogramming factor expression. This cell line presents
a reprogramming efficiency of up to 20% (Vaseghi et al., 2016), and allows for a more accurate analysis of
reprogrammed cells, since transdifferentiated fibroblasts are easily detected by the expression of the reporter
Green Fluorescent Protein (GFP) protein by immunofluorescence, which is controlled by the cardiac promoter
a muscle heavy chain (aMHC) (Figure 15). In order to evaluate if DCC of this inducible cell line is also
accompanied by mitochondrial network remodeling as it is for the primary fibroblasts (Figure 11), we
evaluated the same parameters as before (Table 3) by immunofluorescence detection of HSP-60 in icMEFs 3
days after Dox administration (Figures 15 and 16). Interestingly, a statistically increase in all parameters
analyzed, except for the Mean Area, was observed in GFP-expressing icMEFs with Dox compared to icMEFs
without Dox (Figure 16a-i), confirming that fibroblasts from the icMEFs cell line that have undergone
reprogramming, marked by the expression of the cardiac reporter cMHC-GFP, gain a more filamentous
network, in agreement to what was observed for primary MGT-transduced MEFs (Figure 11 and
Supplementary Figure 1).

icMEFs No Dox icMEFs Dox

HSP60 GFP DAPI

Figure 15. Representative immunocytochemistry images of icMEFs without or 3 days post-doxycycline administration
and stained with HSP60 (mitochondria). DAPI stains for nuclei. Scale bar equals 20 pm.
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Figure 16. Quantitative analysis and comparison of HSP-60 stained mitochondria number (a), area (b-c), shape (d-e) and
network (f-i) parameters (briefly summarized in Table 3), between icMEFs without or 3 days post-doxycycline
administration in GFP-positive cells. Cells were cultured with 4:1 DMEM low glucose:M199 + 10% FBS + 1%
Penicillin/Streptomycin.

Data is presented as Mean + SEM (n=9/10 from 1 independent experiment); statistical significance was determined by
Student t-test. *P < 0.05; **P < 0.01; ***P < 0.001.

Mitochondria network remodeling depends on processes such as mitochondrial biogenesis,
mitophagy, and fusion and fission dynamics (Tronstad et al., 2014). Therefore, to start dissecting the
mechanism that leads to remodeling of the mitochondrial network during DCC of embryonic and adult
fibroblast cells into iCLMs, the expression of several genes involved in these processes was evaluated through
gPCR (Figure 17). Analysis of the mitochondria biogenesis genes PGC1- a, Nrfl, and TFAM (Figure 17a-c),
shows that MEFs MGT-transduced express significant less PGC1-a compared to AEFs MGT, whereas for the
other genes, no major differences were observed, only a trend to increase expression in MGT transduced
compared to corresponding Empty fibroblasts. Regarding mitochondrial dynamics, with fusion genes Opal
and Mfnl and fission genes Mtfpl and Fisl (Figure 17d-g), no significant differences were observed, only a
tendency to increase in AEFs MGT over Empty in all four genes. Regarding mitophagy, we assessed the
expression of the mitophagy-specific Pinkl and Parkin genes as well as the autophagy-related LC3 and
SQSTM1 (p62 coding gene) (Figure 17h-k). For Pink1 and Parkin, AEF MGT-transduced cells present a trend
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to increase levels than corresponding Empty, whereas the opposite occurs in MEFs. Indeed, AEFs MGT-
transduced cells express significantly higher Parkin than MEFs-MGT (Figure 17i). Regarding the autophagy
genes, there is a general trend to higher LC3 expression between MGT and corresponding Empty, with AEFs-
MGT expressing significantly more LC3 than AEFs-Empty and MGT-transduced MEFs (Figure 17j).
However, for the SQSTM1, the same trend to increase expression between MGT and Empty is observed only
for MEFs, with MGT-transduced AEFs expressing significantly lower levels than MEFs-MGT (Figure 17Kk).
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Figure 17. Gene expression profile of MEFs and AEFs transduced with Empty and MGT retroviruses at D12 post
transduction, displaying mitochondrial biogenesis (a-c), dynamics (d-g) and autophagy (h-k) genes, all normalized to 18S
rRNA and represented as the fold change over MEFs Empty. Cells were cultured with 4:1 DMEM high glucose:M199 +

10% FBS + 1% Penicillin/Streptomycin.
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Data is presented as Mean + SD (n=3 from 1 independent experiment); statistical significance was determined by One-way
ANOVA with False Discovery Rate multiple comparisons test. *P < 0.05; **P < 0.01.

These results show that, despite the remodeling in the mitochondrial network during DCC taking more
time in AEFs and being more evident in MEFs; the expression of key biogenesis, fusion and fission genes
overall appear unaltered, suggesting a very dynamic balance between these processes or other regulatory
mechanisms. As for mitophagy, the increase in expression in Parkin and LC3 in adult MGT transduced cells,
while decreasing the expression of SQSTM1, could suggest a potential deregulation of the mitophagy process
in adult transduced fibroblasts.

3. The metabolism of adult and embryonic fibroblasts differs during Direct Cardiac
Conversion

As mentioned previously, a metabolic switch is expected to occur during DCC (H. Wang et al., 2021),
highlighting the potential of metabolic interventions to increase DCC efficiency specially in adult fibroblasts.
To better understand the metabolic changes occurring through the DCC process in embryonic and adult
fibroblasts, a flow cytometry assessment of metabolic markers was conducted at different days post-
transduction (D6, D11/13 and D21/28).

Cardiomyocytes depend heavily on mitochondrial OXPHOS for their large energy demands
(Vésquez-Trincado et al., 2016). In order to complement the results obtained with the evaluation of
mitochondrial proteins by immunocytochemistry (Figures 11-16), the mitochondrial mass was preliminarily
measured in several time-points during DCC using Mitotracker (Figure 18). Indeed, MEFs MGT present a
non-significant tendency to increase Mitotracker staining compared to corresponding Empty and over-time.
AEFs-MGT-transduced cells, despite presenting lower levels of Mitotracker staining than corresponding AEFs
Empty at initial time points (D6 and D11), present increasing levels of Mitotracker over-time during the DCC
process (from D6 to D28), compatible with a slower acquisition of mitochondrial mass in adult compared to
embryonic iCLMs. Mitotracker staining was additionally performed in icMEFs (Supplementary Figure 4),
with icMEFs Dox GFP-positive (3 days) presenting higher levels of Mitotracker staining than DOX GFP-
negative and cells with no Dox, similarly to what was seen in MEFs.
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Figure 18. Mitochondrial Mass quantified by flow cytometry for Mitotracker Deep Red median fluorescence intensity
(MFI) in MEFs (a) and AEFs (b) in their respective conditions (Empty and MGT) represented as the fold change in MGT
over Empty at D6, D11 and D28 post transduction. Cells were cultured with 4:1 DMEM high glucose:M199 + 10% FBS +
1% Penicillin/Streptomycin.

Data is presented as Mean + SD (n = 3/6 from 1 independent experiment); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. *P < 0.05.

A preliminary evaluation of the mitochondrial membrane potential, which is generated during
OXPHOS, was performed using TMRE (Figure 19). Despite MEFs-MGT presenting lower levels of TMRE
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than corresponding MEFs Empty at initial time points (D11, D21), over time, there was an increase in TMRE
staining in MGT-transduced MEFs, being the levels of TMRE at D28 significantly higher that previous time
points (D21 and D11), (Figure 19a). For AEFs, there are no major differences between MGT and Empty
transduced cells with a tendency to decrease TMRE staining in MGT-transduced AEFs over-time (Figure
19b).

(a) MEFs (b) AEFs
* %k
1.54 1.5
* %k * %k * %k
= =)
5—2 1.04 ’—‘ ’—‘ .,,(_2 1.0
Ll nn]
4 4
> 0.54 S 0.5
= =
0.0 T T T 0.0 T L L
N Ry Y Ay D> D Ny Y Ay D D
S/AMI/CLERMAY /OIS CLERMAY
Q\\\@O Q\\\@O Q\\\@O Qééo Qé&’ S
ST &Y & ST &Y K

Figure 19. Mitochondrial Membrane Potential quantified by flow cytometry for TMRE MFI in MEFs (a) and AEFs (b) in
their respective conditions (Empty and MGT) represented as the fold change in MGT over Empty at D11, D21 and D28
post transduction. Cells were cultured with 4:1 DMEM high glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin.
Data is presented as Mean + SD (n = 3/6 from 1 independent experiment); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. **P < 0.01.

Mitochondrial-derived ROS (superoxide anion), a byproduct of OXPHQOS, was measured using
Mitosox probe. A tendency to decrease Mitosox levels was observed in MGT-transduced cells compared to
Empty for both MEFs and AEFs at D13 and D28 post-transduction (Figure 20a, b), being more pronounced
for MGT-transduced MEFs. If comparing both cell types in the same time point, as expected, adult fibroblasts
present overall higher levels than embryonic MEFs at both D13 and D28 (Supplementary Figure 5a, b), with
both MGT and Empty conditions of AEFs presenting statistically significant higher Mitosox levels than the
corresponding conditions of MEFs (Supplementary Figure 5). Additionally, we analyzed the alternative ROS
probe, Cell ROX, which evaluates cellular ROS species, confirming a trend to decrease staining in MGT-
transduced MEFs compared to Empty (Supplementary Figure 6a) whereas, on the contrary, the inducible
reprogrammable fibroblast cell line icMEFs present significantly higher levels of Cell ROX upon addition of
Dox for 3 days in both GFP negative and GFP positive cells, with the latter presenting the highest levels
(Supplementary Figure 6b).
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Figure 20. Mitochondrial ROS levels quantified by flow cytometry for Mitosox MFI in MEFs (a) and AEFs (b) in their
respective conditions (Empty and MGT) represented as the fold change in MGT over Empty at D13 and D28 post
transduction. Cells were cultured with 4:1 DMEM high glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin.
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Data is presented as Mean + SD (n=3 from 1 independent experiment); statistical significance was determined by One-way
ANOVA with False Discovery Rate multiple comparisons test.

With the switch from glycolysis to OXPHQS, cells can also undergo a change in energetic fuels.
Indeed, with the fetal metabolic switch, cardiomyocytes start relying on fatty acids instead of glucose as their
main substrate (Walejko et al., 2018). Therefore, we evaluated preliminarily if this change also happens during
DCC through the levels of neutral fatty acids in the cell deposited in lipid droplets (Figure 21), measured using
Bodipy 493/503. At the initial time point (D11), both MEFs and AEFs-MGT transduced cells present a marked
increase in Bodipy levels, being significantly higher for AEFs at D11. At later time points (D21, D28), MGT-
transduced AEFs maintained the higher levels of lipid droplets reservoir compared to Empty (Figure 21b),
whereas for MEFs, no difference in Bodipy between MGT and Empty was observed (Figure 21a).
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Figure 21. Lipid Droplets levels quantlfled by flow cytometry for Bodipy 493/503 MFI in MEFs (a) and AEFs (b) cells in
their respective conditions (Empty and MGT) represented as the fold change in MGT over Empty at D11, D21 and D28
post transduction. Cells were cultured with 4:1 DMEM high glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin
(experiment 1) or 4:1 DMEM low glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin (experiment 2).

Data is presented as Mean + SD (n=3/6 from 2 independent experiments); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. *P < 0.05; **P < 0.01.

Overall, these results demonstrate that there are clear metabolic differences between MEFs and AEFs
during DCC, with embryonic iCLMs gaining mitochondrial mass and overtime increase mitochondrial
transmembrane potential while decreasing ROS levels, whereas in adult iCLMs no significant differences were
observed. This shows that, for the same time point, embryonic fibroblasts are approaching a cardiomyocyte
characteristic metabolism, while adult fibroblasts seem to have more barriers to this process.

