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Abstract

The neonatal capacity for cardiac regeneration in mice is well-studied and has been used to 

develop many potential strategies for adult cardiac regenerative repair following injury. However, 

translating these findings from rodents to designing regenerative therapeutics for adult human 

heart disease remains elusive. Large mammals including pigs, dogs, and sheep are widely used as 

animal models of humans in preclinical trials of new cardiac drugs and devices. However, very 

little is known about the fundamental cardiac cell biology and the timing of postnatal cardiac 

events that influence cardiomyocyte proliferation in these animals. There is emerging evidence 

that external physiological and environmental cues could be the key to understanding 

cardiomyocyte proliferative behavior. In this review, we survey available literature on postnatal 

development in various large-mammal animal models to offer a perspective on the physiological 

and cellular characteristics that could be regulating cardiomyocyte proliferation. Similarities and 

differences between developmental milestones, cardiomyocyte maturational events, as well as 

environmental cues regulating cardiac development, are discussed for various large mammals, 

with a focus on postnatal cardiac regenerative potential and translatability to the human heart.
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I. Introduction

Congenital heart defects are the most lethal of anomalies in the first year of life and 

cardiovascular disease is the leading cause of death worldwide [1,2]. These lethal conditions 

are aggravated by the limited ability of cardiac muscle to repair or regenerate in adult 

mammals. Studies in mice reported several years ago provide evidence that the heart can 

regenerate after injury in the first few days after birth [3,4]. This finding has led to intensive 

research efforts directed towards understanding how regeneration in mammalian hearts 

occurs and what causes loss of regenerative ability. Moreover, there is increasing evidence 

that inducing developmental or regenerative pathways in adult mouse cardiomyocytes can 

promote cardiac repair after myocardial infarction [5,6]. However, relatively little is known 

of cardiac regeneration or repair mechanisms in larger mammals, including humans. Current 

efforts are directed towards examining postnatal heart development in large animal models 

as a means to understand human heart development, particularly since the US Food and 

Drug Administration (FDA) requires large mammal models to translate devices and potential 

therapies based on studies in mice and zebrafish.

Cardiac maturation events, such as the timing of cell cycle arrest, multinucleation, 

polyploidy, expression of mature sarcomeric proteins, and induction of cardiomyocyte 

hypertrophic growth, are likely variable across mammalian species. Available studies 

support differences in postnatal maturation and regenerative potential in rodents and large 

animals used for laboratory studies, when compared to the human heart [7]. Further, the 

impact of physiological differences between the various model animal species, such as 

gestation time, age at weaning, age at sexual maturity, and growth rate, on postnatal cardiac 

maturation has also not been taken into account in their use as models of human heart 

development and regenerative capacity [8]. The conservation of such characteristics across 

different species has important implications for translating findings from these mammalian 

model systems to human congenital heart repair or treatment of heart failure.

Before birth, the mammalian heart grows primarily through proliferation of differentiated, 

mononucleated cardiomyocytes that undergo complete cytokinesis to form new 

cardiomyocytes [9]. After birth, the ability of differentiated cardiomyocytes to proliferate 

and generate new muscle is lost, which is a major disadvantage for correction of congenital 

malformations or cardiac repair after injury [3]. The timing of cardiomyocyte cell cycle 

arrest and loss of regenerative ability after birth has been extensively studied in rodents, but 

information for large mammals is lacking [8]. In humans, there is no consensus on 

cardiomyocyte proliferative capacity after birth [10–12]. One study estimating mitotic and 

cytokinetic indices in neonates and children suggests that total cardiomyocyte number 

continues to increase after birth, with about 3-fold increase in cardiomyocyte number 

measured by 20 years of age [10]. Alternatively, human cardiomyocyte generation rates 

based on radiolabeling led to lower estimates of newly-formed cardiomyocytes in children 

and young adults [11,12]. Therefore, the exact proliferative capacity and timing of 

cardiomyocyte cell cycle arrest in postnatal humans is still not known. A case report 

published in 2016 described surprising recovery of heart function after neonatal heart injury 

in a human infant [13]. This has led to much speculation in the field regarding the ability of 

the postnatal human heart to repair after injury, with implications for the timing of surgical 
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repair of congenital heart defects in infants. However, definitive findings on the proliferative 

or regenerative abilities of large mammals including pigs, dogs, sheep, and nonhuman 

primates have not been reported. Here we review published information on postnatal heart 

maturation and cardiomyocyte cell cycling as a means to assess the potential of the postnatal 

heart to repair or regenerate in various mammals.

