
fphys-12-586927 March 4, 2021 Time: 17:3 # 1

MINI REVIEW
published: 10 March 2021

doi: 10.3389/fphys.2021.586927

Edited by:
Bernhard Johannes Haubner,

University Hospital Zürich, Switzerland

Reviewed by:
Sang-Bing Ong,

The Chinese University of Hong Kong,
China

Cheng-Kai Huang,
Hannover Medical School, Germany

*Correspondence:
Sandrina Nóbrega-Pereira

sandrina.pereira@ua.pt
Bruno Bernardes de Jesus

brunob.jesus@ua.pt

Specialty section:
This article was submitted to

Clinical and Translational Physiology,
a section of the journal
Frontiers in Physiology

Received: 24 July 2020
Accepted: 15 February 2021

Published: 10 March 2021

Citation:
Correia M, Bernardes de Jesus B

and Nóbrega-Pereira S (2021) Novel
Insights Linking lncRNAs

and Metabolism With Implications
for Cardiac Regeneration.

Front. Physiol. 12:586927.
doi: 10.3389/fphys.2021.586927

Novel Insights Linking lncRNAs and
Metabolism With Implications for
Cardiac Regeneration
Magda Correia1, Bruno Bernardes de Jesus1* and Sandrina Nóbrega-Pereira1,2*

1 Department of Medical Sciences and Institute of Biomedicine – iBiMED, University of Aveiro, Aveiro, Portugal, 2 Instituto
de Medicina Molecular João Lobo Antunes, Faculdade de Medicina, Universidade de Lisboa, Lisbon, Portugal

Heart disease is the leading cause of mortality in developed countries. The associated
pathology is typically characterized by the loss of cardiomyocytes that leads, eventually,
to heart failure. Although conventional treatments exist, novel regenerative procedures
are warranted for improving cardiac regeneration and patients well fare. Whereas
following injury the capacity for regeneration of adult mammalian heart is limited, the
neonatal heart is capable of substantial regeneration but this capacity is lost at postnatal
stages. Interestingly, this is accompanied by a shift in the metabolic pathways and
energetic fuels preferentially used by cardiomyocytes from embryonic glucose-driven
anaerobic glycolysis to adult oxidation of substrates in the mitochondria. Apart from
energetic sources, metabolites are emerging as key regulators of gene expression and
epigenetic programs which could impact cardiac regeneration. Long non-coding RNAs
(lncRNAs) are known master regulators of cellular and organismal carbohydrate and
lipid metabolism and play multifaceted functions in the cardiovascular system. Still,
our understanding of the metabolic determinants and pathways that can promote
cardiac regeneration in the injured hearth remains limited. Here, we will discuss the
emerging concepts that provide evidence for a molecular interplay between lncRNAs
and metabolic signaling in cardiovascular function and whether exploiting this axis could
provide ground for improved regenerative strategies in the heart.
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INTRODUCTION

The World Health Organization (WHO) has been reporting every year that cardiovascular diseases
(CVD) are the leading cause of death in the world. Although currently there are large range of
pharmaceutical drugs and surgical options that prevent further deterioration or restore function to
the failing heart, for end-stage heart failure, the only long-term selection is heart transplantation
which presents several limitations (Hudson and Porrello, 2013). Therefore, the development of
improved cardiac regenerative strategies is an area of growing interest.