Some studies have suggested that manipulating fibroblast metabolism to resemble cardiomyocyte’s,
either by promoting mitochondrial OXPHQOS or by inhibiting glycolysis, leads to increase of DCC efficiency
(Ishida et al., 2021; Stone et al., 2019). Therefore, 2-Deoxi-d-glucose (2-DG), an inhibitor of the production of
Glucose 6-phosphatase and widely used as a glycolytic inhibitor, was added to MEFs Empty and MGT
transduced from DO-11 to test if, by blocking glycolysis could alter the reprogramming efficiency of MEFs. 2-
DG treatment presented toxicity to the cells with a significant loss of cell population in both MEFs MGT and
Empty with drug when compared to the populations without drug (Supplementary Figure 7). Moreover, 2-
DG treated cells (both empty and MGT) present decrease mitochondrial mass by Mitotracker staining when
compared to corresponding controls without the drug (Figure 22a). Determination of cTnT expression by flow
cytometry at D11 (Figure 22b), revealed a non-significant increase in cTnT expression (detected in the FL1
channel) in MGT versus empty transduced cells. However, addition of 2-DG to MEFs empty also produced an
increase in cTnT expression compared to no drug. Nevertheless, MEFs MGT supplemented with 2-DG present
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increased cTnT expression compared to 2-DG treated empty MEFs and MGT-transduced MEFs with no drug,
suggesting that 2-DG could be promoting cTnT expression despite the lower mitochondrial mass observed
(Figure 22).
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Figure 22. Mitochondrial mass and reprogramming efficiency quantified by flow cytometry for Mitotracker Deep Red
MFI (a) and cardiac reporter cTnT intracellular staining (conjugated to anti-mouse Alexa 488 secondary anibody) detected
in the FL1 channel (b), respectively, of MEFs Empty and MGT without and with 2-DG (0,5 to 2mM from D0-D11) as the
fold change in MGT over Empty (a) and percentage of cells (b) at D11 post transduction (pt). Cells were cultured with 4:1
DMEM high glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin.

Data is presented as Mean + SD (n=4/6 from 2 independent experiments); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

We also tested the impact of glycolysis inhibition in the efficiency of DCC using the icMEFs line. As
for primary MEFs, the drug produced toxicity, with a marked decrease in the percentage of alive cells in the
flow cytometer of Dox 2-DG treated cells compared to no drug (Supplementary Figure 8). 2-DG addition to
the inducible icMEFs at 1mM for 3 days together with Dox produced an increase in the level of Mitotracker
(Figure 23a) compared to Dox only. As for the reprogramming efficiency, evaluated by GFP expression
through flow cytometry (Figure 23b), supplementation of 2-DG lead to a marked increase in the percentage
of cells expressing GFP from around 10% to 20%.
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Figure 23. Mitochondrial mass and reprogramming efficiency quantified by flow cytometry for Mitotracker Deep Red
MFI (a) and GFP from the cardiac tMHC-GFP reporter (b), respectively, of icMEFs without or with doxycycline (Dox)
supplementation for 3 days and with administration of 2-DG (1mM) represented as the fold change over No Dox (a) and
percentage of cells (b). For Dox supplemented cells, the entire population (GFP-negative and GFP-positive), was
considered for the analysis. Cells were cultured with 4:1 DMEM high glucose + 10% FBS + 1% Penicillin/Streptomycin.
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Data is presented as Mean + SD (n=2/9 from 2 independent experiments); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

These results confirm that inhibition of glycolysis is indeed a promising strategy to increase DCC
efficiency, but due to the toxicity induced by 2-DG in fibroblasts, further supplementation regimens and
alternatives to block glycolysis and/or promote OXPHOS should be tested.

29



Discussion

Direct Cardiac Conversion has become a very promising strategy to reestablish the cardiac tissue after
injury. With the loss of cardiomyocytes, that retain a very limited regenerative capacity after birth, fibroblasts
grow in their place and form a fibrotic scar (Gonzélez et al., 2018). Therefore, DCC takes advantage of
fibroblasts to generate induced Cardiac Like Myocytes (iCLMs), through infection with three cardiogenic
factors (Mef2c, Gata4 and Thx5 — MGT). These iCLMs have been shown to express cardiac genes, to contract
spontaneously both in vitro and in vivo, and lead to an improved cardiac function in vivo, while reducing the
fibrotic scar (leda et al., 2010; Qian et al., 2012). However, this process still presents low efficiency, as
confirmed by our results (only 4% of MGT transduced MEFs were cTnT positive, Figure 7), with an even
further decrease of efficiency reported when using adult fibroblasts (Chen et al., 2012), which are more
clinically relevant. Accordingly, this work explores the differences between embryonic and adult fibroblasts
that could be responsible for the decreased DCC efficiency in adult fibroblasts, focusing on the metabolism.

Our analysis to the endogenous expression of the MGT genes at D12 post-transduction revealed that
both MEFs and AEFs underwent successful retroviral infection, with no significant differences between ages.
However, when compared to MEFs, AEFs still expressed high levels of fibroblast markers and low levels of
cardiac markers, suggesting that these have not yet been, respectively, deactivated and activated in the adult
fibroblasts, which are both important steps for DCC progression (Liu et al., 2016).

Embryonic cells are known for having less epigenetic barriers than adult cells for cellular
reprogramming (Rodrigues & Roelen, 2020), reason why they are often used for these experiments and present
higher efficiency. These barriers include remodeling of the chromatin, post-translational modification of
histones and modifications in patterns of DNA methylation (L6pez-Otin et al., 2013). For example,
H3K27me3, associated with inactive transcription, was found to gradually increase in fibroblast promoter sites
during DCC (Liu et al., 2016). However, with aging, a global loss of H3K27me3 has been reported (Lopez-
Otin et al., 2013), which could explain why AEFs haven’t achieved a decrease in the expression of fibroblast
genes compared to MEFs at D12 post-transduction, as well as the lower levels of these genes’ expression in
AEFs Empty, when compared to MEFs Empty. Indeed, it was observed that a global loss of H3K27me3 reduces
the efficiency of the reprogramming of iPSCs, demonstrating the need for the repression of the genes
responsible for cell’s original identity (Fragola et al., 2013). Moreover, other aging-related epigenetic barriers
could be underlying the adult fibroblast’s difficulty in activating the cardiac markers. Therefore, a further
understanding of how aging affects the epigenetic barriers during DCC is needed.

The metabolism is an important element of DCC, with the cell’s main supplier of energy switching
from glycolysis to OXPHOS during the process (H. Wang et al., 2021). Interestingly, during the fetal metabolic
switch (also from glycolysis to OXPHOS), the mitochondria of embryonic cardiomyocytes have been shown
to evolve into a more elongated network (Hom et al., 2011). Therefore, a remodeling of the mitochondria is
expected to occur during DCC, as an increased metabolic demand is associated with more fused organelles
(Chi, 2020). Indeed, through analysis of the mitochondria network in MEFs at D11 post-transduction, we
observed an increase in area, shape and branch parameters (approaching cardiac cell line HL-1), which are
characteristic of a more filamentous phenotype, as reported by Tronstad and colleagues. Likewise, they also
reported that while the mitochondrial mass increases, the number of organelles remains unchanged (or can
even decrease) in this phenotype (Tronstad et al., 2014). Despite not being significant, MEFs MGT did present
a tendency to increase mitochondrial mass over MEFs Empty (Figure 18a). A similar tendency has also been
reported during DCC (by D12) using neonatal murine cardiac fibroblasts as well as an increase in mtDNA
content at late time-points (D21) (Chi, 2020).

This remodeling of mitochondrial network is also present in other reprogramming processes. For
example, in iPSCs differentiation, a metabolic switch occurs, also from glycolysis to OXPHQOS, with
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subsequent changes in the mitochondria from fragmented to more elongated (Choi et al., 2015). This highlights
the importance of the mitochondria during cellular reprogramming, not only by providing energy to the
growing demand of the cells, but also through its role in metaboloepigenetics. With the metabolic switch, an
increase of mitochondrial metabolites occurs, which could be responsible for modifications in histone
acetylation (citrate) and both histone and DNA methylation (aKG) patterns (Ryall et al., 2015), that can lead
to the activation of cardiac markers and inactivation of fibroblast markers.

Regarding the mitochondrial network in adult fibroblasts, analysis of immunofluorescence detection
of TOM20 (Figure 11) and HSP-60 (Supplementary Figure 1) provide different results, with AEFs MGT-
transduced not showing alterations compared to their Empty counterparts in the TOM-20 staining and
displaying an evolution similar to MEFs by HSP-60 analysis. HSP-60 is involved in the folding of proteins in
the mitochondrial matrix, gaining a more prominent role when mitochondria detect stress due to a large quantity
of unfolded or misfolded proteins (Pellegrino et al., 2013). This event happens mostly due to high ROS levels
(Pellegrino et al., 2013), which increase with age (Lépez-Otin et al., 2013), as confirmed by the higher Mitosox
levels displayed by adult fibroblasts (Supplementary Figure 5). Therefore, as TOM20 is more ubiquitously
expressed (as part of the TOM complex, which is involved in the import of proteins (Giacomello et al., 2020)),
it is probably more suitable for mitochondria network analysis in adult fibroblasts. Our data shows that the
network of AEFs only became more filamentous at D21, taking more time than MEFs, which can be explained
by the presence of more barriers in adult cells, as mentioned previously. Accordingly, mitochondrial mass also
increased overtime in AEFs MGT-transduced (Figure 18).

During DCC, several subpopulations arise due to not all fibroblasts undergoing reprogramming and
some taking more time than others, making it a heterogenous and asynchronous process (Liu et al., 2017).
Indeed, analysis of ¢TnT expression allowed us to divide the fibroblasts transduced with MGT into two
subpopulations, with ¢cTnT positive cells presenting a more filamentous mitochondrial network than cTnT
negative (as well as Empty). This demonstrates the need of a more accurate analysis of the process, through
the study of only the cells that undergo cardiac reprogramming and not the bulk MGT-transduced population.
Taking this into account, we used the cell line icMEFs which allows for transdifferentiated fibroblasts to be
easily detected through the expression of the GFP (Vaseghi et al., 2016). However, as this cell line is
immortalized and no evidence of its ability to mature has yet been obtained, ideally, analysis would be
conducted in primary cells with a cardiac reporter, as MEFs isolated from aMHC-GFP mice (leda et al., 2010).

Mitochondrial morphology is regulated by both fusion and fission, ranging from round organelles to
more elongated ones. Therefore, as the network becomes more filamentous, an increase in fusion would be
expected (Tronstad et al., 2014). However, no major conclusions can be drawn from the gene expression
analysis of the mitochondrial dynamics-related genes evaluated. This could be due to the fact that the process
is modulated by post-translational modifications of key effector proteins. For example, OMAL protease was
shown to inhibit Opal, originating a decrease in fusion (Head et al., 2009); while several post-translational
modifications, like phosphorylation and ubiquitination, have been described as regulators of Drp1 activity and,
therefore, fission (Chang & Blackstone, 2010). Additionally, the proteins can also be involved in other
processes. For example, Opal has been shown to be an important regulator of mitochondria cristae junction
formation and maintenance in addition to its role in fusion (Giacomello et al., 2020).

Mitochondria homeostasis is important in the regulation of the mitochondrial content through the
generation of new healthy organelles by biogenesis and the degradation of damaged ones by mitophagy
(Tronstad et al., 2014). Biogenesis is seen as a long-term response, not fluctuating to short-term energetic
needs, which are regulated through post-translational modifications (Tronstad et al., 2014). A decrease in
mitophagy efficiency is expected to take place with age (Cavallini et al., 2007) which is only translated in our
results in the SQTM1 analysis. The expression of both LC3 and Parkin appears to increase in AEFs, comparing
to MEFs. This could reveal a potential deregulation of the process in adult fibroblasts that could be fostering
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the lower mitochondrial mass presented by AEFs MGT-transduced compared to their Empty counterparts by
D6 and D11 (Figure 18). Therefore, additional analysis is needed to understand mitochondrial dynamics and
homeostasis, possibly at protein level, since it has been shown that these processes can impact reprogramming.
Indeed, both Drpl and Fisl depletion or PGCla overexpression were shown to be able to increase DCC
efficiency (cTnT expression) in neonatal murine cardiac fibroblasts and MEFs, respectively (Chi, 2020).

With DCC progression, an increase in OXPHOS is expected to occur (H. Wang et al., 2021). Indeed,
an increase in mitochondrial respiratory capacity by Seahorse oxygen consumption (at D8) was reported in
neonatal murine cardiac fibroblasts during DCC (Chi, 2020). Our analysis of the mitochondrial membrane
potential shows an increase overtime in MEFs’ levels, whereas AEFs remains unchanged, which could reveal
that the metabolic switch is yet to occur in adult fibroblasts. However, despite the increase overtime, MEFs
transduced with MGT present lower levels than Empty at D11. This could be an artefact, since it has been
reported that TMRE can interact unspecifically (Zorova et al., 2018). Therefore, additional analysis would be
needed to clarify these results and the occurrence of a delayed metabolic switch in adult-derived iCLMs
compared to embryonic.

