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Abstract. Myocardial infarction is one of the leading causes of global mortality and is strongly associated with permanent
damage and sudden cardiac death. The human heart loses its proliferative ability after birth as cardiomyocytes
are compelled to differentiate into mature cells focusing on hypertrophy. Based on the review of existing studies,
we hypothesised that the combination of hypoxia and 3, 3', 5-triiodo-L-thyronine (T,) inhibitors could potentially be
a more sustainable treatment method. We searched trusted scientific databases, such as PubMed, Directory of
Open Access Journals (DOAJ), and Scopus, for relevant studies. T, is a physiological hormone that was found to
promote cardiomyocyte differentiation and inhibit its proliferation. Studies implied that inhibiting T, during perinatal
development could preserve the heart’s proliferative and regenerative capacities for a more extended period. Several
animal experiments and human studies have found that inducing a hypoxic environment could revert cardiomyocytes
to their endogenous proliferative state. However, long periods of hypoxia were not sustainable due to its deleterious
effects on the human body. We suggested that administering T, inhibitors after the cardiomyocytes have been reverted
under hypoxic conditions could enable patients to leave the hypoxic environment while preventing physiological
maturation by T,, thus preserving the heart’s regenerative capacity.
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Pestome.

VHapKTLT Ha MIOKapaa € efHa OT BOLELLMTE NPUYMHIA 3a rnobanHa CMbPTHOCT U € TACHO CBbP3aH C TPaiHO yBpexaaHe
11 BHe3amnHa CbpaeyHa CMbPT. YoBeLLKOTO chpLie rybu cBosiTa nponndepaTBHa CNocoBHOCT cried paxaaHeTo, Thil kaTo
KapAMOMMOLMTUTE ca NPUHYAEHU fa ce AudepeHUmMpaT B 3penu KneTku, hokycupaHu Bbpxy xunepTpodus. Bba ocHo-
Ba Ha npernefa Ha CbLUECTBYBALLM NPOYYBaHNS, HUE NPEANONoXUXMe, Ye KOMOMUHALMSTA OT XMMOKCUS U MHXMOUTOPU
Ha 3, 3', 5-Tpninoa0TMPOHMH-L-TpoHmH (T,) moTeHUManHo moxe aa Gbae no-ycToMuMB METOZ Ha NeyeHme. Tbpcuxme
MOAXOZALLM NPOyYBaHNS B HagexaHu HayyHu 6asu gaHHu, kato PubMed, Directory of Open Access Journals (DOAJ) u
Scopus. T, & (n3nonorMeH XopMOoH, 3a KOMTO € YCTAaHOBEHO, Y& Hacbpyasa AudepeHLmMaumsTa Ha kapanoM1oLnTiTe u
nHxubupa TsxHaTa nponudepadna. MpoydsaHudTa npeanonarar, Ye MHxMbupaHeTo Ha T, N0 BpeMe Ha NepuHaTanHoTo
pasBuTME MOXE [a 3anasu nponmdepaTUBHINS U PEreHepaTUBEH kanauuTeT Ha CbpLeTo 3a No-AbMTbr nepuoa. Hskonko
€KCMepyMEHTa C XMBOTHU M N3CNEABaHNS BbPXY XOpa Ca OTKPWUNK, Ye Npean3BUKBAHETO Ha XMMOKCUYHA Cpeda MOXe Aa
BbPHE KapaMOMUOLMTUTE B TAXHOTO €HAOMEHHO NponudepaTMBHO CbCTOsIHME. [bnruTe Nepuoan Ha Xunokens obaye He
ca Bunu ycToiuMBI NOPaaN BpeaHUTe U eIeKTI BbPXY HOBELIKOTO TANO. Hie npeanonoxmxme, ye npunaraHeTo Ha T,
WHXWNOUTOPU, CIieq KaTo KapaNOMUOLMTITE Ca GUNK BbPHATW NPK XUMOKCUYHI YCIIOBUS, MOXE @ NO3BOMM Ha NaLueHTUTe
[1a HanyCHaT XUMOKCUYHATa CPefia, KaTo ChlEBPEMEHHO NPEA0TBpaTABA (PUNOMNOTUYHOTO Ch3psaBaHe OT T,, KaTo Mo TO3M

Ha4vH 3ana3Ba pereHepaTuBHUA KanaynTeT Ha CbpLETO.