Subsequent to cardiac injury, cardiomyocytes undergo necrotic and apoptotic cell death and
cardiac fibroblasts are activated to produce collagen and other extracellular matrix components,
leading to fibrosis and harmed cardiac function (Song et al., 2012; Hashimoto et al., 2018). The main
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goal of regenerative cardiovascular medicine is to repair injured
hearts by replacing cardiomyocytes and diminishing fibrosis.
In order to suppress the outcomes of heart failure several
regenerative strategies have been proposed, including post-injury
activation of cardiomyocyte proliferation, recruitment of stem
cells or progenitor cells, delivery of de novo cardiomyocytes from
iPSCs, and direct reprogramming of resident cardiac fibroblasts
(CFs) into induced cardiac-like myocytes (iCLMs) (Ieda et al.,
2010; Song et al., 2012; Ghiroldi et al., 2018; Hashimoto et al.,
2018). Although most strategies aim at recovering cardiac
function post-injury, approaches that target mechanisms of heart
regeneration at pre-injury and during injury events can also
potentially be conceived (Uygur and Lee, 2016; Galdos et al.,
2017; Tzahor and Poss, 2017).

Besides holding great promise, most cardiac regenerative
strategies still lack effective clinical outcomes (Ghiroldi et al.,
2017; Hashimoto et al., 2018). Therefore understanding
the molecular mechanisms and players governing cardiac
regeneration in the injured hearth is warranted for improving the
efficiency of cardiac regenerative strategies. In this context, long
non-coding RNAs (lncRNAs), a class of > 200 nucleotides-long
ribonucleic acid sequences, are abundantly expressed in the
cardiovascular system and are part of a complex regulatory
network governing cardiovascular function in health and
disease (Bär et al., 2016; Das et al., 2018; Hobuß et al., 2019).
Essential roles for some lncRNAs in heart development have
been described (Matkovich et al., 2014; Bär et al., 2016;
Haemmig et al., 2017) and exploring the role of lncRNAs in
cardiovascular function may facilitate the development of new
therapeutics for treating cardiovascular disease (Bär et al., 2016;
Hobuß et al., 2019).

Although the adult mammalian heart has limited regenerative
capacity, with estimation of only ≈1% de novo cardiomyogenesis
per year (Neidig et al., 2018), the neonatal heart is capable of
substantial regeneration but this capacity is lost by postnatal
day (P) 7 (Soonpaa et al., 1996). Interestingly, this lost
in proliferative potential is accompanied by a shift in the
main energetic metabolic pathway and fuels preferentially used
by cardiomyocytes from embryonic glucose-driven anaerobic
glycolysis to adult oxygen-dependent oxidative phosphorylation
(OXPHOS) of pyruvate and fatty acids (FAs) in the mitochondria
(Lopaschuk et al., 1992; Lehman and Kelly, 2002). Apart
from energetic sources, metabolites are key regulators of gene
expression programs by acting as essential substrates or cofactors
for chromatin-modifying enzymes (Intlekofer and Finley, 2019).
Interestingly, lncRNAs are emerging as master regulators of
cellular and systemic carbohydrate and lipid metabolism with
clear implications for cardiovascular function (Zhao, 2015; van
Soligen, 2018; Mongelli et al., 2019), opening the possibility for
a two-way communication between metabolism and lncRNAs in
cardiac heart regeneration.

Here, we will discuss the emerging insights in the molecular
interplay between lncRNAs and metabolism in the heart
highlighting evidence for the impact of metabolic signaling
in cardiac regeneration. Also, particular emphasis will be
given to those lncRNAs regulating metabolic targets in the
cardiovascular system and the potential modulation of the

lncRNAs-metabolic axis for the development of innovative
regenerative strategies.

CAN AN EMBRYONIC-LIKE METABOLIC
PROGRAM PROMOTE HEART
REGENERATION?