With the increase of OXPHOS, an increase of the byproducts of this process, such as ROS, would be
expected (H. Wang et al., 2021). However, our results show that ROS levels in MEFs tend to decrease as DCC
progresses (Figure 20), concomitantly with the network becoming more filamentous and interconnected.
Indeed, it has been reported that fragmented mitochondria produce more ROS (Giacomello et al., 2020), which
would explain the decrease as the network becomes more filamentous. Additionally, it has also been shown
that high levels of ROS can impede the progress of DCC (Wang et al., 2021), which could be one of the causes
for the differences in efficiency of DCC between ages, since adult fibroblasts present much higher levels of
ROS than embryonic fibroblasts (Supplementary Figure 5). This suggests that reducing ROS levels could
lead to an increase in DCC efficiency. Indeed, several studies having shown that antioxidants (as selenium,
ascorbic acid and vitamin E nicotinate) could lead to enhancement of the reprogramming (Suzuki & Shults,
2019; Talkhabi et al., 2015; X. Wang et al., 2016). However, in our lab we did not observe any differences in
DCC efficiency using the ROS-scavenger NAC in icMEFs (data not shown), and similar results were obtained
by treating murine cardiac fibroblasts with NAC (Chi, 2020). Therefore, it seems that the levels of ROS can
be critical for DCC and lowering ROS levels in the cells (e.g NAC) is not an advantage for the DCC process
in embryonic cells. 1t would be interesting to explore the impact of ROS scavenging in adult fibroblasts.

Moreover, while there is a tendency to decrease in ROS levels in primary MEFs MGT-transduced as
DCC progresses, transduction of the icMEFs cell line (by Dox supplementation) lead to higher ROS levels.
Primary and the immortalized icMEFs cell line have different proliferation potentials and are at different levels
of DCC induction, raising the question of whether the icMEFs line, despite its advantages in monitoring and
achieving a more synchronized DCC, might be a limited model for the study of DCC.

Fatty acids become the main substrate for ATP production in cardiomyocytes after the fetal metabolic
switch (Lopaschuk & Jaswal, 2010), which is also expected to happen in DCC with the switch to the OXPHOS
predominant metabolism (Zhou et al., 2017). In our analysis of lipid droplets, both MEFs and AEFs transduced
with MGT present higher levels of Bodipy staining by D11, which indicates a higher storage of neutral fatty
acids in lipid droplets. However, at D21, there is a decrease of their levels in MEFs, which could reveal an
increased mobilization (possibly for beta-oxidation), while AEFs also decrease but increase again by D28. As
this is an indirect measurement of fatty acid mobilization, a more direct approach to measure FAQ is needed
to confirm the results.

So far, the results discussed above reveal that there is a lot of potential in modulating mitochondria
metabolism and dynamics in order to improve DCC efficiency. Indeed, blocking glycolysis, for example
through the downregulation of HIF-1a (an important regulator of glycolysis) (Stone et al., 2019), or promoting
OXPHOS, through upregulation of isocitrate dehydrogenase3a (Ishida et al., 2021), lead to enhanced DCC

32



reprogramming. Moreover, by using 2-DG, which blocks glycolysis and forces the cells to adopt OXPHOS,
we were able to enhance reprogramming in both MEFs and icMEFs. The increase in cTnT positive cells (or
signal in the FL4 flow cytometry channel) in 2-DG treated MEFs Empty compared to no drug could be due to
either autofluorescence of the compound or induction of cTnT expression, however, those levels were still
significantly lower than in 2-DG-treated MEFs MGT transduced. Nevertheless, the drug presented cell toxicity
in both MEFs and icMEFs, even after reduction of the concentration, which could be due to fibroblast’s high
dependence in glycolysis. To overcome this, 2-DG addition should be made at a later stage of transduction
when the fibroblasts have already started undergoing metabolic changes, in order to potentiate DCC without
compromising fibroblast’s viability.

Overall, our study shows that there are clear differences between embryonic and adult-derived iCLMs,
which can be a starting point in improving the efficiency of the reprogramming for adult and old fibroblasts.
Furthermore, modulating the metabolism seems very promising for improving DCC efficiency, given its role
not only in meeting increased energetic demand of the cell, but also in regulating epigenetic modifications that
underlie cell fate transitions taking place during the direct conversion of fibroblast into iCLMs.
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Conclusion and Future Perspectives

Heart diseases are one of the most concerning public health problems. Due to the adult heart’s limited
ability to regenerate after injury, direct cardiac conversion arises as a promising strategy to replenish the lost
cardiomyocyte population, while decreasing the fibrotic scar.

With this work, we confirm the loss of DCC efficiency in adult fibroblasts, compared to embryonic
fibroblasts. Further studies need to be made to understand how aging and epigenetics impacts the fibroblasts’
ability to transdifferentiate.

Our studies of the mitochondrial network reveal that extensive mitochondrial remodeling takes place
during DCC of embryonic and adult fibroblasts into iCLMs, with the latter progressing slower. However, no
major conclusions could be drawn from our work on the mechanisms that regulate this remodeling since we
only evaluated gene expression. Therefore, a deepening of the knowledge of the mitochondrial dynamics and
homeostasis through evaluation of the proteins involved in these processes is required. This will allow not only
to explain the slower progress of adult cells but also enlighten possible modulating targets for the enhancement
of the reprogramming.

Furthermore, we were able to increase the efficiency of the DCC in embryonic fibroblasts through
modulation of the metabolism, confirming its potential. For future work, a refinement of the 2-DG protocol, as
well as usage of alternative drugs that modulate bioenergetics, and their applicability in adult cells is a priority.
Moreover, it would also be interesting to further explore the link between the energetic metabolism,
mitochondrial network and the availability of epigenetic remodeling metabolites, in facilitating epigenetic
landscape transitions driving DCC in embryonic and adult fibroblasts.
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Supplementary Figure 1. Quantitative analysis and comparison of HSP-60 stained mitochondria number (a), area (b-c),
shape (d-e) and network (f-i) parameters (briefly summarized in table 3), between MEFs and AEFs groups in their
respective conditions (Empty and MGT), D11 post-transduction. Cells were cultured with DMEM high glucose + 10%

FBS + 1% Penicillin/Streptomycin.

Data is presented as Mean £ SEM (n=18/38 from 1 independent experiment); statistical significance was determined by
One-way ANOVA or Kruskal-Wallis with False Discovery Rate multiple comparisons test. *P < 0.05; **P < 0.01; ***P <

0.001; ****P < 0.0001.
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Supplementary Figure 2. Quantitative analysis and comparison of HSP-60 fluorescence intensity between HL-1, MEFs
and AEFs Empty and MGT groups in their respective conditions (Empty and MGT), at D11 post-transduction. Cells were
cultured with DMEM high glucose + 10% FBS + 1% Penicillin/Streptomycin.

Data is presented as Mean + SEM (n =6/17 from 1 independent experiment); statistical significance was determined by
Kruskal-Wallis with False Discovery Rate multiple comparisons test. *P < 0.05.
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Supplementary Figure 3. Quantitative analysis and comparison of TOM-20 stained mitochondria number (a), area (b-c),
shape (d-e) and network (f-i) parameters (briefly summarized in Table 3), between AEFs Empty and MGT, divided in
CTNT-negative and cTNT-positive, at D11 post-transduction. Cells were cultured with 4:1 DMEM low glucose:M199 +
10% FBS + 1% Penicillin/Streptomycin.
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Data is presented as Mean £ SEM (n = 6 (AEFs MGT c¢TnT+), 16 (AEFs MGT ¢TnT-) and 40 (AEFs Empty) from 1
independent experiment); statistical significance was determined by One-way ANOVA or Kruskal-Wallis with False
Discovery Rate multiple comparisons test.
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Supplementary Figure 4. Mitochondrial Mass quantified by flow cytometry for Mitotracker Deep Red MFI in icMEFs
without or with doxycycline (Dox) supplementation for 3 days represented as the fold change to No Dox in Dox-
supplemented GFP-negative and GFP-positive cells. Cells were cultured with 4:1 DMEM high glucose:M199 + 10% FBS
+ 1% Penicillin/Streptomycin.

Data is presented as Mean + SD (n = 3 from 1 independent experiments); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. **P < 0.01.
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Supplementary Figure 5. Mitochondrial ROS levels quantified by flow cytometry for Mitosox MFI in MEFs and AEFs
in their respective conditions (Empty and MGT) represented as the fold change over MEFs Empty at D13 (a) and D28 (b)
post transduction. Cells were cultured with 4:1 DMEM high glucose:M199 + 10% FBS + 1% Penicillin/Streptomycin.
Data is presented as Mean + SD (n=3 from 1 independent experiment); statistical significance was determined by One-way
ANOVA with False Discovery Rate multiple comparisons test. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Supplementary Figure 6. ROS levels quantified by flow cytometry for CellROX MFI in MEFs Empty and MGT
represented as the fold change over MEFs Empty at 11 days post-transduction (a) and icMEFs without or with
doxycycline (Dox) supplementation for 3 days represented as the fold change to No Dox in Dox-supplemented GFP-
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negative and GFP-positive cells (b). MEFs were cultured with 4:1 DMEM high glucose + 10% FBS + 1%

Penicillin/Streptomycin. icMEFs were cultured with 4:1 DMEM high glucose:M199 + 10% FBS + 1%
Penicillin/Streptomycin.

Data is presented as Mean + SD (n=3 from 1 independent experiment); statistical significance was determined by Student
t-test and One-way ANOVA with False Discovery Rate multiple comparisons test. *P < 0.05; ***P < 0.001.
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Supplementary Figure 7. Representative phase-contrast images of MEFs Empty and MGT, with and without 2-DG (0,5
to 2mM from D0-D11) at D11 post transduction. The magnification used was 10x and scale bar equals 300 um.
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Supplementary Figure 8. Cell viability determined by flow cytometry as percentage of alive cells of icMEFs without or
with doxycycline (Dox) supplementation for 3 days and with administration of 2-DG (1mM). For Dox supplemented cells,
the entire population (GFP-negative and GFP-positive), was considered for the analysis. Cells were cultured with 4:1
DMEM high glucose + 10% FBS + 1% Penicillin/Streptomycin.

Data is presented as Mean + SD (n=2/9 from 2 independent experiments); statistical significance was determined by One-
way ANOVA with False Discovery Rate multiple comparisons test. ****p < 0.0001.
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Abstract: Heart disease is the leading cause of mortality in developed countries. The associated
pathology is characterized by a loss of cardiomyocytes that leads, eventually, to heart failure. In
this context, several cardiac regenerative strategies have been developed, but they still lack clinical
effectiveness. The mammalian neonatal heart is capable of substantial regeneration following injury,
but this capacity is lost at postnatal stages when cardiomyocytes become terminally differentiated and
transit to the fetal metabolic switch. Cardiomyocytes are metabolically versatile cells capable of using
an array of fuel sources, and the metabolism of cardiomyocytes suffers extended reprogramming after

heck f injury. Apart from energetic sources, metabolites are emerging regulators of epigenetic programs
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driving cell pluripotency and differentiation. Thus, understanding the metabolic determinants that
regulate cardiomyocyte maturation and function is key for unlocking future metabolic interventions
for cardiac regeneration. In this review, we will discuss the emerging role of metabolism and
nutrient signaling in cardiomyocyte function and repair, as well as whether exploiting this axis could
potentiate current cellular regenerative strategies for the mammalian heart.
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Cardiovascular diseases are the leading cause of morbidity and mortality world-
wide [1]. This is largely due to the inability of the adult mammalian heart to replenish
the lost myocardial tissue following injury, which results in the progressive weakening of
the heart muscle and the development of heart failure [2]. Although, currently, there is a
large range of pharmaceutical drugs and surgical options that prevent further deterioration
or restore function to the failing heart, the only long-term solution for end-stage heart
failure is heart transplantation [3]. Several regenerative strategies to repair the injured
heart and improve heart function have been pursued, including post-injury activation of
cardiomyocyte proliferation, recruitment of cardiac progenitor cells, delivery of embry-
onic stem cells (ESCs) or induced pluripotent stem cells (iPSCs)-derived cardiomyocytes,
and direct reprogramming of somatic cells into induced cardiomyocytes (for a revision,
see [3,4]). Besides holding great promise, most cardiac regenerative strategies still lack
effective clinical outcomes [3,4]. Thus, understanding the molecular mechanisms and
players governing cardiomyocyte function is warranted for improving the efficiency of
cardiac regenerative strategies and the patient’s welfare. Following an injury, the capacity
for regeneration of the adult mammalian heart is limited, with an estimation of only 1%
40/). De Novo cardiomyogenesis per year [5], while the neonatal heart is capable of substantial
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regeneration, but this capacity is lost by postnatal day (P) 7 [6]. The transition from neonatal
to adult heart is accompanied by profound cellular and metabolic changes. Interestingly,
this loss of proliferative potential is accompanied by a bioenergetic shift in cardiomyocytes,
from glucose-driven anaerobic glycolysis to oxygen-dependent oxidative phosphorylation
of pyruvate and fatty acids (FAs), in the mitochondria [7,8]: the so-called fetal metabolic
switch (Figure 1). The healthy heart is the most energetically demanding and metaboli-
cally versatile organ [9-11], and upon injury, metabolic reprogramming compensates for
impaired fuel utilization and loss of mitochondrial functionality in the diseased heart [12].
Apart from energetic sources, metabolites, including those that are mitochondria-derived,
are key regulators of gene expression programs by acting as essential substrates or cofac-
tors for chromatin-modifying enzymes [13] and regulating histone landscape transitions
that drive adult stem cell regeneration [14-16]. Understanding the impact of systemic
metabolism and nutrient signaling in cardiomyocytes’ self-renewal, differentiation, and
maturation may bring new opportunities for cardiac regeneration.