KntouoBu gymu:

Aapec

33 KOPECMOHAEHLMA:

INTRODUCTION

The heart is a vital organ in the cardiovascular sys-
tem. It pumps blood, oxygen, and nutrients crucial to
maintaining bodily functions. Any damage to or ces-
sation of the heart will impair the whole human body
system [1]. Heart diseases are one of the leading caus-
es of global mortality, especially in developed industri-
al countries [2]. One of the primary heart diseases is
myocardial infarction, which is strongly associated with
sudden cardiac death [3, 4]. The prevalence of myocar-
dial infarction reaches 3 million people worldwide and
is responsible for more than 1 million deaths annually in
the United States alone [5]. Despite its crucial function
in the human body, unlike many other organs, the heart
does not have the regenerative ability to heal from sus-
tained damage. The human heart loses its proliferative
ability after birth as cardiomyocytes are compelled to
differentiate into mature cells focusing on hypertrophy.
Hence, cardiomyocytes are replaced by fibrosis and
scar tissue instead of regenerating when the heart is
damaged [6]. These permanent damages to the heart
also put it at a higher risk for the occurrence of more
severe cardiac complications in the future. Therefore,
researchers and clinicians are currently striving to find
a sustainable cure for myocardial infarction to improve
patient’s overall quality of life [7].

Currently, available strategies in cardiomyocyte
replacement include transplantation of stem and pro-
genitor cells [8, 9], direct reprogramming of resident
cardiac fibroblasts [10], and reactivation of endoge-
nous regenerative mechanisms [11-13]. The first trans-
plantation of progenitor cells for heart regeneration was
accomplished by utilising skeletal myoblasts. Howev-
er, this study yielded no findings because muscle cell

I/IH(bapKT Ha MWOKapAa; pereHepatBHa MeanLnHa; XUnokcus; T TpeonaeH XopmoH
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progenitors could not develop into cardiac muscle
cells [8]. More recent research has concentrated on
cardiomyogenic progenitor cells or their differentiated
descendants [9]. Another strategy developed for car-
diomyocyte replacement is directly reprogramming one
somatic cell type into another without entering the plu-
ripotent state. Direct reprogramming of induced cardio-
myocytes (iCMs) from fibroblasts has emerged in the
recent decade as a viable technique for cardiac regen-
eration [10].

While two of the previously mentioned strategies
strive to discover, amplify, differentiate, and transplant
stem and progenitor cells, one alternative approach is
the in situ reactivation of endogenous cardiac progen-
itor cells (CPC) regenerative activity. Recent findings
suggest that the adult mammalian heart has an endog-
enous restoration program mediated by resident CPCs,
perhaps through paracrine contribution [11]. Shapiro et
al. found that injecting an adenovirus with complemen-
tary DNA expressing cyclin A2 into infarcted pig hearts
induced cytokinesis in mature cardiomyocytes and re-
duced fibrosis [12]. Nguyen et al. also discovered that
cardiomyocyte-specific deletion of Hoxb13 can prolong
the postnatal window of cardiomyocyte proliferation
and restart the cardiomyocyte cell cycle in the adult
heart [13]. Another novel modality currently being stud-
ied and developed is perhaps the next potential break-
through in reactivating the heart’s regenerative ability.
It has been postulated that exposure to a hypoxic envi-
ronment could revert the heart to its regenerative state,
thus creating a window period for the heart to repair its
damages. However, the limitation of this method is that
the human body cannot sustain long periods of hypox-
ia as it could induce various damages to other organs
[14]. Therefore, specific adjustments and additions
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are needed before implementing this novel approach.
Based on the review of existing studies, we hypothe-
sised that the reactivation of the heart’s endogenous
regenerative ability through the induction of a hypoxic
environment combined with the administration of 3, 3/,
S-triiodo-L-thyronine (T,) inhibitors could potentially be
a more sustainable and effective method of treatment
for myocardial infarction.