The fetal heart’s environment is low in oxygen and FAs,
thus fetal cardiomyocytes are highly dependent on glycolysis
for ATP production (Lopaschuk et al., 1992). The heart
suffers a major metabolic alteration driven by the physiological
changes at postnatal stages, as enhanced workload and the
demand for growth, that cannot be supported by glucose
and lactate metabolism (Malandraki-Miller et al., 2018). The
mammalian heart has to contract constantly thus, the need
for an optimal energy fuel is imperative. During the early
postnatal period, the number of mitochondria in cardiomyocytes
increases dramatically (Mayor and Cuezva, 1985; Attardi and
Schatz, 1988). Mitochondria is the organelle that coordinates the
energy transduction function and it is responsible to produce
more than 95% of ATP utilized by the heart (Doenst et al.,
2013). Additionally, mitochondria regulates intracellular calcium
homeostasis, signaling and apoptosis (Kolwicz et al., 2013). As a
result, mammalian cardiomyocytes undergo extensive metabolic
remodeling after birth. In order to adapt to the high-energetic
demands of the postnatal life, cardiomyocytes suffer a metabolic
switch and produce their energy via mitochondrial OXPHOS, a
more efficient process than glycolysis (Lehman and Kelly, 2002;
Vivien et al., 2016). Postnatal cardiomyocytes also revealed a shift
in the energetic substrate utilization from pyruvate to FAs that
are energetically more favorable (Lopaschuk et al., 1992; Lehman
and Kelly, 2002). As the neonatal mammalian heart regenerative
capacity is lost by P7, which corresponds with cardiomyocyte
binucleation and cell-cycle arrest (Soonpaa et al., 1996; Porrello
et al., 2011), one could hypothesize that the “fetal metabolic shift”
would have a role in suppressing cardiomyocyte proliferation
and heart repair (Martik, 2020). Currently many studies are
focusing in understanding the role of mitochondrial metabolism
in regulating cell-cycle arrest in postnatal cardiomyocytes with
future implications in regenerative strategies.

Heart regeneration in zebrafish is incredibly effective and
relies on the proliferation of pre-existing cardiomyocytes. Apart
from cardiomyocytes, other cell types (such as epicardial,
endocardial, immune cells and fibroblasts) respond to the heart
injury and contribute for the healing process (Vivien et al., 2016;
Honkoop et al., 2019). Cardiomyocytes from highly regenerative
species such as zebrafish have a preference for glycolysis and
increase OXPHOS activity promotes cardiomyocyte maturation
and reduces the proliferative capacity (Vivien et al., 2016;
Honkoop et al., 2019; Fukuda et al., 2019). Although the “fetal
switch” to mitochondrial respiration has been associated to loss
of the regenerative potential (Malandraki-Miller et al., 2018), the
role of bioenergetics in regulating cardiogenesis remains unclear.
Recent evidence suggest that hypoxia inducible factor 1 (HIF1)
signaling, an important inducer of aerobic glycolysis and the
Warburg effect in cancer cells (Kroemer and Pouyssegur, 2008),
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controls the embryonic switch toward oxidative metabolism
in the developing mouse heart (Menendez-Montes et al.,
2016). In midgestational mouse heart, the compact myocardium
downregulates HIF1α and switches toward oxidative metabolism.
Deletion of the E3 ubiquitin ligase von Hippel-Lindau (VHL)
results in HIF1α hyperactivation, blocking the midgestational
metabolic shift and impairing cardiac maturation and function
(Menendez-Montes et al., 2016). This study highlights the
VHL-HIF-mediated metabolic program as an important axis
for myocardial differentiation and its potential relevance for
cardiac regeneration.

