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Notoriously, the adult mammalian heart has a very limited ability to regenerate its functional cardiac cells,

cardiomyocytes, after injury. However, the neonatal mammalian heart has a window of regeneration that allows for

the repair and renewal of cardiomyocytes after injury. This specific timeline has been of interest in the field of

cardiovascular and regenerative biology as a potential target for adult cardiomyocyte repair.
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1. Introduction

Heart failure has been the leading cause of death worldwide for many years, making it a major public health and

clinical concern globally . Because of the detrimental and devastating effect heart failure induces

on  our  population, it is crucial to understand the pathology and progression of the disease to find improved

treatments and clinical approaches.

Current clinical approaches have been modest at best. Most treatments, including hypertensive medications,

diuretics, and lifestyle changes, have helped decrease the risk factors of cardiovascular disease and heart failure

, but there is currently no cure for heart failure . To truly cure heart failure, the use of heart transplants and stem

cells has been the major focus of most research . More dire and aggressive measures are needed for heart

failure treatment because the adult heart has a limited ability to regenerate after injury . Specifically, the adult

cardiomyocytes or muscle cells in the heart do not grow and divide frequently, leading to a loss of functional cells in

the heart after an injury that is often replaced by scarring . The use of stem cells was originally hypothesized

as an option for cardiac cell replacement because of the ability of some stem cells to differentiate into

cardiomyocyte-like cells and replaced any lost cardiomyocytes after injury. This is a major area of research

currently, but engraftment issues, immune responses, and actual clinical approaches have still caused barriers to

stem cell use in patients . Thus, unfortunately, heart transplants are rare and stem cells have been less than

promising. This has led to new cardiac-based therapeutics, including cardiac regeneration and epigenetic

regulation of cardiac cells, specifically of cardiomyocytes .

Cardiac regeneration has been of interest because of the important timeline of cardiomyocyte development. The

embryonic and neonatal mammalian heart has the ability to grow and repair after injury, but the adult mammalian

heart has a subsequent inability to regenerate cardiomyocytes . The embryonic mammalian heart can

regenerate and grow cardiomyocytes in cycles of proliferation. Often, these new cardiomyocytes are derived from
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progenitor cells utilized during embryonic development . The neonatal mammalian heart does have the ability

to regenerate after injury. It is usually summarized that within the first week of life, neonatal murine cardiomyocytes

can proliferate. More recent  studies have narrowed this down to within the first two days of life, stating that

neonatal mice can fully recover only after an aggressive injury that is received within the first two days after birth

. For other animals and models, this window of regeneration can vary . However, for all mammals, once

into adulthood, the ability of the heart to regenerate cardiomyocytes is lost, especially after severe injury . Unlike

mammals, the  Danio rerio  (zebrafish) is an exception to this ability. Zebrafish have cardiomyocytes that can

regenerate into adulthood. Zebrafish can fully repair an adult heart after injury, making them a model organism

to study cardiac regeneration .

Because there is such a distinct window of regeneration in most mammalian organisms, cardiomyocyte

regeneration regulation has been a major area of focus in mouse, rat, and zebrafish models. Often, neonatal heart

injury can be induced via apical resection, and a neonatal mouse heart can regenerate and heal to become fully

functioning . The ability is then lost into adulthood. Due to the regenerative potential of neonatal hearts, targeting

neonatal regenerative genes and signaling has been considered for adult heart mechanisms, specifically after

injury . Current research has found that some developmental genes could be a major target , but the

standout of these findings has narrowed major changes to epigenetic modifications .

Epigenetic modifications are chemical modifications that occur on top of the DNA, outside of the normal genetic

coding . Often, epigenetic regulation dictates chromatin structure and accessibility . Epigenetic modifications

and their subsequent chromatic regulation play a major role in compacting the DNA that is wrapped around

histones within the nucleus of the cell, which can affect gene expression and DNA binding proteins . These

epigenetic modifiers often fall into three main roles: writers, readers, or erasers .