Prenatal cardiomyocyte
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Figure 1. Connection between cardiomyocyte development and mitochondria usage and matura-
tion, highlighting mitochondria specialization according to the spacial arrangement in postnatal
cardiomyocytes. After birth, a bioenergetic shift from glucose-driven anaerobic glycolysis to the
oxidation of fuels in the mitochondria occurs. Mitochondria increase in size and density, and cristae
become denser. The upregulation of PGC coactivators and the downregulation of HIF1x regulate
mitochondria biogenesis. Abbreviations: FAO, fatty acid oxidation; HIF, hypoxia-inducible factor;
IME, intermyofibrillar; OXPHOS, oxidative phosphorylation; PGC, peroxisome proliferator-activated
receptor-gamma coactivator; PN, perinuclear mitochondria; SS, subsarcolemmal; TCA, tricarboxylic
acid cycle; up arrow: increase; low arrow: decrease.

In this review, we highlight major studies of metabolism and nutrient signaling in
cardiomyocyte function, including insights into metabolic reprogramming during de-
velopment and in the injured heart. We also discuss key metabolic determinants and
manipulations that drive cellular pluripotency and cardiac differentiation, which have been
shown to improve current heart regenerative strategies.
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2. Metabolism in the Adult Heart: Mitochondria and Fuels

The healthy adult heart is highly reliant on fatty acid oxidation (FAO, 50-70%) for
ATP generation, while the remaining percentage is mostly assured by glucose oxidation.
Ketone bodies, mainly 3-hydroxybutyrate (3OHB), are the third main supplier of the
tricarboxylic acid (TCA) cycle (10-15%), whereas amino acids only contribute 1-2% for
energetic purposes [17]. The heart can use a variety of amino acids as fuel sources, including
branched-chain amino acids (BCAAs), glutamate, cysteine, histidine, and lysine [18]. The
contribution of these substrates as energetic suppliers highly depends on their circulating
levels, hormonal status, and cardiac workload [17]. Mitochondria are the ultimate fate of
fatty acyl-CoA and pyruvate, products of lipolysis or free fatty acids (FFAs) uptake and
glycolysis, respectively, and they are the place in the cell where ketone bodies are converted
into acetyl-CoA and amino acids undergo transamination [17,19].

Mitochondria occupy around 30% of cardiomyocytes” volume to accommodate the
high ATP demands that drive cardiac contraction/relaxation (around 90%) and ionic home-
ostasis. In fact, cardiomyocytes, out of all the cell types, exhibit the highest mitochondrial
density, which reflect the key role of this organelle in the cardiac remodeling, induced by
several pathophysiological conditions [12,19-21]. The organization of mitochondria within
cardiomyocytes is determined to support heart function [22]. In adult cardiomyocytes, mi-
tochondria are spatially arranged in three different subpopulations: intermyofibrillar (IMF),
subsarcolemmal (SS), and perinuclear (PN) mitochondria (Figure 1). IMF mitochondria, the
most abundant subpopulation, energetically support the contractile activity of cardiomy-
ocytes, whereas the SS subpopulation provides ATP for membrane activities (channel
and signaling functions), and the PN mitochondria provide energy for transcription and
import/export processes [19,23,24].

Regardless of the cellular location, the major function of mitochondria is to support
ATP generation through the OXPHOS process, which is primarily reliant on the reducing
equivalents obtained from the oxidation of long-chain fatty acids (LCFAs). Circulating FA
(lipoprotein-derived and albumin-derived FAs) are taken up by a family of transporters,
including FA translocase (FAT/CD36), plasma membrane fatty acid-binding protein (FABP),
and FA transport protein 1 (FATP1), with FAT/CD36 showing greater efficiency [25-27]
(Figure 2). The translocation of these transporters to the sarcolemma is crucial for FA uptake
and oxidation, and it is regulated by contraction, insulin, and AMP-activated protein kinase
(AMPK). In fact, changes in the relocation of these transporters have great impact on the
use of FA for energetic purposes [26] since the energetic stores (such as triglycerides, TG)
are limited, supporting only a few heart beats [19] (Figure 2).

FAQO is co-regulated with other metabolic pathways to assure homeostasis when
the environmental conditions change. Such reciprocal regulation in the heart is mostly
noticeable between FAO and glucose oxidation [26,28]. Glucose, the second main fuel,
is translocated into cardiomyocytes through the glucose transporters (GLUTs)—mainly
GLUT4 (Figure 2). This glucose transporter resides in intracellular storage vesicles, being
translocated to the sarcolemma in response to stimuli, such as insulin, increased work-
load, and catecholamines [29]. Glucose is converted into pyruvate through glycolysis, and
pyruvate is then oxidized in mitochondria. Regarding ATP generation efficiency, glucose
oxidation is more cost-effective compared to FAO (2.58 vs. 2.33 P/O ratio) [11]. Glycolysis
contributes with a small percentage of ATP (less than 10%), which is mostly used to ener-
getically support ion pumps [30]. However, the role of glycolysis goes beyond the energy
supply. This metabolic pathway feeds other pathways with intermediate metabolites, such
as glycogen synthesis, hexosamine biosynthetic, polyol, and pentose phosphate pathways
that regulate cell proliferation, redox balance, and transcription. The deregulation of these
pathways has been reported in conditions that lead to cardiac dysfunction [31].
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Figure 2. Energetic metabolism of cardiomyocytes. FFAs (free fatty acids), the main energetic fuel,
are converted into long-chain acyl-CoA esters by fatty acyl CoA synthetase, and then, into long-chain
acylcarnitine by CPT1, the rate limiting enzyme of long-chain FAO. Inside the mitochondria, long-chain
acylcarnitine is converted back to long-chain acyl-CoA by CPT2, and then, several isoforms of acyl-CoA
dehydrogenase, enoyl-CoA hydratase, 3-hydroxyacyl CoA dehydrogenase, and 3-ketoacyl CoA thiolase
(specific for different chain lengths) mediate the shortening of the fatty acyl moiety, generating acetyl-
CoA, FADH2, and NADH. Glc is transported by GLUTs (GLUT4 in adult heart) into cardiomyocytes,
and, in the cytosol, Glc is converted into pyruvate through glycolysis. Pyruvate may be oxidized in
mitochondria or converted into lactate by LDH in the cytosol. Lactate uptake and secretion is mediated
by MCTs (MCT4 in the adult heart). MCT1 makes part of the mtLOC, which is also composed of CD147,
LDH, and COX. Lactate may be oxidized in the mitochondria by this complex. Ketones, mostly OHB,
may feed TCA after being metabolized by the enzymes -hydroxybutyrate dehydrogenase 1 (BDHI,
the enzyme that interconverts 3-hydroxybutyrate into acetoacetate) and succinyl-CoA:3-ketoacid
CoA transferase (SCOT, the rate-limiting enzyme of ketone oxidation). SCFAs (including acetate,
propanoate, and butyrate) can cross the mitochondrial membrane by diffusion, and enter FAO through
SCAD, after being activated via ACSMs. BCAA and other amino acids, such as Glu, may be used for
energetic purposes by feeding the TCA cycle. BCATm and BCKDH catalyze the first two enzymatic
steps in BCAA metabolism. The contribution of these metabolic pathways changes in the injured
heart. In ischemia (Isc), the reliance on glucose and lactate increases, but when insulin signaling is
repressed, FAO is upregulated. During heart failure (HF) glucose oxidation prevails until mitochondria
functionality is impaired, which happens at advanced stages of disease. In diabetes mellitus (DM),
glucose uptake and oxidation decrease, inducing a higher reliance of cardiac metabolism on lipids for
energetic purposes. Abbreviations: «-KG, o-ketoglutarate; BOHB, p-hydroxybutyrate; AA, amino
acid; AcAc, acetoacetate; ACSMs, acyl-coenzyme A synthetase medium chain family members; AGE,
advanced glycation end products; Alb, albumin; ATP, adenosine-5"-triphosphate; BCAA, branched
chain amino acids; BCATm, mitochondrial branched-chain aminotransferase; BCKDH, branched-chain
a-ketoacid dehydrogenase complex; BDH1, 3-hydroxybutyrate dehydrogenase 1; CD147, cluster of
differentiation 147; COX, cytochrome c oxidase; CPT, carnitine palmitoyl transferase; DM, diabetes
mellitus; FA-carnitine, acyl-carnitine; FA-CoA, long-chain acyl-CoA; FABP, fatty acid binding protein;



Metabolites 2022, 12, 500

50f26

FAO, fatty acid oxidation; FAT/CD36, fatty acid translocase; FATP, fatty acid transport protein;
FADH,, reduced flavin adenine dinucleotide; GDH, glutamate dehydrogenase; Glc, glucose; Gln,
glutamine; Glu, glutamate; GLUT, glucose transporter; GluT, glutamate transporter; GlyS, glycogen
synthesis; GS, glutamine synthase; HBP, hexosamine biosynthetic pathway; HF, heart failure; Isc,
ischemia; LD, lipid droplet; LDH, lactate dehydrogenase; MCT, monocarboxylate transporter; MPC,
mitochondrial pyruvate carrier; NAD", oxidized nicotinamide adenine dinucleotide; NADH, reduced
nicotinamide adenine dinucleotide; O-GlcNAc, O-linked 3-N-acetylglucosamine; OXPHOS, oxidative
phosphorylation; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase; PPP, pentose
phosphate pathway; Pyr, pyruvate; R-CoA, branched-chain acyl CoAs; SCOT, succinyl-CoA: 3-
oxoacid-CoA transferase; SCAD, short chain acyl-CoA dehydrogenase; SCFA, short chain fatty acids;
SLC16A, solute carrier family 16 member 1; Suc-CoA, succinyl-CoA; TCA, tricarboxylic acid cycle.

2.1. Developmental Changes and the Fetal Metabolic Switch

The human heart starts pumping blood in the fourth week of fetal development [32].
The fetal heart relies on glucose and lactate for energetic purposes, and these metabolites
are obtained from the mother via the placenta [33]. Glucose is the chosen fuel not only
due to hypoxia in utero but also due to substrate availability. Low oxygen levels activate
the hypoxia-inducible factor (HIF)1c, which is a transcription factor that regulates the
expression of genes involved in glucose metabolism, particularly in glycolysis [32]. The
higher reliance on glycolysis is reflected in the expression of specific gene isoforms of
glycolytic enzymes, such as hexokinase I, pyruvate kinase 4, fetal phosphofructokinase
(PFK), and lactate dehydrogenase (LDH) isoform LDHA [34]. The uptake of glucose is
assured by GLUT1, whereas in the adult heart, GLUT4 is the most represented isoform [31]
(Figure 2). The cardiac expression of hexokinase I, HIF, and LDHA has been reported to be
uniform during the late first and early second trimester in human fetuses. This glycolytic
environment supports the biosynthesis of biomolecules, such as lipids and nucleotides,
sustaining fetal development [35]. In utero, the heart also seems very dependent on BCAA
degradation compared to that of newborns, given the significant overexpression of 17 genes
associated with BCAA metabolism [33]. The expression of genes from fatty acid metabolism
(e.g., fatty acid binding protein 4 (FABP4), FABP2, and retinol-binding protein (RBP)) was
reported to increase as the heart matures [35]. The energetic metabolism changes, from
glycolysis to FAO, during the first weeks after birth (Figure 1). The upregulation of
CPT1A transcripts suggests an elevation in medium and long-chain FA oxidation in the
newborn heart [33]. The increased levels of oxygen and decreased activity of HIF1x are
key determinants for this metabolic remodeling of the myocardium [34].