We reviewed literature from trusted scientific da-
tabases, including PubMed, Directory of Open Access
Journals (DOAJ), and Scopus, to comprehend and
synthesise information on the normal physiological de-
velopment of the heart and the various regulators that
induce heart maturation. We also searched for the re-
sults and limitations of regenerative medicine studies
implementing hypoxia interventions in treating myocar-
dial infarction. We then analysed the obtained informa-
tion for potential gaps in knowledge that could be ad-
dressed by suggesting novel approaches. Studies that
were not available in full text, were not written in English,
and were not peer-reviewed were excluded from the re-
viewing process. Any disagreement or uncertainty was
resolved through discussion among the authors.

Development of the Mammalian Heart

Similar to any other organ, mammalian cardiomyo-
cytes proliferate during fetal development. However, the
mammalian heart starts to lose its regenerative capac-
ity as it matures [6]. The cardiomyocyte was inherent-
ly mononucleated during the early fetal stages. These
mononucleated cardiomyocytes may undergo cytokine-
sis to produce more similar mononucleated cells or un-
dergo terminal differentiation to form binucleated cells.
The binucleated cardiomyocyte is larger in volume and
rarely reenters the cell cycle for cytokinesis. Binucleat-
ed cardiomyocytes are phenotypically similar to adult
cardiomyocytes, thus considered terminally differentiat-
ed and having lost their proliferative capacity [15]. The
exact period in life when the mammalian heart starts
to lose its proliferative capacity varies across species.
Studies on sheep found that the proliferative cell cycle
was generally higher during the early fetal stages. The
terminal differentiation rate then exceeds the prolifera-
tion rate at around 115 to 125 days of gestation [16, 17].
In comparison, studies showed that terminal differentia-
tion of mice cardiomyocytes occurred a few days after
birth, whereas rat cardiomyocytes finished their terminal
differentiation process approximately 14 days after birth
[16]. Despite causing the loss of proliferative capacity,
terminal differentiation into binucleated cells is a crucial
process in normal heart development. A binucleated
cardiomyocyte still undergoes growth by doubling its ge-
netic material without dividing. Hence, binucleated car-
diomyocytes are more specialised in mass expansion
rather than proliferation [15].

The mechanism that induces the shift of human
cardiomyocytes from hyperplasia to hypertrophy is
mainly attributed to oxidative stress caused by the oxy-
gen demand after birth. Intrauterine oxygen saturation
is generally more hypoxic for the fetus, and oxygen-rich
blood is primarily provided through maternal circulation
[18]. The shift from cardiomyocyte proliferation to hy-
pertrophy is an essential evolutionary process, as the
developing heart size must match the body’s oxygen
demands [16]. When a newborn takes its first breath af-
ter birth, the heart starts to pump blood more vigorously
with much higher oxygen saturation, and the pressure
inside the heart increases. This condition causes the
heart to experience a significant rise in energy demand
as it becomes the primary provider of circulating oxygen
throughout the body. The transition from the hypoxic
intrauterine environment to the postnatal high-oxygen
environment induces higher levels of reactive oxygen
species (ROS). The high level of ROS then causes ox-
idative DNA damage. Studies have shown that mito-
chondrial-derived ROS is a primary cause of oxidative
stress in postnatal cardiomyocytes and contributes to
cardiomyocytes’ cell cycle arrest [19].