The adult mammalian heart cannot regenerate lost or
damaged myocardium although it does present a limited myocyte
turnover that reveals insufficient for restoring contractile
dysfunction. The brief window of regenerative response following
injury seems to be also driven by proliferation of pre-
existing cardiomyocytes (Porrello et al., 2011; Elhelaly et al.,
2019). Strikingly, increase production of mitochondrial-derived
reactive oxygen species (ROS) and DNA oxidation leads to
cell-cycle arrest in mouse postnatal cardiomyocytes through
the activation of DNA damage response pathways (Puente
et al., 2014). FAs oxidation is directly linked to high ROS
production and cardiomyocyte cell-cycle arrest (Cardoso et al.,
2020). Moreover, the constant use of FAs as an energetic fuel
provokes a dependency on this substrate as the acetyl-CoA
produced from FAs oxidation inhibits the mitochondrial enzyme
pyruvate dehydrogenase (PDH) and therefore the reliance on
glucose and its metabolites for energy (Rindler et al., 2013).
Still, whether modulating substrate utilization can directly
impact DNA damage and promote cardiomyocytes cell-cycle
re-entry needs further clarification. Supplementation of FAs-
depleted diets to mice prolongs the postnatal window for
cardiomyocyte proliferation; however, it is associated with a
marked hepatomegaly and steatosis due to a compensatory
increase in hepatic de novo fatty-acid synthesis (Cardoso
et al., 2020). Moreover, deletion of the dehydrogenase kinase
isoform 4 (PDK4) in adult cardiomyocytes, the main enzyme
responsible for PDH inhibition and FAs usage, results in a
marked shift in myocardial substrate utilization with decrease
FAs and enhanced pyruvate-driven glucose oxidation, resulting
in less DNA damage and increased cardiomyocyte proliferation
(Cardoso et al., 2020). Pharmacological activation of PDH
through administration of dichloroacetate in mice also resulted
in improved glucose utilization and cardioprotective features
(Cardoso et al., 2020).

In sum, recent studies are beginning to dissect the intricate
relationship between the “fetal metabolic switch” and loss of
cardiomyocyte proliferation where several molecular axis (as
HIF signaling, ROS and bioenergetic fuels) are emerging as key
regulators. This raises important questions and opportunities in
the field. For instance, cardiac regenerative strategies based on the
generation of induced cardiac-like myocytes (iCLMs) from iPSCs
or resident cardiac fibroblasts (CFs) (Hashimoto et al., 2018),
could be improved by metabolic modulation and induction of the
“fetal switch”. Moreover, systemic metabolic shifts, as nutritional
stages and diets, may impact cardiac regeneration post-injury in
the mammalian heart (Malandraki-Miller et al., 2018). Further

investigation in this field is warranted and may provide unique
opportunities to boost cardiac regeneration and repair.

LncRNAs CONTROLLING METABOLIC
PATHWAYS IN THE HEART

LncRNAs represent one of the most prominent but least
understood transcriptome in the heart. Thousands of lncRNAs
have been identified to be dynamically transcribed during
development, differentiation, and maturation of cardiac
myocytes (Devaux et al., 2015; He et al., 2016; Li et al.,
2017; Beermann et al., 2018). Due to their unique regulatory
action and tissue-specific expression, lncRNAs are attractive
candidates for diagnosis of cardiovascular pathologies and
regenerative strategies using several lncRNA-based therapeutic
approaches (Bär et al., 2016; Bernardes de Jesus et al., 2018;
Hobuß et al., 2019). lncRNAs are localized in the nucleus
or the cytoplasm where they may regulate gene expression
at transcriptional or posttranscriptional level, respectively,
through diverse mechanisms; including epigenetic remodeling,
transcriptional activation or repression (signal, decoy, guide,
scaffold, or enhancer lncRNAs), formation and maintenance
of sub-nuclear domains, posttranscriptional regulation and
modulation of protein activity (Schonrock et al., 2012; Kornfeld
and Brüning, 2014; Devaux et al., 2015; Thum and Condorelli,
2015; Muret et al., 2019).