The metabolic switch towards OXPHOS is dependent on the mitochondrial oxidative
capacity, which increases in mature and terminally differentiated cardiomyocytes. In
humans, cardiomyocytes proliferate during the first months of the postnatal life, after
which these cells are only capable of hypertrophic growth (Figure 1). Mitochondria are
small and round in the fetus, but in the neonatal heart, mitochondria fuse, increasing in
size, and the cristae become denser. Increased biogenesis, together with the overexpression
of peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1«, occurs in the
early phases of postnatal life, doubling the mitochondrial mass [34,36] (Figure 1). PGC-1f3
is also essential for mitochondrial maturation and dynamics during postnatal development.
Both PGC-1x and PGC-1f3 regulate the expression of genes involved in fusion and fission
processes [37]. The downregulation of HIF1« is also essential for mitochondrial maturation
and, consequently, for increasing OXPHOS activity [38] (Figure 1).

2.2. Metabolic Changes in the Injured Heart

In the pathological remodeling of the heart, metabolic changes occur to compensate
for impaired fuel utilization and loss of mitochondrial functionality that may occur at
advanced stages. This remodeling is characterized by a shift in the energetic fuel, from
FFAs to glucose (towards a fetal phenotype), with impact on cardiomyocytes function [12].
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Nevertheless, there are discrepancies in the literature regarding the energetic choices of the
failing heart, which seems to depend on the animal model, duration of cardiac disease, and
on the availability of energetic substrates [11].

Ischemic heart is more reliant on glycolysis due to an oxygen deficit; however, the
glycolysis rate is not enough to cope with ATP decline. Increased glucose uptake and
glycolysis seems to be regulated by AMPK and not by insulin-dependent phosphoinositide
3-kinase (PI3K) signaling. AMPK phosphorylates and activates PFK2 during ischemia,
leading to increased production of fructose-2,6-biphosphate and, consequently, to the acti-
vation of PFK1 [39]. AMPK-dependent mechanisms are also implicated in the translocation
of GLUT4 to the cell membrane during ischemia, increasing glucose uptake [26]. However,
increased glycolysis becomes uncoupled from pyruvate oxidation. The decrease in mito-
chondrial pyruvate metabolism seems to be due, at least in part, to the diminished activities
of mitochondrial pyruvate carrier (MPC) and pyruvate dehydrogenase (PDH) [40,41]. The
cytosolic pyruvate that accumulates is converted into lactate by the bidirectional enzyme
LDH (Figure 2). Increased expression of LDHA, the isoform more likely to produce lactate
from pyruvate, was reported in the Dahl salt-sensitive rat model of heart failure with
a preserved ejection fraction (HFpEF) [40]. The relative abundance of lactate is higher
than pyruvate, so lactate turns out to be the main supplier of acetyl-CoA, and lactate
consumption decreases [41]. Increased lactate uptake was also reported in the heart from
patients with HFrEF [25]. Monocarboxylate transporter (MCT) isoforms 1 and 4 are key
lactate transporters in cardiac muscle (Figure 2), and enhanced expression of MCT4 was
observed following ischemia; however, this isoform is mainly associated with lactate ef-
flux [42]. In fact, cardiomyocytes seem to release and consume lactate at the same time [43];
endogenously produced lactate is mainly released, whereas most of the consumed lactate
is oxidized, as it is an important source of energy for the heart [44]. Lactate is oxidized by
the mitochondprial lactate oxidation complex (mtLOC) [40,43] (Figure 2). Impaired activity
of mtLOC may occur in a failing heart, leading to intracellular lactate overload that is
accompanied by enhanced H* levels and a pH decrease. Subsequently, ATP is consumed by
ion channels to reestablish pH, and cardiac muscle contractibility becomes impaired [40].

Decrease in fatty acid uptake and oxidation (Figure 2) was reported in late-stage
heart failure due to increased phosphorylation and ubiquitination of CD36. This leads
to the reduced activation of peroxisome proliferator-activated receptor alpha (PPAR«;
the cardiac abundant isoform of PPAR family), as FFAs are endogenous ligands of this
transcription factor, and, thus, CD36 expression is limited [45]. Moreover, PGC-1oc/PPARx
downregulation suppresses FAO activity [12]. The decrease in CPT1 activity aggravates the
lack of a fatty acyl supply for OXPHOS, and LCFA can be converted into the cardiotoxic
species. The decline in CPT1 activity is related to a shift from CPT1B to CPT1A expression
(the predominant fetal isoform). Short chain fatty acids (SCFAs) can overcome the lack
of CPT1 activity and represent an important fuel for OXPHOS in the failing heart [46]
(Figure 2). SCFAs are mainly produced by gut microbiota, with acetate being the most
abundantly produced metabolite that can be used as energetic fuel and in epigenetic
regulation [25,46]. Nevertheless, the downregulation of PGClx impairs mitochondrial
biogenesis and, consequently, reduces mitochondrial density and worsens the energy crisis,
by being PGC1o expression fine-tuning critical for cardiac homeostasis.

In the insulin-resistant state of heart failure, glucose uptake and oxidation decrease [11].
Being a typical insulin-targeted cell, cardiomyocyte metabolism is affected by failure in in-
sulin signaling. The increased content of circulating FFAs further inhibits insulin signaling
by targeting insulin receptor substrate 1 (IRS1) and AMPK [47], reducing glucose uptake
and inducing a higher reliance of cardiac metabolism on lipids for energetic purposes
(approximately 90% of energy) [48]. Still, increased FAO may not be enough to compensate
for FFAs uptake by cardiomyocytes, resulting in an ectopic lipid accumulation (a condi-
tion known as cardiac steatosis) of TG and other forms of lipids, such as ceramides and
diacylglycerols (DAG). Lipotoxicity results in the loss of proton gradient and, therefore, in
decreased ATP generation. Ultimately, the loss of mitochondrial membrane potential and
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the release of cytochrome c activates apoptosis, contributing to cardiomyopathy in obese
and diabetic patients [22,49,50]. However, the heart has mechanisms to control lipotoxicity.
For example, cardiac progesterone receptor membrane component 1 (PGRMC1) enhances
mitochondrial respiration and FAO rates, preventing the accumulation of toxic lipids [50].
Increased circulating levels of BCAAs (i.e., Val, Leu, Ile) have also been related to insulin
resistance through the BCAA-induced activation of the mechanistic target of rapamycin
(mTOR) in the muscle and the direct toxicity of BCAA products, such as branched-chain
ketoacids (BCKA) [51] (Figure 2). BCAA oxidation rates were reported to decrease and
contribute with only around 1%, for ATP generation in the heart of insulin-resistant obese
rats, which is accompanied by increased production of BCKA [52]. Still, the impact of
BCAA on cardiac maladaptive remodeling is unclear. Other amino acids can be used as
metabolic substrates. For example, glutamate uptake was reported to increase in heart
failure as a response to increased circulating levels and lower rates of cardiac perfusion [25]
(Figure 2). However, the heart not only consumes but also secretes amino acids—mainly
glutamine and alanine—which is a way to remove amino groups from the working heart,
and it is a sign of proteolysis and impaired cardiac function [25,53].

The diabetic and failing heart can be exposed to increased ketone concentrations, which
are mainly produced in the liver. Increased availability is synonymous with enhanced use,
with ketones becoming a major fuel of the heart (approximately 20% of energy). However,
ketone oxidation does not replace that of FFAs and glucose, thus acting as an extra source of
energy [9,10]. Indeed, increased reliance on ketone oxidation leads to enhanced TCA cycle
activity, oxygen consumption, and, consequently, to higher cardiac work with no change in
cardiac function [10]. The role of ketone bodies in heart failure goes beyond energy supply,
acting as signaling molecules (e.g., BOHB inhibits histone deacetylases) and regulators of
inflammation and immune cell function with an impact on heart homeostasis [54,55].

Taken together, energetic substrates are involved in the development and progres-
sion of cardiac dysfunction. Changes in the metabolic choice have an impact on en-
ergy generation and other regulatory functions, and, as a result, on cardiac remodeling
and functionality.

3. Metabolic Control of Stem Cells Pluripotency with Implications for Cardiac
Regeneration

There is a growing interest in understanding the mechanisms of ESCs and iPSCs
self-renewal and differentiation, given their potential application for cell therapy, including
heart regeneration [56]. Metabolites play many roles beyond serving as substrates for
energy generation and anabolic growth, such contributing to intracellular redox balance and
activation of intracellular signaling cascades [14]. Moreover, several metabolites can directly
regulate histone marks by serving as substrates or cofactors for chromatin-modifying
enzymes. For instance, acetylation and demethylation of histones relies on the availability of
the TCA cycle intermediates, citrate-derived acetyl-CoA and o-ketoglutarate [14], coupling
mitochondrial metabolism to transcriptional regulation.

The energetic metabolism is a key regulator of ESCs and iPSCs self-renewal, pluripo-
tency, and differentiation (for a review, see [13,57,58]). In rodents, naive and primed ESCs
display key differences, including signaling requirements for self-renewal and central
carbon metabolism [58,59]. In particular, naive ESCs use more OXPHOS, whereas primed
ESCs rely almost entirely on glycolysis [60,61]. In contrast to a mouse, human naive
ESCs exhibit increased glycolysis compared to primed ESCs [62], reflecting species-specific
differences, such as dependence on FGF signaling [13]. The adoption of a predominant
glycolytic metabolism, highly dependent on glucose and glutamine, irrespective of oxygen,
is shared by transformed cancer cells and is known as the Warburg effect [63], which is a
cancer hallmark with relevance for therapy [64-67]. The major function of aerobic glycol-
ysis seems to be the provision of glycolytic intermediates for anabolic reactions required
during proliferation [64,68], highlighting the intricate relationship between proliferation
and bioenergetics.
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Mitochondria are essential regulators of stem cell function [69]. Reactive oxygen
species (ROS), a secondary product of mitochondrial respiration, regulate the transcrip-
tion and proliferation of stem cells [69]. Despite the dominant glycolytic metabolism,
mouse primed ESCs can engage in the oxidation of substrates in the mitochondria (as
glutamine) [70,71]. Naive and primed mouse ESCs present significant differences in the
mitochondria dynamics, with naive ESCs exhibiting fragmented, perinuclear mitochondrial
morphology with underdeveloped cristae, whereas primed ESCs mitochondria appear
elongated, with relatively more developed cristae [72]. The predominant elongated mi-
tochondrial network of mouse primed ESCs is not accompanied by an expected reliance
on mitochondrial respiration, suggesting other regulatory roles, other than bioenergetics,
for mitochondria. As for ESCs, the reprogramming of somatic cells into iPSCs is accom-
panied by a shift from OXPHOS to glycolysis [57,73]. In iPSC reprogramming, an early
fragmentation of mitochondria governed by Drp1 occurs, and the reprogramming-induced
mitochondria fission is required for the full activation of pluripotency [74].

Apart from energy, intracellular FAs and acetyl-CoA pools regulate stem cell self-
renewal and differentiation by epigenetic modulation [13,14,75]. Acetyl-CoA-driven histone
H3 acetylation, together with H3K4me3, results in an open euchromatin state that promotes
ESCs pluripotency and self-renewal [76,77]. De novo FA synthesis is critical for stem cell
pluripotency and cellular reprogramming by promoting mitochondrial fission in an ACC1-
dependent manner [78]. The balance between exogenous lipids and de novo lipogenesis is
key for the metabolic programming of epigenetics [79,80]. Lipid free culture conditions shift
human stem cells towards a naive to primed intermediate state, resulting in markedly de
novo lipogenesis and endogenous ERK inhibition. Increased lipogenesis raises acetyl-CoA
and a-ketoglutarate levels, promoting histone acetylation and DNA hypomethylation [79].
ESCs” and iPSCs’ exits from pluripotency are generally accompanied by a metabolic switch
from glycolysis to OXPHOS-dependency [62,81,82]. High glycolytic fluxes contribute to
elevated acetyl-CoA pools, which drive a highly-acetylated, open chromatin landscape
in proliferating stem cells, in deep contrast to differentiated cells that exhibit compacted
chromatin [77,81].