II. Cardiac regeneration in common verterbrate laboratory animal models

Cardiac regeneration was first characterized in salamanders and zebrafish where new cardiac 

muscle is generated after resection of up to 20% of the adult heart [14,15]. Cell lineage 

tracing in zebrafish demonstrated that the newly-formed muscle arises from pre-existing 

cardiomyocytes which dedifferentiate, proliferate, and regenerate [16,17]. Notably, the new 

heart muscle forms in the absence of a collagen-rich scar, which is in contrast to mammalian 

adult cardiac injury [15]. Zebrafish heart regeneration is enabled by proliferation of 

mononucleated cardiomyocytes and signaling from the epicardium [18]. Ploidy of 

cardiomyocytes affects cardiac regenerative ability with diploid cardiomyocytes capable of 

proliferation and formation of new muscle after injury [19]. Thus, the innate cardiac 

regenerative capacity in zebrafish includes cardiomyocyte proliferation, induction of 

regenerative signals from the epicardium, and lack of fibrosis or scar formation.

Mammalian cardiac regeneration after ventricular resection was first observed in neonatal 

mice, where new heart muscle was formed by proliferation of existing cardiomyocytes [3]. 

The regenerative period in mice ends soon after birth, within 3–7 days. During this period, 

cardiomyocytes become binucleated, undergo cell cycle arrest, and initiate hypertrophic 

growth [20]. At the same time, circulatory demands increase, oxidative metabolism is 

induced, cardiac fibroblasts produce collagen-rich extracellular matrix (ECM), and 

circulating macrophages take up residence in the heart [21]. The ability of hearts to 

regenerate or repair after injury has been linked to ploidy and mononucleation in a 

comparative study of mouse strains [22]. ECM stiffness and presence of cardiac fibroblasts 

also have been implicated in cardiomyocyte maturation and cell cycle arrest [23–25]. 

Macrophages are also necessary for postnatal heart regeneration, most likely through 

promoting angiogenesis needed for cardiac vascularization after birth [26]. The exposure of 

neonatal mice to atmospheric oxygen at birth has been proposed as the means of loss of 

regenerative capacity through induction of oxidative damage, and hypoxia can prolong the 

regenerative period after birth or promote repair after injury in adults [27,28]. Moreover, 

thyroid hormone signaling has been implicated in postnatal cardiomyocyte cell cycle arrest, 

loss of regenerative ability, and increased metabolic rates in mice [29]. It is currently not 

known if these mechanisms related to loss of regenerative ability of the postnatal mouse 

heart extend to larger mammals with much longer gestation times, increased size, and 

greater cardiac tissue complexity at birth.

III. Cardiac regenerative potential after birth in large animal models

While rodents undergo neonatal cardiomyocyte proliferative arrest and a switch to 

hypertrophic growth within a few days after birth, how this relates to neonatal proliferative 

capacity in larger mammals, including humans, is unknown. Further, in order for the 
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regenerative repair induced by various approaches in the injured adult mouse heart to be 

developed into viable therapies for human heart disease, clinical trials are required in large 

animal models to show efficacy of the proposed therapeutic strategy. Pigs, sheep, dogs, and 

non-human primates are the most common animals utilized in cardiac preclinical trials, but 

cats, cows, and horses also are occasionally used [30]. However, the fundamental cell 

biology of the heart, particularly cardiomyocyte proliferation and growth mechanisms, is 

largely uncharacterized in these animals. It is thus important to first know the major events 

in postnatal heart maturation, as well as the characteristics of the cardiac cellular milieu, 

when considering which type of large animal to use for preclinical studies of cardiovascular 

devices and reparative therapies. Recently published initial reports suggest that pigs have a 

similar neonatal regenerative period as mice, with regenerative potential being lost by 3 days 

after birth [31,32]. However, it is not known how this neonatal maturation and limited 

regenerative capacity compares to human postnatal heart repair mechanisms. Ultimately, it is 

imperative to identify the ideal mammalian model that recapitulates postnatal human cardiac 

development for translation of therapeutic advances in cardiac repair from animal model 

systems to humans. Here, we discuss fundamental physiology of various model systems 

alongside features of postnatal cardiac development, to offer a perspective on the 

physiological and cellular similarities that could be used as a starting point for translatability 

from large animal models to human postnatal cardiac development.