LncRNAs are emerging as master regulators of cellular and
organismal carbohydrate and lipid metabolism in adipose tissue
and liver (Kornfeld and Brüning, 2014; Zhao, 2015; van Soligen,
2018; Mongelli et al., 2019; Muret et al., 2019). Alteration in
serum lipid levels is one of the most relevant risk factor for CVD
(Doggen et al., 2004). In the recent years, several studies have
highlighted the complex contribution of lncRNAs in controlling
systemic and cell-type-specific cholesterol, FAs, and triglyceride
metabolism, with important implications for CVD. For instance,
several lncRNAs, including H19, lncRNA HCV regulated 1
(lncHR1), MALAT-1 and lncARSR, have been shown to regulate
the expression of the sterol regulatory element binding protein 1c
(SREBP-1c), a transcription factor that regulates lipid synthesis
and uptake in the liver (Yan et al., 2016; Li et al., 2018; Liu
et al., 2018; Zhang et al., 2018). Other examples are the liver-
specific triglyceride regulator lncRNA Lancaster (lncLSTR) that
regulates triglyceride plasma levels and energy metabolism (Li
et al., 2015) and AT102202 that inhibits cholesterol synthesis in
the liver by targeting the rate limiting enzyme HMGCR (Liu
et al., 2015). Whether lncRNAs-mediated control of systemic
lipid metabolism has a direct impact in cardiac regeneration
remains to be addressed.

As previously discussed, of particular interest are the
lncRNAs controlling the “fetal metabolic switch” from embryonic
glycolysis to adult mitochondrial respiration and the preferred
usage of FAs as energetic fuel in differentiated cardiomyocytes.
Although most of our knowledge in lncRNAs control of
metabolism comes from studies in lipogenic tissues and/or
cancer energetics (Gomes et al., 2019), some mechanistic
insights in cardiac muscle development and function, particularly
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concerning mitochondrial metabolism, are beginning to arise
(Table 1). Due to the implication of mitochondrial-dependent
FAs oxidation and ROS production in the loss of cardiomyocyte
proliferation (Puente et al., 2014; Cardoso et al., 2020),
lncRNAs regulating these pathways are particularly attractive for
cardiac regeneration.

In heart and skeletal muscle aged tissue, the lncRNA
LINC00116 is among the most significantly downregulated gene
(GEO: GSE362 and GSE674). Interestingly, a small region of
the most predominant isoform is actively translated in human
and mouse muscle and has been found to encode a highly
conserved transmembrane microprotein, named mitoregulin
(Mtln), also known as Micropeptide regulator of β-oxidation
(MOXI), where it associates with the mitochondrial trifunctional
protein (MTP), an enzyme complex that plays a critical role
in fatty acid β-oxidation (Makarewich et al., 2018; Stein
et al., 2018). Isolated heart and skeletal muscle mitochondria
from MOXI knockout mice preferentially oxidize carbohydrates
over fatty acids, while transgenic MOXI overexpression leads
to enhanced β-oxidation. MOXI knockout mice also exhibit
a profound reduction in exercise capacity, highlighting the
role of MOXI in metabolic control (Makarewich et al.,
2018). The impact of Mtln expression in cardiovascular
disease and regeneration is still unclear but GTEx portal
annotates the existence of common genetic variants that
strongly associate with LINC00116 expression in the human
heart (Stein et al., 2018). NEAT1 (nuclear enriched abundant
transcript 1) is another lncRNA with increase expression in non-
regenerative cardiomyocytes (Table 1). In skeletal muscle, NEAT1
modulates myogenesis by accelerating myoblast proliferation
and suppressing myoblast differentiation and fusion (Wang
et al., 2019). NEAT1 act by recruiting EZH2 to target gene
promoters, decreasing the expression of the cyclin-dependent
kinase inhibitor p21 and suppressing the myoblast differentiation
program. Strikingly, several mitochondrial regulators have
been identified to associate to NEAT1 in paraspeckles, a
type of nuclear body with multiple roles in gene expression
(Wang et al., 2018). Specifically, NEAT1 depletion lead to
profound effects on mitochondrial dynamics and function
by altering the paraspeckles-specific sequestration of essential
mito-mRNAs, including CYCS (cytochrome c), NDUFA13
(NADH:Ubiquinone Oxidoreductase Subunit A13) and CPT1A
(Carnitine Palmitoyltransferase 1A) (Wang et al., 2018) and
NEAT1-depleted HeLa cells show reduced mitochondrial DNA,
ATP production and proliferation rate (Wang et al., 2018).