Most adult endogenous progenitor/stem cells reside quiescent in hypoxic niches, un-
less activated by stress or injury, and have an intrinsically glycolytic mode of metabolism [13,
83], minimizing ROS production and entry into proliferation. Several reports have high-
lighted the importance of glucose and lipid metabolism in adult stem and progenitor
cells including skeletal muscle stem cells (MuSCs) (for a review, see [13,16]). Glucose is
dispensable for mitochondrial respiration in proliferating MuSCs, thus becoming available
for acetyl-Co-dependent histone acetylation and chromatin accessibility of genes that must
be silenced upon differentiation [84]. Conversely, quiescent and differentiating MuSCs
increase glucose oxidation in the mitochondria, with reduction in histone acetylation. FAO
usage is also necessary for preserving MuSCs’ self-renewal, where SIRT1 deacetylates
and activates PGC-1«, promoting FAO and repressing glycolysis [85]. During the exit
from quiescence, MuSCs deactivate FAO in favor of glucose catabolism, decreasing NAD+,
SIRT1, and its histone H4K16 deacetylation activity, leading to the activation of a myo-
genic transcription program and differentiation [86]. Moreover, lipid availability can also
determine skeletal progenitor cells” potential of chondrogenesis over osteogenic differentia-
tion [87]. When lipids are scarce, skeletal progenitors activate FOXO that suppress FAO in
a SOX9-depedent manner, adapting cells to an avascular life [87].

In conclusion, the balance between intrinsic metabolic needs and extrinsic metabolic
constraints regulates stem cell metabolism and self-renewal, highlighting the impor-
tance of nutritional systemic factors in modulating pluripotency during development
and regeneration.

4. Metabolic Reprogramming to Enhance Cardiac Regenerative Strategies

In order to minimize the distressing outcomes of heart failure, several regenerative
strategies have been proposed (Figure 3a). Current protocols of cardiomyocyte regenera-
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tion have been developed based on activating the embryonic cardiomyogenesis-induced
signaling pathways and gene regulatory networks. Most studies of cardiomyocyte regen-
eration are focusing on the contributions of transcriptional mechanisms, including gene
programming, epigenetic chromatin modifications, and biochemical differentiation cues
(for review, see [88,89]). Energy metabolism is central to mammalian heart development
and function, and metabolic processes can be modulated to support the contractile appara-
tus of regenerated cardiomyocytes. Moreover, metabolism impacts the ability of stem cell
self-renewal, differentiation, and cell fate decision. Although the coordination of genetic
networks with developmental bioenergetics is critical to cardiomyocyte specification, the
underlying metabolic mechanisms that drive cardiac induction and differentiation, in the
context of heart regeneration, are only just beginning to be appreciated (summarized in
Table 1 and Figure 3b).
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Figure 3. Heart regeneration strategies and metabolic manipulations to increase cardiac regenera-
tion. (a) Approaches for replacing lost cardiomyocytes. By modulating factors that either promote
(overexpression of cyclins) or repress (silencing of CDK inhibitors) cell cycle activity, adult cardiomy-
ocytes, can be forced to proliferate. Metabolic and signaling pathways, as well as the expression of
non-coding RNAs, can also be modulated to induce cardiomyocyte proliferation. Stimulating the
differentiation of CPCs into cardiomyocytes can be achieved by treatment with TGF-f3 or paracrine
signaling, for example. ESCs and iPSCs have been used to generate cardiomyocytes, which can be
transplanted to replace cells that were lost upon cardiac injury. Direct cardiac reprogramming can be
achieved by overexpressing the cardiac factors Mef2c, Gata4, and Tbx5 (termed MGT) into resident
fibroblasts. The addition of additional transcription factors and small molecules, and manipulation
of miRNAs, can improve reprograming efficiency. (b) Metabolic reprogramming to increase cardiac
regenerative potential. The stimulation of glycolysis, inhibition of FAO, and decrease in oxygen
increase cardiomyocyte proliferation. Activation of CPCs can be induced with high concentrations
of glucose and glutamine in the media, hypoxia, and reduction in ROS levels. Differentiation of
ESCs and iPSCs into cardiomyocytes can be improved by increasing FAO, decreasing glucose, and in-
creasing exogenous lipids and galactose. For direct cardiac reprogramming, stimulation of OXPHOS
and inhibition of glycolysis increases the efficiency of the process. Abbreviations: CPCs, cardiac
progenitor cells; ESCs, embryonic stem cells; FAO, fatty acid oxidation; iPSCs, induced pluripotent
stem cells; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species; TCA, Tricarboxylic
acid cycle; up arrow: increase; low arrow: decrease.

4.1. Activation of Cardiomyocyte Proliferation

The re-entry of cardiomyocytes into the cell cycle has become one of the employed
strategies to regenerate cardiac tissue (for review, see [90,91]) (Figure 3a). Indeed, fetal,
neonatal, and adult hearts exhibit very specific expression patterns of cardiomyocyte
proliferation regulators, including gene expression, cell cycle regulators, metabolic and
signaling pathways, extracellular matrix proteins and growth factors. As expected, manip-
ulating these factors has become a strategy to force adult cardiomyocytes to re-enter the
cell cycle [90,91]. Several studies have focused on the overexpression of cyclins to force
mammalian (particularly mouse) cardiomyocytes to re-enter the cell cycle. For example,
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overexpression of cyclins D1, D2, and A2 were shown to induce cardiomyocyte prolifera-
tion, upon and in the absence of injury [92-95]. Similarly, the inhibition of cyclin-dependent
kinase inhibitors, such as p21, p27, and p57, have also been shown to promote cardiomy-
ocyte proliferation [96]. The Hippo signaling pathway has been extensively studied in
cardiomyocyte proliferation, and the modulation of Hippo pathway components has been
shown to promote cardiomyocyte proliferation. Indeed, activation of YAP or the depletion
of Hippo or Salvador all exhibit promising results in pushing cardiomyocytes to re-enter
the cell cycle [97,98]. Other signaling pathways that stimulate cardiomyocytes to prolifer-
ate and induce cardiac regeneration upon injury include the neuregulin/ERBB2/ERBB4,
PI3K/AKT/CDK7, Wnt/ 3-catenin, PDGFR-f3, and Notch signaling pathways [91,92]. Non-
coding RNAs, such as microRNAs (miRNAs) and long non-coding RNAs (IncRNAs), have
gained special attention over the last few years, given their potential to regulate gene
expression at various levels, revealing very particular spatiotemporal profiles. In fact,
several miRNAs, such as miR-128, and IncRNAs, namely CAREL, have been associated
with cardiomyocyte proliferation and cardiac regeneration (for review, see [99-101]).

Table 1. Metabolic manipulations that potentiate cardiac regenerative strategies.

Cardiac Metabolic
Regenerative Strategy Species Cell Type Impact References
A h Target
pproac
) Glut1 Neonatal Increases prohf?rathn and
Glycolysis L Mouse . decreases fibrosis [90]
overexpression in vivo cardiomyocytes o
post-injury
Glycolysis PDK4 Mouse Adult Increases proliferation and [91]
yeoly knockout in vivo cardiomyocytes improves heart function
FAO FAs —d.eflc.lent milk Mouse Neonatal Extends t}}e pos't-natal [91]
Activation of in vivo cardiomyocytes regenerative window
cardiomyocyte CPT1 Etomoxir Mouse Neona_tal and adult  Enhances car_digc efficiency [92,93]
proliferation supplementation in vivo Rat cardiomyocytes post-injury T
Pro-regenerative
Supplementation Cardiac environment for ,
Lactate in vitro Mouse fibroblasts cardiomyocytes [94]
post-injury
NAC, malonate
ROS supplementation Mouse Neona'tal and adult Extends the post—natal [95,96]
A cardiomyocytes regenerative window
in vivo
HIF-1oc o Hypox_la ) Mouse CPCs Promotes migration and [97,98]
in vivo and in vitro recruitment
Recruitment of Supplementation Increases proliferation and
. Glucose, glutamine pp em Mouse CPCs prevents cell death [99,100]
cardiac stem or in vitro . P
rovenitor cells induced by oxidative stress
prog Ascorbic acid
ROS supplementation Mouse CPCs Increases proliferation [101]
in vitro
ESCs-CMs Physiological support for
Glucose Low Human iPSCs-CMs cardiac development [102]
. Suppresses mesoderm and
Delivery of De Glucose High Mouse ESCs-CMs cardiac transcription genes [103]
Novo mTOR Torinl
cardiomyocytes AMPK AICAR Human iPSCs-CMs Cardiomyocyte maturation [104,105]
from differentiated supplementation in vitro
ESCs/iPSCs Galactose, Supplementation iPSCs-CMs Improves contractile
FAs in vitro Human ESCS-CMs capacity and maturation [106,107]
FAO MM in vitro Human iPSCs-CMs Metabolic maturation [107]
Mouse
. HIF-1e¢ Neonatal Enhances reprogramming
Glycolysis knockdown in vitro Mouse cardiac fibroblasts efficiency [108]
OXPHOS Rotenone, Embryonic Decreases reprogrammin,
IDH3A knockdown Mouse mory €PTog; g [109]
Direct TCA cycle in vitro fibroblasts efficiency
reprogramming of Embryonic,
fibroblasts into Selenium, ascorbic acid neonatal cardiac Enhances reprogramming
iCMs ROS supplementation in vitro Mouse and tail tip efficiency (101,110]
fibroblasts
Vitamin E nicotinate Improves heart damage
ROS supplementation Rat Cardiac fibroblasts repair through [111]

in vivo

reprogramming
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Table 1. Cont.
Cardiac .
Regenerative M;tabohc Strategy Species Cell Type Impact References
arget
Approach
Metformin H9C2 Nitrate-dependent
AMPK supplementation Rat . decrease in oxidative [112]
A cardiomyoblasts
in vitro damage
Nutrient signaling Ejection fraction
Resveratrol Neonatal preservation, decreases .
SIRT1 supplementation in vivo Mouse cardiomyocytes cardiac stiffness and (113]
oxidative stress
Improves mitochondrial
Mitochondria AAVQ_. Teljt . Mouse Adult heart fitness and.actwlty, [114-116]
overexpression in vivo protects against heart
failure after MI
Protects
. . Ad5-CMV-Sirtl Neonatal against oxidative stress,
Mitochondria overexpression in vitro Rat cardiomyocytes FAO inhibition and cell (1171
size enlargement
Malatl Mitochondrial dysfunction,
Mitochondria knockdown in vitro Mouse CMECs apoptosis and [118]
Gene therapy knockout in vivo microvascular injuries
Protects against heart
Mitochondria AAVS- ITAR.P7 . Mouse Adult heart failure, improves pump [119]
overexpression in vivo function
IncDACH1 SIRTB—mgdlated
A NMCVs attenuation of
ROS knockdown in vitro Mouse . X e [120]
S Adult heart mitochondrial oxidative
knockout in vivo
stress
g Protects against I/R injury
ROS AAVONIfL Mouse Adult heart by activating ROS [121]
overexpression in vivo
scavengers

Abbreviations: AAV9, Adeno-associated virus serotype 9; AICAR, 5-Aminoimidazole-4-carboxamide ribonucleo-
side; AMP, 5 adenosine monophosphate; AMPK, AMP-activated protein kinase; CMECs, Cardiac microvascular
endothelial cells; CPCs, cardiac progenitor cells; CPT1, carnitine palmitoyltransferase 1; ESCs, embryonic stem
cells; ESCs-CMs, embryonic stem cells-derived cardiomyocytes; FAs, fatty acids; FAO, fatty acid oxidation; Glut 1,
Glucose transporter 1; HIF-1x, Hypoxia-inducible factor-1«; iCMs, induced cardiomyocytes; IDH3A, Isocitrate
dehydrogenase 3«; iPSCs, induced pluripotent stem cells; iPSCs-CMs, induced pluripotent stem cells-derived
cardiomyocytes; I/R, ischemia/reperfusion; LARP?, la ribonucleoprotein domain family member 7; MI, my-
ocardial infarction; MM, maturation media; mTOR, mechanistic target of rapamycin; NAC, N-acetyl-cysteine;
NMCVs, neonatal mouse ventricular cardiomyocytes; Nrfl, nuclear respiratory factor 1; OXPHOS, oxidative
phosphorylation; PDK4, pyruvate dehydrogenase kinase 4; ROS, reactive oxygen species; Sirt, sirtuin; TCA,
Tricarboxylic acid cycle; Tert, Telomerase reverse transcriptase.