Various signalling pathways and cell cycle reg-
ulators contribute to cardiac proliferation and differ-
entiation. One such pathway is the Notch signalling
pathway, which is essential in regulating prolifera-
tion, differentiation, and apoptosis in the developing
heart. Studies have shown that almost half of prolif-
erating cardiomyocytes have activated Notch1 in the
nuclei [6, 20]. This is further supported by studies
that showed that mutations in one of the Notch li-
gands led to the manifestation of heart defects, such
as Tetralogy of Fallot, ventricular and atrial septal
defects, aortic stenosis, and aortic coarctation [21].
Studies have identified neuregulin-1 (NRG1) as one
of the molecules promoting cardiomyocyte prolif-
eration through receptor tyrosine kinases — ErbB2,
ErbB3, and ErbB4. NRG1 signalling was reported
to stimulate DNA synthesis, karyokinesis, and cyto-
kinesis. Studies demonstrated that the NRG1/ErbB
signalling pathways modulate multiple downstream
effectors, such as PI13K/Akt, MAPK/ErK, FAK, and
Rac-PAK intracellular kinases [22]. These pathways
contribute to the promotion of cardiomyocyte prolif-
eration. For instance, the Rac1-PAK2 pathway was
found to be essential for the regenerative capacity
of the zebrafish heart [23]. Two other identified ex-
tracellular regulators that were found to promote
cardiomyocyte cell cycle entry were follistatin-like
1 (Fstl1) and insulin-like growth factor (IGF2). Both
of these extracellular regulators were shown to be
produced by the epicardium [24, 25]. Studies have
demonstrated that inhibiting these two regulators re-
duced cardiomyocyte proliferation[6].
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In addition to signalling pathways, cell cycle regu-
lators, including cyclins, cyclin-dependent kinases, and
proto-oncogenes, are also essential in regulating car-
diomyocyte proliferation. These regulators were found
to be highly expressed in the fetal heart but not in the
adult heart [6]. Cyclins are a family of essential cell cy-
cle regulators that regulate the transition between cell
cycle phases by binding to cyclin-dependent kinases
(CDKs). One of the A-type cyclins, Cycline A2, has
been shown to regulate cardiomyocyte proliferation
by promoting the G1/S and G2/M transitions. Another
essential type from the cyclin family is the D-type cy-
clins, including cyclin D1, D2, and D3. D-type cyclins
bind with CDK4 or CDK6 to promote the transition of
G1 to S phase. D-type cyclins are crucial regulators of
cardiac proliferation during embryonic stages and have
been found to decrease postnatally. D-cyclins’ regula-
tory process will need to be halted at some point in fetal
development to prevent overproliferation and shift the
heart’'s development from hyperplasia to hypertrophy,
which is necessary for postnatal viability. Numerous
factors can induce the inhibition of D-cyclins. Among
the three D-type cyclins, cyclin D1 is arguably the most
discussed, as many studies have pointed out its regu-
latory factors [26].

3, 3, 5-triiodo-L-thyronine (T,) Inhibition
of Cyclin D1

Thyroid hormones are essential regulators of nu-
merous metabolism processes, mitochondrial function,
and thermogenesis. Thyroid hormones are synthesised
as thyroxine (T,), which is then converted to the active
form of 3, 3', 5-triiodo-L-thyronine or triiodothyronine
(T,) by deiodinases. T, has a significantly higher bind-
ing affinity towards thyroid receptors than T, [27]. Many
studies have indicated that thyroid hormones also con-
tribute to the proliferation and differentiation of cardio-
myocytes [28, 29]. During the second half of gestation,
the mammalian fetus experiences a significant matura-
tion process of the hypothalamic-pituitary-adrenal-thy-
roid axis [30]. Studies observed that the increase in T,
plasma concentration in fetal sheep was slow during
the last third of gestation. The T, plasma concentration
then undergoes a rapid increase during the last week
before parturition. This finding is similar to the human
fetus, where T, plasma concentration is commonly un-
measurable until about 30 weeks of gestation. The T,
plasma concentration then rises rapidly at term and an-
other three- to six-fold during the first four to six hours
of the postnatal period. This plateau period during fetal
development coincides with the terminal differentiation
phase of the heart [29].

Studies demonstrated that T, stimulated pathways
that promoted cardiomyocyte differentiation and inhib-
ited proliferation [28, 29, 31]. Studies also reported that