Cardiac muscle is an extremely metabolically active tissue
that undergoes significant changes in energy metabolism in
disease. In mouse cardiomyocytes, cardiac apoptosis-related
lncRNA (CARL) binds to and sequester microRNA-539, a
microRNA found to target the mRNA of the PHB2 sub-unit
of prohibitin, a protein localized to the inner mitochondrial
membrane that regulates mitochondrial homeostasis (Wang
et al., 2014). Downregulation of PHB2 during pathological insults
was found to be dependent on upregulation of microRNA-539.
CARL acts as the endogenous sponge for this microRNA
suppressing mitochondrial fission and cardiomyocyte apoptosis
(Wang et al., 2014), highlighting the therapeutic potential of

modulating lncRNAs during myocardial infarction. The lncRNA
CDKN2B−AS1 (also known as ANRIL) has been described
as a genetic risk factor for coronary artery disease (CAD)
(Deloukas et al., 2013). ANRIL expression level is associated
with left ventricular dysfunction after myocardial infarction
(Vausort et al., 2014). Experimental manipulation in several
human cell lines (including HEK and HeLa), revealed that
ANRIL knock-down decreases the expression of ADIPOR1
(adiponectin receptor 1), TMEM258 (also known as C11ORF10
for chromosome 11 open reading frame 10) and VAMP3 (vesicle
associated membrane protein 3), both at the transcript and
protein level, which are important genes in the regulation
of glucose and fatty-acid metabolism (Bochenek et al., 2013).
However, the impact of ANRIL-mediated metabolic regulation in
cardiomyocytes remains to be explored. Conversely, in patients
with myocardial infarction the levels of the lncRNA hypoxia
inducible factor 1A antisense RNA 2 (HIF1A-AS2) was found to
be upregulated (Vausort et al., 2014). In humans, the HIF pathway
is induced early in acute myocardial and remains activated in
chronic human heart failure (Zolk et al., 2008). Due to the
role of the HIF signaling in controlling myocardial metabolism
and differentiation in the neonatal heart (Menendez-Montes
et al., 2016) and the implication of the lncRNA lincRNA-p21 in
hypoxia-enhanced glycolysis (Yang et al., 2014), manipulation
of the lncRNA/HIF regulatory network might constitute an
attractive target to modulate cardiac regeneration.

Type 2 diabetes (T2D) is a multifactorial disorder
characterized, among other aspects, by high blood glucose
and lipid levels (hyperglycemia and hyperlipidemia) in
association with insulin resistance and atherosclerosis
(Bornfeldt and Tabas, 2011) and diabetic cardiomyopathy
(DCM) is a critical complication of T2D (Jia et al., 2018).
Studies suggest that lncRNAs that regulate metabolic targets
are aberrantly regulated in DCM, thus targeting lncRNAs
could have potential implications for DCM diagnosis and
therapy. The mitochondrial long intergenic non-coding RNA
predicting cardiac remodeling (MT-LIPCAR) is a lncRNA
possibly transcribed from mitochondrial DNA that cross the
membrane barrier being released into circulation (Dorn, 2014).
Plasma levels of MT-LIPCAR were positively associated with
left ventricular diastolic dysfunction in T2D patients with
DCM showing prognostic value as an indicator of heart failure
and patient mortality. MT-LIPCAR was the first proof that
plasma lncRNAs might be used for cardiovascular disease
prognostic (Kumarswamy et al., 2014). Despite the invaluable
potential as a cardiac biomarker, MT-LIPCAR targets and
metabolic impact remains unclear. Evidence suggest that the
complete MT-LIPCAR sequence could map to the mitochondrial
genes CYTB (Mitochondrially Encoded Cytochrome B) and
COX2 (Mitochondrially Encoded Cytochrome C Oxidase II)
(Dorn, 2014), raising further questions regarding MT-LIPCAR
biogenesis as a mitochondrial or nuclear pseudogene transcript.
H19 is a lncRNA transcribed from H19/insulin-like growth
factor-II (IGF2) genomic imprinted cluster which accumulates
in cardiomyocytes of the mature myocardium in humans
and rodents (Pant et al., 2018; Viereck et al., 2020). Decrease
expression of cardiac H19 was reported in a rat model of