2. Mammalian Cardiomyocyte Development and
Differentiation

Cardiomyocytes are the main functional cells in the heart. They are responsible for the contraction and relaxation

within the heart muscle , which has directly correlated these cells to heart function via echocardiography and

histological measurements . Often, with the loss of functional cardiomyocytes after injury, there is a decrease

in heart function as measured by ejection fraction, fractional shortening, and cardiac output . Because

mammalian cardiomyocytes have a very specific ability to regenerate in the early stages of development, it is vital

to understand the epigenetic differences and changes that occur in adult cardiomyocytes. Embryonically,

cardiomyocytes are derived from the mesoderm during gastrulation. Specifically, these cardiac precursor cells form

a cardiac crescent, which is often where committed cardiovascular cells are found during development . The

commitment to the cardiac lineage is often associated with transcription factors, such as Nkx2.5 and Gata4 .

Interestingly, more recently, this has also been connected to epigenetic changes, including increased histone

modifications, DNA methylation, and chromatin remodeling, directly regulating cardiomyocyte differentiation genes

and pathways . In a neonatal heart, the cardiomyocytes have a unique ability to regenerate during the first few

days after birth . It has been found that earlier in the neonatal stages, the cardiomyocytes have increased ability
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to repair after injury, respond to immunological challenges, and even divide regularly often due to changes in

chromatin accessibility and epigenetic regulation .

The neonatal mammalian cardiomyocytes eventually become terminally differentiated . These are deemed the

mature adult cardiomyocytes, which are known for the contractile function in the adult heart muscle. Once the

cardiomyocytes become terminally differentiated, they can no longer regenerate. Importantly, this means they do

not go through the cell cycle regularly . Thus, neonatal cardiomyocytes are often categorized by genes that are

associated with this dedifferentiated state or ability to transition through the cell cycle , while adult

cardiomyocytes are often labeled and characterized by genes that are associated with this terminally differentiated

state . Additionally, adult cardiomyocytes are often characterized by their mitochondrial function, which can

provide a detailed understanding of the adult cell metabolism . The maturation of adult cardiomyocytes is

associated with the cell’s terminal structure, metabolism, and function of differentiated cardiomyocytes .

Normally, the need for new mature cardiomyocytes is not necessary in the adult heart. However, after injury or

stress, the heart loses adult cardiomyocytes and can no longer grow and replace the lost cells . This results in

the cells being replaced by proliferative pathological fibroblasts, which increase scarring and decreases heart

function. Overall, this cellular replacement can have long-lasting negative effects on health and heart function .

Because of these monumental changes, targeting the differences between the differentiated adult cardiomyocytes

and their neonatal counterparts have been of interest, with the overall goal of reprogramming adult cardiomyocyte

to be like their neonatal counterparts . One of the most substantial methods for this theory has been through

epigenetic regulation in neonatal versus adult mammalian cardiomyocytes.

References

1. Roger, V.L. Epidemiology of Heart Failure. Circ. Res. 2013, 113, 646–659.

2. Dahlöf, B. Cardiovascular Disease Risk Factors: Epidemiology and Risk Assessment. Am. J.
Cardiol. 2010, 105, 3A–9A.

3. Rodgers, A. A Cure for Cardiovascular Disease? BMJ 2003, 326, 1407–1408.

4. Li, S.-C.; Wang, L.; Jiang, H.; Acevedo, J.; Chang, A.C.; Loudon, W.G. Stem cell engineering for
treatment of heart diseases: Potentials and challenges. Cell Biol. Int. 2009, 33, 255–267.

5. Smits, J.M.; De Pauw, M.; de Vries, E.; Rahmel, A.; Meiser, B.; Laufer, G.; Zuckermann, A. Donor
scoring system for heart transplantation and the impact on patient survival. J. Hear. Lung
Transplant. 2012, 31, 387–397.

6. Laflamme, M.A.; Murry, C.E. Heart regeneration. Nature 2011, 473, 326–335.

7. Eschenhagen, T.; Bolli, R.; Braun, T.; Field, L.J.; Fleischmann, B.K.; Frisén, J.; Giacca, M.; Hare,
J.M.; Houser, S.; Lee, R.T.; et al. Cardiomyocyte Regeneration: A Consensus Statement.
Circulation 2017, 136, 680–686.