the decrease in cardiomyocyte proliferative capacity
associated with T, was mainly attributed to its inhibitory
effects on cyclin expression [28]. In vivo studies that
evaluated the impact of T, on fetal sheep cardiomyo-
cytes by infusing T, during 125 to 130 days of gestation
found that cardiomyocyte proliferation was reduced. In
contrast, binucleation rates were increased with larger
cells. Genes related to hypertrophy, such as the mam-
malian target of rapamycin (mTOR), atrial natriuretic
peptide (ANP), and sarcoplasmic reticulum Ca?"-AT-
Pase 2A (SERCAZ2A), were also increased. Western
blot analysis of ovine cardiomyocyte lysates showed
that cyclin D1 levels were reduced two-fold after T, ad-
ministration [28, 29]. One possible explanation is that
T, stimulates MAPK/ErK and AKT/PKB pathways, re-
ducing cyclin D1 [32]. T, affects the ErK and AKT sig-
nalling pathways via the intermediate protein Forkhead
box O (FOXO). FOXO is a family of proteins consisting
of FOXO1, FOX03, FOX04, and FOX0O6. FOXO1, in
particular, contributes to cell cycle arrest, energy me-
tabolism, oxidative stress regulation, and apoptosis
in cardiomyocytes. One of the downstream targets of
FOXO1 included cyclin kinase inhibitors [33].

The findings from the abovementioned studies im-
plied that inhibiting T, during the heart’s endogenous
state could preserve its proliferative and regenerative
capacities for a more extended period. However, wheth-
er manipulating T, could induce regenerative effects on
a fully differentiated adult heart remains unclear. The
feasibility of this hypothesis depends on whether or
not the cardiomyocyte maturation, cell cycle exit, and
binucleation processes are reversible [28]. Therefore,
manipulating T, could not solely be used as a potential
treatment for myocardial infarction, as it needs a com-
plementary approach to revert the cardiomyocytes to
their early endogenous proliferative stages.

Hypoxia Induces Cell Cycle Re-entry in Mature
Cardiomyocytes

Several studies have shown that inducing a hypox-
ic environment could revert cardiomyocytes to their en-
dogenous proliferative state, thus promoting the regen-
eration of damaged cells [34-38]. As discussed earlier,
there is a strong association between oxidative stress
from the sudden increase in postnatal oxygen demand
and cardiomyocyte proliferative capacity. The signifi-
cant rise in postnatal mitochondrial energy metabolism
increases ROS production and oxidative stress on car-
diomyocyte DNA [19]. Studies that tried to comprehend
the effect of hypoxia on the heart stemmed from the
idea that, conversely, long-term systemic hypoxemia
might reduce mitochondrial ROS production and in-
duce cell cycle re-entry through the attenuation of ox-
idative DNA damage. The study by Nakada et al. [38]
exposed groups of control and myocardial infarction
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adult mice to a hypoxic condition similar to the summit
of Mt. Everest (7% oxygen) for two weeks. This con-
dition was achieved by gradually decreasing the oxy-
gen tension by 1% daily from 20.9% ambient oxygen
to 7% over two weeks. The study results from both
groups showed decreased mitochondrial metabolism
and oxidative damage in the cardiomyocytes. At the
same time, terminally differentiated cardiomyocytes
were also observed to re-enter the cell cycle. As for
the myocardial infarction group, recovery of left ven-
tricular systolic function and decreased fibrosis were
also observed [34, 38]. Another study by Rigaud et al.
[37], which implemented the same hypoxia protocol for
their intervention, also found that hypoxia significantly
increased the number of cardiomyocytes. However, an
important consideration of this study was the increased
mortality rate in both groups after three weeks of hy-
poxia exposure. This suggested that prolonged expo-
sure to severe hypoxia is generally poorly tolerated
in an otherwise normal mammal [37]. The study then
conducted an additional test using moderate hypoxia
condition of 10% oxygen combined with the adminis-
tration of mitochondrial-ROS scavenger mitoTEMPO
to address this issue. The results showed that there
were also improvements in left ventricular function in
the myocardial infarction group. However, no activity of
cardiomyocyte proliferation was observed as a result of
this intervention [34, 38].