Frontiers in Physiology | www.frontiersin.org 4 March 2021 | Volume 12 | Article 586927

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-586927 March 4, 2021 Time: 17:3 # 5

Correia et al. Cardiac lncRNAs and Metabolism

DCM (Li et al., 2016; Zhuo et al., 2017). Overexpression of
H19 in myocardial tissue was able to suppress oxidative stress,
inflammation and improve left ventricular function leading to
DCM amelioration. Mechanistically, H19 serves as template for
microRNA-675 expression from its first exon (Zhang et al., 2017;
Pant et al., 2018). Since microRNA-675 has multiple biological
targets, H19 is able to regulate a number of mitochondrial
functions including suppression of apoptosis by targeting
voltage-dependent anion channel 1 (VDAC1) (Li et al., 2016),
and inhibiting autophagy in cardiomyocytes exposed to high
glucose through down-regulation of the GTP- binding protein
Di-Ras-3 (DIRAS3) (Zhuo et al., 2017).

In sum, recent work on lncRNAs has started to shed light
on their regulatory potential in controlling heart metabolism in
health and disease, opening the possibility to explore lncRNAs-
mediated metabolic control as a strategy to improve cardiac
regeneration and heart function.

LncRNAs AND METABOLITES AS
CENTRAL EPIGENETIC PLAYERS IN
GENE EXPRESSION REGULATION

An hallmark function of lncRNAs is their ability to mediate
epigenetic regulation and in the heart, lncRNAs have crucial roles
in regulating cardiac chromatin structure during development
and pathological remodeling (Schonrock et al., 2012). lncRNAs
exhibit tissue-specific regulated expression patterns which are
frequently lost during disease (Cabili et al., 2011). However,
the regulation of lncRNAs expression during different stages of
cardiac development and in disease is still under investigation.
Strikingly, inhibition of epigenetic modifications was shown
to impact the expression pattern of lncRNAs (Schonrock
et al., 2012). Metabolites are emerging as key regulators of
gene expression programs and epigenetic modifications, acting

as essential substrates or cofactors for enzymes that deposit
or remove chemical modifications in DNA and/or histones
(Intlekofer and Finley, 2019). FAs and cholesterol have been
shown to regulate lncRNAs expression in lipogenic tissues placing
metabolism as a central regulator of epigenetic-driven lncRNAs
transcription. For instance, the expression of the lncRNAs H19
and MALAT1 is upregulated by FAs exposure, coinciding with
an increase in (SREBP)-1c in hepatic cells (van Soligen, 2018)
and HULC is induced by cholesterol in hepatoma cells via
the retinoic receptor RXRA, leading to lipogenesis (Cui et al.,
2015). Recent evidence suggests that lipid metabolism also
impact lncRNAs expression in the cardiovascular system. For
instance, the lncRNA CHROME, a master regulator of cholesterol
homeostasis, is upregulated in atherosclerotic vascular disease
in non-human primates and conversely, CHROME expression
is influenced by dietary and cellular cholesterol (Hennessy
et al., 2019). Although evidence for the direct implication of
nutritional signals in the epigenetic alterations that govern
lncRNAs expression in the heart is still at its early days,
it seems clear that lncRNAs and metabolic signaling can
engage in a two-way communication road in the control of
gene expression that impacts cellular and systemic metabolism.
Moreover, nutritional cues have been shown to control the
specification of skeletal cell fate, highlighting the possibility for
a similar network to take place in cardiomyocyte progenitors.
When lipids are scarce, skeletal muscle progenitors activate the
expression of forkhead box O (FOXO) transcription factors
leading to a Sox9-dependent suppression of FAs oxidation and
chondrogenic commitment (van Gastel et al., 2020). Moreover,
glucose metabolism is crucial for muscle stem cells (MuSCs)
commitment. In proliferating MuSCs, glucose is dispensable for
mitochondrial respiration and becomes available for maintaining
high histone acetylation via acetyl-CoA, whereas differentiating
MuSCs increases glucose oxidation and has consequently
reduced acetylation (Yucel et al., 2019). PDH is pivotal for this

TABLE 1 | LncRNAs with characterized and/or potential metabolic targets in the heart.