[25]

[35]

[36]

[37]

[38]

[39]

[23]

[40]

[41]

[42]



Mammalian Cardiomyocyte Development and Differentiation | Encyclopedia.pub

https://encyclopedia.pub/entry/30707 4/6

8. Gong, R.; Jiang, Z.; Zagidullin, N.; Liu, T.; Cai, B. Regulation of cardiomyocyte fate plasticity: A
key strategy for cardiac regeneration. Signal Transduct. Target. Ther. 2021, 6, 31.

9. Kim, Y.-J.; Tamadon, A.; Kim, Y.-Y.; Kang, B.-C.; Ku, S.-Y. Epigenetic Regulation of Cardiomyocyte
Differentiation from Embryonic and Induced Pluripotent Stem Cells. Int. J. Mol. Sci. 2021, 22,
8599.

10. Jiang, Y.; Park, P.; Hong, S.-M.; Ban, K. Maturation of Cardiomyocytes Derived from Human
Pluripotent Stem Cells: Current Strategies and Limitations. Mol. Cells 2018, 41, 613–621.

11. Soler-Botija, C.; Forcales, S.V.; Bayes-Genis, A. Spotlight on epigenetic reprogramming in cardiac
regeneration. Semin. Cell Dev. Biol. 2019, 97, 26–37.

12. Günthel, M.; Barnett, P.; Christoffels, V.M. Development, Proliferation, and Growth of the
Mammalian Heart. Mol. Ther. 2018, 26, 1599–1609.

13. Nakada, Y.; Kimura, W.; Sadek, H.A. Defining the Limit of Embryonic Heart Regeneration.
Circulation 2015, 132, 77–78.

14. Lam, N.; Sadek, H.A. Neonatal Heart Regeneration. Circulation 2018, 138, 412–423.

15. Sadek, H.A.; Porrello, E.R. Neonatal heart regeneration: Moving from phenomenology to
regenerative medicine. J. Thorac. Cardiovasc. Surg. 2020, 159, 2451–2455.

16. Nishiyama, C.; Saito, Y.; Sakaguchi, A.; Kaneko, M.; Kiyonari, H.; Xu, Y.; Arima, Y.; Uosaki, H.;
Kimura, W. Prolonged Myocardial Regenerative Capacity in Neonatal Opossum. Circulation 2022,
146, 125–139.

17. Sadek, H.; Olson, E.N. Toward the Goal of Human Heart Regeneration. Cell Stem Cell 2020, 26,
7–16.

18. Cui, B.; Zheng, Y.; Sun, L.; Shi, T.; Shi, Z.; Wang, L.; Huang, G.; Sun, N. Heart Regeneration in
Adult Mammals after Myocardial Damage. Acta Cardiol. Sin. 2018, 34, 115–123.

19. Beffagna, G. Zebrafish as a Smart Model to Understand Regeneration After Heart Injury: How
Fish Could Help Humans. Front. Cardiovasc. Med. 2019, 6, 107.

20. Bryant, D.M.; O’Meara, C.C.; Ho, N.N.; Gannon, J.; Cai, L.; Lee, R.T. A systematic analysis of
neonatal mouse heart regeneration after apical resection. J. Mol. Cell. Cardiol. 2014, 79, 315–
318.

21. Foglia, M.; Poss, K.D. Building and re-building the heart by cardiomyocyte proliferation.
Development 2016, 143, 729–740.

22. Leri, A.; Rota, M.; Pasqualini, F.S.; Goichberg, P.; Anversa, P. Origin of Cardiomyocytes in the
Adult Heart. Circ. Res. 2015, 116, 150–166.

23. Guo, Y.; Pu, W.T. Cardiomyocyte Maturation. Circ. Res. 2020, 126, 1086–1106.



Mammalian Cardiomyocyte Development and Differentiation | Encyclopedia.pub

https://encyclopedia.pub/entry/30707 5/6

24. Hashmi, S.; Ahmad, H. Molecular switch model for cardiomyocyte proliferation. Cell Regen. 2019,
8, 12–20.

25. Cui, M.; Wang, Z.; Bassel-Duby, R.; Olson, E.N. Genetic and epigenetic regulation of
cardiomyocytes in development, regeneration and disease. Development 2018, 145, dev171983.

26. Oyama, K.; El-Nachef, D.; Zhang, Y.; Sdek, P.; MacLellan, W.R. Epigenetic regulation of cardiac
myocyte differentiationâ€. Front. Genet. 2014, 5, 375.