After the success of these animal experiments,
questions have been raised regarding the feasibility
of translating them into human studies. A recent study
named MyoCardioGen, conducted at the German
Aerospace Center by Honemann et al. [36], has proven
that this translation is indeed possible. This study ex-
posed four male human subjects to normobaric hypox-
ia conditions similar to 4500 meters altitude. The inter-
vention was done by gradually decreasing the fraction
of inspired oxygen stepwise by adding nitrogen for over
14 days before maintaining the achieved hypoxia con-
dition for 4.5 days. The results showed improvements
in left ventricular ejection fraction, N-terminal pro-B-
type natriuretic peptide (NT-proBNP) levels, and DNA
repair in peripheral blood mononuclear cells (PBMCs).
Hypoxia-induced pulmonary hypertension manifested
during the intervention period but rapidly resolves af-
ter normoxia recovery [36]. However, similar limitations
to animal experiments persisted in this study, where
interventions with prolonged periods of hypoxia were
not feasible due to its deleterious effects. In addition,
this study only recruited highly selected subjects with
previous altitude acclimatisation experience to tolerate
the hypoxic intervention better, leading to a small study
population. This inclusion criteria and the small study
population could not be fully used to represent the gen-
eral population [36, 39].

The Hypothesis of Combining Hypoxia and T,
Inhibitors as a More Sustainable Approach

Considering that T, inhibition could result in sus-
tained cardiomyocyte proliferative capacity during its
fetal stages and the hypoxia-induced cell cycle re-en-
try approach discussed above, the combination of
both may be a potential breakthrough in the treatment
of myocardial infarction, as each could reinforce the
other’s shortcomings. The inhibition of T, in the adult
heart did not seem to impose any regenerative effects
since T, could only affect cardiomyocytes during their
endogenous proliferative state [28]. This is where the
hypoxia approach comes to light. The induction of a
hypoxic environment was shown to revert differentiated
cardiomyocytes to their endogenous proliferative state,
enabling them to repair their damages. However, pro-
longed exposure to hypoxic conditions is not sustain-
able in patients [34, 36, 38]. Terminating the hypoxia
intervention after cardiomyocytes have reverted to their
endogenous state would lead to the rapid physiologi-
cal maturation induced by T, [28, 29, 31]. Hence, ad-
ministering T, inhibitors after the cardiomyocytes have
been reverted in hypoxic conditions could prevent this
process and enable patients to leave the hypoxic en-
vironment while preserving the heart’s regenerative
capacity. The administration of T, inhibitors could then
be ceased after all the damaged areas of myocardial
infarction have been replaced by new cardiomyocytes
to induce their differentiation into healthy tissues and
prevent overproliferation. This leads to a more sustain-
able approach as patients are not subjected to the del-
eterious effects of prolonged hypoxia exposure.

CONCLUSION

Heart diseases have been a global health issue and
one of the leading causes of global mortality for decades.
Myocardial infarction is one of the primary heart diseas-
es and is strongly associated with permanent injury and
sudden cardiac death. The adult heart’s inherent nature
as a non-regenerative organ due to its cardiomyocytes
losing their proliferative and regenerative capacities at
birth has made it a topic of interest for numerous studies
in regenerative medicine. Recent studies have pointed
out a novel approach to re-inducing cardiomyocytes into
their endogenous proliferative state via hypoxic environ-
ments. However, the sole approach of hypoxia induction
presents its limitations, such as unsustainable prolonged
exposure and the infeasibility of being conducted on the
general population without prior altitude acclimatisation
experience. Therefore, we suggested that combining
hypoxia to revert the cardiomyocytes to their endoge-
nous proliferative state and administering T, inhibitors
afterwards to maintain that particular state could be a
more sustainable approach and a solution to the limita-
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tions presented by previous hypoxia treatment studies.
However, several other factors must be considered be-
fore this hypothesis can be translated into further human
studies. These include other possible overlapping phys-
iological cell cycle regulators that may contribute to the
heart's maturation process, which phase of myocardial
infarction is the most suitable treatment window, which
T, inhibitor drugs are the most ideal for this approach,
and how the administration of T, inhibitors could affect
physiologic thyroid function.