Another important aspect to be considered for cardiomyocyte proliferation is the fetal
metabolic switch (Figures 1 and 3b). Shortly after birth, mammalian cardiomyocytes lose
proliferative and regenerative capacities, highlighting a connection between metabolism
and cardiac differentiation. The consequence of increased exposure to oxygen leads to
an intensification of OXPHOS and increased levels of ROS [20], contributing to postnatal
cardiomyocyte cell cycle arrest, oxidative DNA damage, and the activation of DNA damage
response [102,103]. FA utilization by the mitochondria induces a significant increase in ROS
at the chromatin level compared to other nuclear compartments, highlighting chromatin
as the main target of the prooxidant effect of FA utilization by the mitochondria [103].
Puente et al. investigated the influence of both hyperoxia and hypoxia in neonatal mice
and reported that, while a high oxygen environment led to cardiomyocyte cell cycle arrest,
lower oxygen extended the regenerative window [102]. Moreover, hypoxia was also
shown to inhibit OXPHOS and reactivate mitosis in cardiomyocytes [104,105]. To extend
the neonatal regenerative window, the ROS levels can be decreased, by either targeting
one of its sources—for example, succinate accumulation (with the use of malonate)—or
through the administration of ROS scavengers, such as N-acetylcysteine (NAC) [102,106]
(Table 1). The decrease in ROS has also been shown to stimulate proliferation in adult
cardiomyocytes [106].

During regeneration, cardiomyocytes, located in the border zones of the injured area,
switch back to glycolytic metabolism [107]. Stimulation of glycolysis by overexpressing
Glutl leads to increased glucose uptake, which is sufficient to enhance the neonatal re-
generative capacity [108]. Similarly, the deletion of PDK4, a PDH inhibitor whose normal
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expression is upregulated at P7, enhances cardiomyocyte proliferation and heart regen-
eration after myocardial infarction [109]. Inhibition of FAO also offers some promising
results. Cardoso et al. demonstrated that the consumption of FA-deficient milk expanded
the regenerative window up until post-natal day 21, yet this does not apply to 10-week-old
mice [109]. Inhibition of CPT1 with etomoxir leads to decreased FAO and the proliferation
of neonatal mouse/rat cardiomyocyte proliferation [110,111]. However, this effect does not
appear to extend to adult cardiomyocytes, and etomoxir usage for extended periods of time
can lead to hepatic steatosis and glucose intolerance [112,113]. Ordofio et al. have demon-
strated that lactate induces changes in gene expression, which leads to cardiomyocyte
proliferation. Additionally, lactate can have an impact on the surrounding environment
after injury, reducing the secretion of inflammatory cytokines by cardiac fibroblasts and
promoting a pro-regenerative environment for cardiomyocytes [114]. With these findings,
it becomes clear that mimicking the fetal metabolic environment represents a promising
strategy to activate cardiomyocyte proliferation and to increase regeneration. However,
most of the studies report positive outcomes on neonatal cardiomyocytes only, and further
evidence from adult hearts is needed.

4.2. Recruitment of Cardiac Stem or Progenitor Cells

In the normal heart, the replenishment of the cardiomyocyte population is mostly
made through the proliferation of existing cardiomyocytes [115,116]. However, after injury,
the recruitment and differentiation of endogenous progenitor cells have gained a more
prominent role [116]. Cardiac progenitor cells (CPCs) are multipotent cells that can dif-
ferentiate into both cardiomyocytes and non-myocyte cells in the heart [117] (Figure 3a).
Upon activation during tissue regeneration, CPCs contribute to a newly generated pool of
both cardiomyocytes and endothelial cells [118]. Reactivating pathways that are involved
in cardiac lineage specification can provide a potential means to attenuate the loss of car-
diomyocytes after injury [119]. In vitro differentiation of CPCs into cardiomyocytes has
been demonstrated upon treatment with TGF-3. Further, paracrine signaling appears to
play an important role in CPC-mediated cardiac regeneration. Smits and colleagues demon-
strated that the transplantation of CPCs into the hearts of mice, after myocardial infarction,
improved cardiac function [120,121]. Interestingly, the improved cardiac function, observed
after CPC transplantation, has been attributed to paracrine signaling promoting angiogene-
sis. Enhancing angiogenesis by CPCs has been shown to promote cardiac regeneration by
reducing infarcted myocardium [122,123].

CPCs niches were found in the adult mammalian heart, with these cells relying mostly
on glycolytic metabolism in a low oxygen microenvironment [107] (Figure 3b). Hypoxia
has been shown to increase CPCs migration in vitro and recruitment in vivo in mice, and
to induce HIF-1«, which stimulates the activation of CPCs [124,125] (Table 1). The prolif-
eration of CPCs is also important in the recruitment process and seems to be dependent
on glucose and glutamine, with the latter also shown to prevent cell death induced by
oxidative stress [126,127]. However, other metabolic substrates, such as lactate and pyru-
vate, as well as hypoxia, do not show a clear impact on CPC numbers [126,127]. The use
of the antioxidant ascorbic acid has been reported to increase CPCs proliferation [128],
although the impact of ROS in CPCs recruitment needs further clarification. Ultimately,
CPCs recruitment seems a very promising, but under researched, strategy, and further
studies are warranted.

4.3. Delivery of De Novo Cardiomyocytes from Differentiated ESCs/iPSCs

Several protocols were developed to generate ESCs-derived cardiomyocytes (ESCs-
CMs) (reviewed in [129,130]). In vitro, cardiac differentiation of human ESCs initially
involved the formation of embryoid bodies, whose cells spontaneously differentiate into
derivatives of all three germ layers. This type of differentiation results in beating areas
within the embryoid body, which correspond to cardiomyocytes [131,132]. Several studies
have shown that ESCs-CMs exhibit typical cardiac gene and protein expressions patterns,
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develop an organized sarcomeric structure, and exhibit electrophysiological properties
typical of cardiac muscles [133,134]. To avoid problems associated with a lack of repro-
ducibility, serum-free protocols containing growth factors, such as BMP4, activin A, FGF2,
Wnt agonists and antagonists, and vascular endothelial growth factor, were developed [130]
(Figure 3a). Embryoid bodies exhibit diffusional barriers that prevent the penetration of
extracellular factors [130]. As such, monolayer differentiations of human ESCs into car-
diomyocytes were developed, and they aimed at being more controlled and reproducible.
In a study carried out by Laflamme and colleagues, H7 human ESCs were cultured on
Matrigel, in the presence of mouse embryonic fibroblast conditioned media, and subse-
quently differentiated upon sequential treatment, with activin A and BMP4, in serum-free
conditions [135]. An alternative monolayer approach requires the use of extracellular
matrix proteins, which are critical players in development and can complement responses
to soluble cytokines [136]. Inductive co-cultures have also been described in cardiac differ-
entiation protocols. Co-culture of human ESCs with mouse cell line END-2 (with features
of visceral endoderm) resulted in beating cardiomyocytes, which is in agreement with the
role of visceral endoderm in the differentiation of cardiogenic precursor cells in the adjacent
mesoderm in developing embryos [137,138].

Despite their potential, there are a several concerns regarding the use of ESCs in
research and clinics: namely, immune rejection and ethical issues [139]. Mouse and human
fibroblasts can be successfully converted into iPSCs by the overexpression of pluripotency-
related transcription factors Oct4, Sox2, Klf4, and c-Myc [139,140] (Figure 3a). As iPSCs
are generated from cells derived from patients” own body, iPSCs-derived cardiomyocytes
(iPSCs-CM) are less prone to immune rejection, and there are no ethical concerns in-
volved [141]. Under in vitro conditions, iPSCs can be pushed towards a cardiac fate the
same way as ESCs, either through the formation of embryoid bodies or monolayer cul-
ture [141]. The use of small molecules has also been extensively exploited to increase the
efficiency of cardiac differentiation. For instance, inhibiting the TGF-f3 [142] or activating
the Wnt/3-catenin [143] signaling pathways has proven to improve this process. Fur-
thermore, small molecules, alone, such as CHIR99021 and Wnt-C59, have been used to
differentiate iPSCs into cardiomyocytes [144].

Mouse and human ESCs-CMs have higher mitochondrial OXPHOS, and inhibition
causes reduction and abnormal translocation of mitochondria, which results in impaired
sarcomere organization and a reduced beating rate [145]. In ESCs-CMs, glucose inhibits
maturation through the pentose phosphate pathway, and permanent hyperglycemic culture
conditions suppress mesoderm and cardiac transcription genes and induce poor cardiomy-
ocyte contractility [146] (Figure 3b and Table 1). The usage of galactose and FAs instead
of glucose promoted a fast maturation of human ESCs-CMs, presenting higher oxidative
metabolism and improved contractile capacity [147].

Despite their advantages, the physiological immaturity of iPSCs-CMs limits their util-
ity for cardiac regeneration [148,149]. As the commonly used RPMI/B27-based media has
high glucose and low oxidative substrate levels, iPSCs-CMs fail to effectively activate FAO,
and lipid availability in cultures became limited during differentiation [150]. A maturation
media (MM) capable of providing oxidative substrates adjusted to the metabolic demand
of human iPSCs-CMs was recently proposed [151]. MM could enhance FAO, which is
reinforced with a supplementation of FAs, and exacerbated electrophysiological and me-
chanical maturation features [151]. Exogenous supplementation of lipids, such as palmitate,
improved cardiomyocyte morphology, mitochondrial function, and promoted increased
FAO in human iPSCs-derivatives [150,152]. Human iPSCs-CMs present a substantial in-
crease in the mitochondria number and activity during the differentiation process [153].
As for ESCs-CMs, glucose exclusion is necessary to induce iPSCs-CMs maturation and the
switch from glycolysis to OXPHOS [154]. BCAAs can stimulate mTOR activation, which
promotes metabolic reprogramming to glycolysis from FAO through HIF-1« [155]. Both
the inhibition of mTOR and activation of AMPK by AICAR promote human iPSCs-CMs
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maturation via p53-induced quiescence [156,157], suggesting that downstream pathways
of BCAAs can regulate cardiomyocyte maturation.

Together, these findings indicate that ESCs and iPSCs-CMs immaturity can be overcome
by the modulation of the intracellular metabolism driving cardiomyocyte differentiation,
promoting FAQO, improvement of mitochondrial function, and reducing glucose metabolism.

4.4. Direct Reprogramming of Fibroblasts into Induced Cardiomyocytes

Most of the human heart is composed of cardiac fibroblasts, accounting for more than
50% of all the cells, and upon cardiac injury, these cells play an important role in scar for-
mation [158]. Therefore, the substantial population of cardiac fibroblasts has emerged as a
potential source of cardiomyocytes for regenerative medicine. Cardiomyocytes can be gen-
erated directly from fibroblasts without having to pass through a pluripotent state, giving
rise to induced cardiomyocytes (iCMs) [159] (Figure 3a). This type of cell reprogramming—
direct cell reprogramming, or transdifferentiation—offers some advantages in relation to
iPSC-based differentiation, in the sense that iPSC generation is a time-consuming process
with risk of tumor formation from residual undifferentiated cells [160]. A pioneer study,
in 2010, identified the cardiomyocyte-inducing factors Gata4, Mef2c, Tbx5 (termed GMT),
which, upon overexpression in cardiac fibroblasts, isolated from «MHC (myosin heavy
chain) promoter-driven EGFP-IRES-puromycin transgenic mice (xMHC-GFP), led to an
increased expression of cardiac markers: namely, xMHC (reported by GFP expression),
cardiac troponin T (cTnT), and x-actinin [159]. Furthermore, iCMs resulting from the trans-
duction of fibroblasts with GMT presented epigenetic alterations and genetic expression
patterns similar to those of postnatal cardiomyocytes and spontaneous contraction, as
evidenced by intracellular Ca?* flux. Importantly, the possibility that these iCMs were
derived either from a subpopulation of stem-like cells or cardiac progenitors was excluded,
as GMT-transduced tail-tip dermal fibroblasts also exhibited the same characteristics as
cardiac fibroblasts [159]. In vivo cardiac reprogramming has been achieved, with the in situ
delivery of retroviruses expressing GMT, after myocardial infarction in the mouse, leading
to a conversion of 15% of cardiac fibroblasts into iCMs, decreasing scar size and improving
cardiac function [161].