27. Handy, D.E.; Castro, R.; Loscalzo, J. Epigenetic modifications: Basic mechanisms and role in
cardiovascular disease. Circulation 2011, 123, 2145–2156.

28. Khalil, C.A. The emerging role of epigenetics in cardiovascular disease. Ther. Adv. Chronic Dis.
2014, 5, 178–187.

29. Gibney, E.; Nolan, C. Epigenetics and gene expression. Heredity 2010, 105, 4–13.

30. Gillette, T.G.; Hill, J.A. Readers, Writers, and Erasers. Circ. Res. 2015, 116, 1245–1253.

31. Woodcock, E.A.; Matkovich, S.J. Cardiomyocytes structure, function and associated pathologies.
Int. J. Biochem. Cell Biol. 2005, 37, 1746–1751.

32. Bensley, J.; De Matteo, R.; Harding, R.; Black, J.M. Three-dimensional direct measurement of
cardiomyocyte volume, nuclearity, and ploidy in thick histological sections. Sci. Rep. 2016, 6,
23756.

33. Baudouy, D.; Michiels, J.-F.; Vukolic, A.; Wagner, K.-D.; Wägner, N. Echocardiographic and
Histological Examination of Cardiac Morphology in the Mouse. J. Vis. Exp. 2017, 55843.

34. Kuhn, E.N.; Wu, S.M. Origin of cardiac progenitor cells in the developing and postnatal heart. J.
Cell. Physiol. 2010, 225, 321–325.

35. Lian, X.; Zhang, J.; Azarin, S.M.; Zhu, K.; Hazeltine, L.B.; Bao, X.; Hsiao, C.; Kamp, T.J.; Palecek,
S.P. Directed cardiomyocyte differentiation from human pluripotent stem cells by modulating Wnt/
β-catenin signaling under fully defined conditions. Nat. Protoc. 2012, 8, 162–175.

36. Yester, J.W.; Kühn, B. Mechanisms of Cardiomyocyte Proliferation and Differentiation in
Development and Regeneration. Curr. Cardiol. Rep. 2017, 19, 13.

37. Mohammadi, M.M.; Kattih, B.; Grund, A.; Froese, N.; Korf-Klingebiel, M.; Gigina, A.; Schrameck,
U.; Rudat, C.; Liang, Q.; Kispert, A.; et al. The transcription factor GATA 4 promotes myocardial
regeneration in neonatal mice. EMBO Mol. Med. 2017, 9, 265–279.

38. Graham, E.L.; Balla, C.; Franchino, H.; Melman, Y.; Del Monte, F.; Das, S. Isolation, Culture, and
Functional Characterization of Adult Mouse Cardiomyoctyes. J. Vis. Exp. 2013, 79, e50289.

39. Garbern, J.C.; Lee, R.T. Mitochondria and metabolic transitions in cardiomyocytes: Lessons from
development for stem cell-derived cardiomyocytes. Stem Cell Res. Ther. 2021, 12, 1–25.



Mammalian Cardiomyocyte Development and Differentiation | Encyclopedia.pub

https://encyclopedia.pub/entry/30707 6/6

40. Chiong, M.; Wang, Z.V.; Pedrozo, Z.; Cao, D.J.; Troncoso, R.; Ibacache, M.; Criollo, A.;
Nemchenko, A.; Hill, J.A.; Lavandero, S. Cardiomyocyte death: Mechanisms and translational
implications. Cell Death Dis. 2011, 2, e244.

41. Talman, V.; Ruskoaho, H. Cardiac fibrosis in myocardial infarction—From repair and remodeling
to regeneration. Cell Tissue Res. 2016, 365, 563–581.

42. Porrello, E.R.; Mahmoud, A.I.; Simpson, E.; Johnson, B.A.; Grinsfelder, D.; Canseco, D.;
Mammen, P.P.; Rothermel, B.A.; Olson, E.N.; Sadek, H.A. Regulation of neonatal and adult
mammalian heart regeneration by the miR-15 family. Proc. Natl. Acad. Sci. USA 2013, 110, 187–
192.

Retrieved from https://encyclopedia.pub/entry/history/show/73452