No conflict of interest was declared

References

1. Rehman |, Rehman A. Anatomy, Thorax, Heart. Treasure Is-
land (FL): StatPearls Publishing; 2023.

2. WHO. Cardiovascular diseases [Internet]. World Health Or-
ganization. 2024 [cited 2024 Apr 14]. Available from: https://www.
who.int/health-topics/cardiovascular-diseases#tab=tab_1

3. Salari N, Morddarvanjoghi F, Abdolmaleki A et al. The global
prevalence of myocardial infarction: a systematic review and me-
ta-analysis. BMC Cardiovasc Disord [Internet]. 2023;23(1):1-12.
Available from: https://doi.org/10.1186/s12872-023-03231-w

4. Rohani C, Jafarpoor H, Mortazavi Y et al. Mortality in patients
with myocardial infarction and potential risk factors: A five-year data
analysis. ARYA Atheroscler. 2022;18(May):1-8.

5. Mechanic OJ, Gavin M, Grossman SA. Acute Myocardial In-
farction [Internet]. Treasure Island (FL): StatPearls Publishing; 2023.
Available from: https://www.ncbi.nIm.nih.gov/books/NBK459269/

6. Yester JW, Kihn B. Mechanisms of Cardiomyocyte Prolif-
eration and Differentiation in Development and Regeneration. Curr
Cardiol Rep. 2017;19(2):13.

7. Sachdeva P, Kaur K, Fatima S et al. Advancements in Myo-
cardial Infarction Management: Exploring Novel Approaches and
Strategies. Cureus. 2023;15(9):1-13.

8. Reinecke H, Poppa V, Murry CE. Skeletal muscle stem cells
do not transdifferentiate into cardiomyocytes after cardiac grafting. J
Mol Cell Cardiol. 2002;34(2):241-9.

9. Ghiroldi A, Piccoli M, Cirillo F et al. Cell-based therapies for
cardiac regeneration: A comprehensive review of past and ongoing
strategies. Int J Mol Sci. 2018;19(10):3194.

10. Wang H, Yang Y, Liu J, Qian L. Direct cell reprogramming:
approaches, mechanisms and progress. Nat Rev Mol Cell Biol.
2021;22(6):410-24.

11. Balbi C, Lodder K, Costa A et al. Reactivating endogenous
mechanisms of cardiac regeneration via paracrine boosting using the
human amniotic fluid stem cell secretome. Int J Cardiol [Internet].
2019;287:87-95. https://doi.org/10.1016/j.ijcard.2019.04.011

12. Shapiro SD, Ranjan AK, Kawase Y et al. Cyclin A2 induces
cardiac regeneration after myocardial infarction through cytokinesis
of adult cardiomyocytes. Sci Transl Med. 2014;6(224):1-12.

13. Nguyen NUN, Cancesco DC, Xiao F et al. A calci-
neurin-Hoxb13 axis regulates growth mode of mammalian cardiomy-
ocytes. Nature. 2020;582(7811):271-6.

14. Honemann JN, Gerlach D, Hoffmann F et al. Hypoxia and
Cardiac Function in Patients with Prior Myocardial Infarction. Circ
Res. 2023;132(9):1165-7.

15. Windmueller R, Leach JP, Babu A et al. Direct Comparison of
Mononucleated and Binucleated Cardiomyocytes Reveals Molecu-
lar Mechanisms Underlying Distinct Proliferative Competencies. Cell
Rep. 2020;30(9):3105-16.

16. Thornburg K, Jonker S, O’'Tierney P et al. Regulation of the
cardiomyocyte population in the developing heart. Prog Biophys Mol

Biol [Internet]. 2011;106(1):289-99. http://dx.doi.org/10.1016/j.pbio-
molbio.2010.11.010

17. Jonker SS, Zhang L, Louey S et al. Myocyte enlargement,
differentiation, and proliferation kinetics in the fetal sheep heart. J
Appl Physiol. 2007;102(3):1130-42.

18. Filippi L, Pascarella F, Pini A et al. Fetal Oxygenation from
the 23rd to the 36th Week of Gestation Evaluated through the Um-
bilical Cord Blood Gas Analysis. Int J Mol Sci. 2023;24(15):12487.

19. Schraps N, Tirre M, Pyschny S et al. Cardiomyocyte matu-
ration alters molecular stress response capacities and determines
cell survival upon mitochondrial dysfunction. Free Radic Biol Med.
2024;213:248-65.

20. Zhou B, Lin W, Long Y et al. Notch signaling pathway: architec-
ture, disease, and therapeutics. Signal Transduct Target Ther. 2022;7:95.