In order to enhance reprogramming efficiency, many subsequent studies aimed at
testing additional transcription factors. The addition of Hand2 (GHMT), for instance, was
shown to improve cardiac conversion efficiency [162]. Additionally, 5-factor (GHMT +
Nkx2.5) [163] and 7-factor (GMT + Myocd + Srf + Mespl + Smarcd3) cocktails were shown
to further enhance cardiac reprogramming [164]. Chemical generation of iCMs has been
made possible due to the use of small molecules, which function, mainly, by regulating spe-
cific signaling pathways, as well as epigenetic and metabolic processes (reviewed in [165]).
Indeed, human fibroblasts were also subjected to direct reprogramming studies, although
GMT transduction proved to be insufficient to induce cardiac conversion, and additional
factors were simultaneously required [166,167]. Many protocols depend on retroviral and
lentiviral vectors for gene delivery. Because they integrate into the host genome, endoge-
nous gene expression destabilization and insertional mutagenesis could hinder clinical
application [168]. Non-integrative viruses, such as Sendai virus, expressing cardiac re-
programming factors have been shown to reduce fibrosis after myocardial infarction and
improve cardiac function [169].

Cardiac reprogramming factors function in a combinatorial way by co-occupying
regulatory elements, thus inducing the activation of cardiac-specific gene expression [170].
In fact, each transcription factor plays different roles by activating cardiac-specific en-
hancers, with Mef2c playing a key role in initializing this process, compared to Gata4
and Tbx5. The balance and stoichiometry between transcription factors play an important
role in cardiac fate commitment. The transduction of polycistronic MGT into fibroblasts
resulted in the expression of Mef2c¢ at relatively high levels and Gata4 and Tbx5 at low
levels, which promoted reprogramming efficiency [171]. Owing to several intrinsic barriers,
direct cardiac reprogramming is still a very inefficient process. For fibroblasts to be directly
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reprogrammed, significant epigenetic alterations must occur in order to repress fibroblast
identity and activate the cardiomyocyte program [172,173]. Another important issue is the
heterogeneity and asynchronous nature of the reprogramming process. Using single-cell
RNA sequencing, Liu and colleagues discovered molecularly distinct subpopulations of
cells during the reprogramming process, and they further identified Ptbpl as a barrier
of direct cardiac conversion [174]. Another reprogramming barrier worth noting is ag-
ing [175], as age-related inflammation, and possibly senescence, can hamper direct cardiac
reprogramming [176].

Fibroblasts are metabolically different from cardiomyocytes, and during direct cardiac
reprogramming, a shift from glycolysis to OXPHOS has been reported [174] (Figure 3b).
Therefore, manipulating fibroblast metabolism to resemble that of cardiomyocytes seems
to be a good strategy to improve direct cardiac reprogramming efficiency (Table 1). Fi-
broblasts with downregulation of HIF-1«, an important regulator of glycolysis, are more
successfully reprogrammed [177]. Conversely, the use of rotenone, an inhibitor of mito-
chondria respiration, and knockdown of the TCA cycle enzyme isocitrate dehydrogenase
3 (IDH3A) decreases reprograming efficiency, while IDH3A upregulation led to increased
reprogramming [178]. High ROS levels can also affect the efficiency of the process, and
the use of antioxidants could boost this process. Selenium and ascorbic acid (vitamin
C) supplementation have been shown to enhance reprogramming efficiency, in vitro, by
increasing cardiac gene expression [128,179], and vitamin E nicotinate promotes heart
damage repair through reprogramming in vivo [180]. However, ROS signaling is required
for direct reprograming, so a delicate balance of ROS levels seems imperative for the suc-
cess of direct cardiac conversion [181]. The specific culture conditions can also impact
transdifferentiation of fibroblasts in vitro, which may not be translated into significant im-
provements in vivo. Differential culture methods and reagents, as fetal bovine serum, have
been implied in the inefficiency of this process, and serum-free conditions were reported to
improve transdifferentiation [182,183].

4.5. Systemic Metabolic Strategies for Heart Regeneration
4.5.1. Nutrient Signaling

A variety of caloric and dietary restriction regimens have been demonstrated to im-
prove overall health and promote tissue regeneration [184]. Additionally, supplementation
of metformin, resveratrol, and certain nutrients have been shown to favor cardiac tissue
regeneration and remodeling in rodents. Nutritional and pharmacological modulators
(e.g., vitamin E, ascorbic acid, selenium, taurine, and tocopherol) also promote mild to
moderate cardioprotective effects after reperfusion injury [185,186], although substantial
limitations, such as fast clearance, limit its activity. Metformin acts, both directly and
indirectly, through the activation of AMPK and inhibition of mTORC1 and by improving
mitophagy and overall mitochondrial homeostasis [187]. A postconditioning effect for
metformin in experimental ischemia has been described (Table 1). Metformin maintained
both cell viability and membrane stability of rat HIC2 cardiomyoblast cells after induced
ischemic injury by alleviating the decrease in nitrate levels [188]. The increased levels of
nitrate provided by metformin led to nitrate oxidative species (NOS)-independent nitrate
oxide (NO) production and decrease in intracellular oxidative damage after ischemic cell
injury [188]. A cardioprotective role for resveratrol was reported in a mouse model of
HFpEEF [189]. Resveratrol activates SIRT1, which prevents cardiac fibrosis and ROS pro-
duction in cardiomyocytes [190]. Excessive myocardial ROS has a crucial role in ejection
fraction preservation, leading to collagen uncoupling and formation of oxidative stress,
decreased nitric oxide bioavailability, and heart failure. Resveratrol exerts a protective
action against HFpEF-induced adverse cardiac remodeling, alleviating cardiac stiffness
and oxidative stress by decreasing Smad3 acetylation and transcriptional activity via SIRT1
activation [189]. Whether systemic metabolic fuels can directly impact cardiomyocytes’
cell fate specification and proliferation, as well as potentiating cardiac regeneration, are
exciting possibilities that need further investigation.
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4.5.2. Gene Therapy

Gene therapy strategies have been used to treat age-related diseases, including heart
failure where documented targeted genes are involved, directly or indirectly, in metabolic-
signaling pathways. Overall, the metabolic decay with age is accompanied by disrupted
mitochondrial fitness, as a result of the activity decline of the master regulators PGC-
la/p [191]. Hearts from telomerase-deficient mice present deregulation of PGC-1x/3-
related gene networks, mitochondria with defective electron transport chain activity, de-
creased ATP production, and low expression of ROS detoxifying enzymes [191]. Enforced
telomerase reverse transcriptase (Tert), PGC-1 expression or germline deletion of p53
in telomerase-deficient mice restores PGC network expression, mitochondrial respiration,
cardiac function, and gluconeogenesis [191]. Moreover, aged wild-type mice, infected
with AAV9-Tert, present improved mitochondrial fitness, with partial rescue of PGC-1«,
ATP synthase, and ERRa expression in the heart [192], and they are protected from heart
failure after myocardial infarction (MI), with restored metabolic activity in the infarcted
hearts [192,193] (Table 1). Overall, telomerase activation, and its impact on metabolism
remodeling, could be a therapeutic strategy to prevent heart failure after myocardial infarc-
tion [193]. Under stress conditions, SIRT1 deacetylates FOXO1/3, activating the expression
of the manganese-dependent superoxide dismutase and catalase anti-oxidant enzymes,
protecting the heart against oxidative stress and apoptosis in ischemia/reperfusion (I/R)
injury [194-196]. Adenoviral-mediated overexpression of Sirtl blunted the increase in the
atrial natriuretic factor and «-skeletal actin expression, and it inhibited cell size enlargement
and FAO repression of phenylephrine-stimulated neonatal rat cardiomyocytes [197]. The
mitochondrial deacetylase SIRT3 can also potentiate the mitochondria to eliminate exces-
sive ROS through deacetylation and activation of superoxide dismutase [198]. The IncRNA
IncDACH]1 is highly expressed in high glucose-treated or diabetic cardiomyopathy mouse
hearts, and its knockdown in neonatal mouse ventricular cardiomyocytes (NMCVs) attenu-
ates mitochondrial oxidative stress and apoptosis. Additionally, the IncDACH1 knockout
mouse has enhanced cardiac function due to the prevention of SIRT3 degradation through
ubiquitination-related degradation of SERCA2a [199]. Similarly, SIRT1 increases SERCA2
pump activity during heart failure by SERCA2 acetylation at lysine 492 [200]. Additional
IncRNAs have been reported to modulate mitochondrial dynamics in the heart [101]. Malat1
has increased expression in cardiac tissues and isolated endothelial cells in the peri-infarct
region, and cardiac microvascular endothelial cells (CMECs)-specific knockout, in vivo,
leads to persistent mitochondrial dysfunction, priming hypoxia-induced endothelial cell
damage, apoptosis, capillary destruction, and cardiac microvascular injuries [201]. Malat1l
silencing, both in vivo and its knockdown in CMECs, results in decreased Mfn1 through
the regulation of miR-26b-5p, which leads to disrupted mitochondrial dynamics and ac-
tivation of apoptosis [201]. These emerging insights highlight the possibility to explore
IncRNAs-mediated-metabolism as a strategy to improve cardiac regeneration and heart
function [101].

LARP? was recently shown to preserve mitochondrial homeostasis and cardiac func-
tion. When the ataxia telangiectasia mutated (ATM)-mediated DNA damage response
pathway is activated, oxidative stress leads to the decline of LARP7 and compromises the
homeostasis and deacetylase activity of SIRT1, which leads to disruption of mitochondrial
biogenesis. The cardiac-specific NKX2.5:LARP7"/f and Myh6¢™:LARP7"/f conditional
knockout mice developed heart failure with disturbed mitochondria function and mor-
phology. Rescue of LARP7 expression by the AAV9- mediated gene delivery remarkably
had a protective role against heart failure, improving the pump function of the infarcted
heart [202]. Nrfl is considered a master regulator of redox balance and a core component
of stress adaptation in the heart [203]. Overexpression of Nrfl confers protection to I/R
injury in the adult mouse heart by activating ROS scavengers, including the detoxifying
enzyme Hmox1, glutathione, and NADPH metabolism, as well as increasing proteasomal
activity in the heart [203].
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Overall, gene targeting seems promising to rescue impaired metabolism and mito-
chondria function in response to cardiac injury or heart pathologies.

5. Conclusions

Cellular metabolism and nutrient signaling are determinant for cardiomyocyte func-
tion in the adult heart, and extensive metabolic reprogramming takes place at develop-
mental stages and in the injured heart. In fact, a hallmark of heart failure is the metabolic
remodeling, characterized by a shift in energetic fuels and pathways towards a fetal pheno-
type (from FAO to glycolysis), which compensate for the loss of cardiomyocyte function.
Understanding the key metabolic signals that drive cardiac regeneration post-injury, in vivo,
is warranted for metabolically treating the diseased heart. Due to the extended impact
of metabolites in cell signaling and epigenetic remodeling, changes in the metabolic fuel
impact energy generation, other regulatory functions, and, as a result, cardiac remodeling
and functionality. Several cellular strategies have been designed for regenerating the adult
mammalian heart, with stem cells-based therapy and direct conversion of cardiac fibrob-
lasts showing promising results. In this context, metabolic adaptations, mainly involving
fuels (glucose, FAs), energetic pathways (glycolysis, OXPHOS), and the remodeling of
mitochondria function (including dynamics and ROS) can promote self-renewal, differen-
tiation, and cell lineage conversion events that are driving cardiac regeneration (Table 1
and Figure 3b). Cellular metabolism represents the balance of intrinsic metabolic needs
and extrinsic metabolic constrains. Understanding how global shifts in nutrient availability
(such as lipids) translate into specific gene expression programs, controlling cellular events
with relevance for cardiac regeneration, is a major area for future investigation.
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