LncRNA Tissue/Cell type Species Mechanism of
action

Target genes Metabolic impact References

LINC00116 Heart and skeletal
muscle

Human, mouse Mitochondrial-
related
sORFs

Mtln Mtln enhances mitochondrial
respiration and fatty acid
β-oxidation

Makarewich et al., 2018;
Stein et al., 2018

NEAT1 Heart and skeletal
muscle, HeLa cells

Human, mouse Establishment of
paraspeckles

CYCS, NDUFA13,
CPT1A

Induces dysfunction of
mitochondrial respiration and
fission

Wang et al., 2018, 2019

CARL Heart,
cardiomyocytes

Mouse Decoy, sequester
microRNA-539

PHB2 Suppress mitochondrial fission
and apoptosis

Wang et al., 2014

CDKN2B-AS1
(ANRIL)

HEK, HeLa cells Human Scaffold ADIPOR1,
TMEM258, VAMP3

Impacts glucose and fatty acid
metabolism

Bochenek et al., 2013

MT-LIPCAR Plasma Human Unknown CYTB, COX2 (?) Unknown Kumarswamy et al., 2014

H19 Heart and neonatal
cardiomyocytes

Human,
mouse, rat

MicroRNA-675
precursor

VDAC1, DIRAS3 Decreases oxidative stress,
apoptosis and autophagy

Li et al., 2016;
Zhuo et al., 2017

sORFs, small opening reading frames; Mitoregulin, Mtln; NEAT1, nuclear enriched abundant transcript 1; CYCS, cytochrome c; NDUFA13, NADH:Ubiquinone
Oxidoreductase Subunit A13; CPT1A, Carnitine Palmitoyltransferase 1A; CARL, cardiac apoptosis-related lncRNA; PHB2, Prohibitin 2; ANRIL, antisense non-coding
RNA in the INK4 locus; HEK, human embryonic kidney; ADIPOR1, adiponectin receptor 1; TMEM258, Transmembrane Protein 258; VAMP3, vesicle associated
membrane protein 3; MT-LIPCAR, Mitochondrially Encoded Long Non-Coding Cardiac Associated RNA; CYTB, Cytochrome B; COX2, Cytochrome C Oxidase II; VDAC1,
voltage-dependent anion channel 1; DIRAS3, DIRAS Family GTPase 3.
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switch and determines the differentiation potential of myogenic
progenitors during muscle regeneration (Yucel et al., 2019).
Whether metabolic fuels also directly impinge cardiomyocyte cell
fate decisions and dietary cues can modulate cardiac regeneration
(for instance, by controlling lncRNAs expression) are exciting
possibilities that require further investigation.

CONCLUDING REMARKS

Given the emerging regulatory potential of lncRNAs, it is
undoubted that these molecules offer potential solutions in the
pursuit for cardiac regeneration (Hudson and Porrello, 2013).
In the recent years, several lncRNAs with characterized and/or
potential metabolic targets in the heart have been identified
(Table 1) and a link between metabolic pathways and cardiac
proliferative potential has been established. But can we boost
cardiac regeneration by modulating the lncRNAs-metabolic
axis? Emerging evidence suggests that exploring the two-way

communication road between lncRNAs and cardiac (or systemic)
metabolism may offer new perspectives and opportunities for
increasing the regenerative potential of the injured heart.
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