21. Luxan G, D’Amato G, MacGrogan D, De La Pompa JL. En-
docardial Notch Signaling in Cardiac Development and Disease. Circ
Res. 2016;118(1):e1-18.

22. Wang Y, Wei J, Zhang P et al. Neuregulin-1, a potential ther-
apeutic target for cardiac repair. Front Pharmacol. 2022;13:1-21.

23. Boueid MJ, Mikdache A, Lesport E et al. Rho GTPases Sig-
naling in Zebrafish Development and Disease. Cells. 2020;9(12):1-20.

24. Payan SM, Hubert F, Rochais F. Cardiomyocyte prolifera-
tion, a target for cardiac regeneration. Biochim Biophys Acta - Mol
Cell Res [Internet]. 2020;1867(3):118461. Available from: https://doi.
org/10.1016/j.bbamcr.2019.03.008

25. Li S, Ma W, Cai B. Targeting cardiomyocyte proliferation as a key
approach of promoting heart repair after injury. Mol Biomed. 2021;2:34.

26. Salama ABM, Gebreil A, Mohamed TMA, Abouleisa RRE.
Induced cardiomyocyte proliferation: A promising approach to cure
heart failure. Int J Mol Sci. 2021;22(14).

27. Shahid MA, Ashraf MA, Sharma S. Physiology, Thyroid Hor-
mone [Internet]. Treasure Island (FL): StatPearls Publishing; 2023.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK500006/

28. Ross |, Omengan DB, Huang GN, Payumo AY. Thyroid hor-
mone-dependent regulation of metabolism and heart regeneration. J
Endocrinol. 2022;252(3):R73-84.

29. Chattergoon NN. Thyroid hormone signaling and consequenc-
es for cardiac development. J Endocrinol. 2019;242(1):T145-60.

30. Sheng JA, Bales NJ, Myers SA et al. The Hypothalam-
ic-Pituitary-Adrenal Axis: Development, Programming Actions of
Hormones, and Maternal-Fetal Interactions. Front Behav Neurosci.
2021;14:601939.

31. Tampakakis E, Mahmoud Al. The role of hormones and
neurons in cardiomyocyte maturation. Semin Cell Dev Biol.
2021;118:136-43.

32. Liu YC, Yeh CT, Lin KH. Molecular Functions of Thyroid Hor-
mone Signaling in Regulation of Cancer Progression and Anti-Apop-
tosis. Int J Mol Sci. 2019;20(20):4986.

33. Ferdous A, Wang Z V., Luo Y et al. FoxO1-Dio2 signaling
axis governs cardiomyocyte thyroid hormone metabolism and hy-
pertrophic growth. Nat Commun [Internet]. 2020;11:2551. Available
from: http://dx.doi.org/10.1038/s41467-020-16345-y

34. Kimura W, Nakada Y, Sadek HA. Hypoxia-induced myocardi-
al regeneration. J Appl Physiol. 2017;123(6):1676-81.

35. Eschenhagen T. Hypoxia to Stimulate Cardiomyocyte Prolif-
eration after MI? A Word of Caution. Circ Res. 2023;132(6):741-3.

36. Honemann JN, Gerlach D, Hoffmann F et al. Hypoxia and
Cardiac Function in Patients with Prior Myocardial Infarction. Circ
Res. 2023;132(9):1165-7.

37. Rigaud VOC, Zarka C, Kurian J et al. UCP2 modulates car-
diomyocyte cell cycle activity, acetyl-CoA, and histone acetylation in
response to moderate hypoxia. JCI Insight. 2022;7(15):e155475.

38. Nakada Y, Canseco DC, Thet S et al. Hypoxia induces heart
regeneration in adult mice. Nature [Internet]. 2017;541:222—7. Avail-
able from: http://dx.doi.org/10.1038/nature20173

39. German Clinical Trials Register. Myocardial Regeneration by
Hypoxia in Humans [Internet]. Federal Institute for Drugs and Med-
ical Devices. 2023 [cited 2024 Aug 30]. Available from: https://drks.
de/search/en/tria/ DRKS00013772