A. Impact of physiology and developmental milestones on postnatal heart growth

Species-specific physiological features such as gestation times, intrauterine environment, 

offspring number per birth, precociality at birth, as well as growth rate post-birth, could all 

have significant influence on postnatal cardiac development, but are largely 

underappreciated when selecting large-mammal models to study human cardiac regenerative 

potential [8]. It may prove important to consider the impact of such developmental 

milestones when studying postnatal cardiomyocyte proliferative capacity and defining the 

mammalian heart regenerative period (Table 1).

In mice, gestation lasts for 19 days, following which the neonatal mouse undergoes rapid 

development post-birth. Weaning occurs in mice at 21 days post-birth (P21) and sexual 

maturity by 6 – 8 weeks, with a total lifespan of 2 to 3 years in protected environments such 

as laboratories [33]. In contrast, human gestational duration is 9 months, with sexual 

maturity reached between 12 to 17 years after birth and an average life span of 

approximately 85 years [34,35]. Apart from the timing of such physiological milestones, in 
utero environment could also play a vital role in fetal mammalian heart development as well 

as the timing of terminal differentiation and cell cycle arrest of cardiomyocytes post-birth. 

While human pregnancies generally involve the development of one fetus per pregnancy 

(singletons), in commonly-used mammalian model systems such as rodents, pigs, and dogs, 

an average of 6–10 offspring (litter) are produced per birth [36–38]. In sheep and cattle, 

however, singleton births are seen, with a gestational age of 4.7 months and 9 months 

respectively [34,39,40]. It is unknown how the environmental cues resulting from different 

numbers of offspring and uterine environment influence cardiac growth and proliferative 

capacity.
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Differences in postnatal growth rates leading to variable demands for cardiac output and 

cardiac load may also affect cardiac growth patterns of cardiomyocyte hyperplasia and 

hypertrophy. Farm animals such as domestic pigs, including the large White Yorkshire-

Landrace breed, are used for meat production and are hence selected for rapid growth after 

birth, with over a 100-fold increase in total body weight between birth and one year-of-age 

[41]. Also, in hoofed mammals, such as pigs, sheep, and cows, newborns are precocial 

(mobile within the first few hours after birth). In contrast, rodents, canines, felines, and 

primates are born relatively helpless (altricial) and are entirely dependent on parental care 

for the first few weeks to years after birth depending on the species, with mobility achieved 

gradually [42]. These physiological parameters likely affect cardiac development and 

proliferative capacity, hypertrophic growth (longitudinal vs. concentric growth), and 

nucleation (mono/binucleation vs. multinucleation) of cardiomyocytes in different species of 

mammals.

B. Cardiomyocyte characteristics in large animal models

i. Hyperplastic versus hypertrophic growth of the postnatal heart—The 

transition from hyperplastic to hypertrophic growth coincides with loss of proliferative 

capacity in murine cardiomyocytes. Beyond two weeks, cardiac growth in rodents is through 

increasing cell size, with no new myocytes contributing to the increase in overall heart size 

[43]. Hence, a switch to hypertrophic cardiac growth has been linked to the timing of loss of 

cardiomyocyte proliferative capacity in the postnatal murine heart. However, the relationship 

between hyperplastic and hypertrophic growth mechanisms in large mammals is not 

completely understood. It is also not known whether there could be species-specific 

variation in cardiac growth mechanisms due to the physiological factors such as gestation 

time, number of offspring per birth, and maturity at birth.

Some similarities in timing of cardiac hypertrophic switch could be postulated in 

mammalian animal models on the basis of gestational duration and when comparing animals 

exhibiting litter births against animals having singleton pregnancies. In swine, which exhibit 

litter births and a gestation time of 3.7 months, cardiomyocyte length increases by 54% 

between birth and 2 postnatal weeks, which coincides with a 333% increase in left 

ventricular weight along with an increase in overall nuclear content [44,45]. This would 

indicate a combination of both hypertrophic growth and cardiomyocyte proliferation in the 

neonatal pig hearts. In older pigs greater than 6 months-of-age, however, it was visually seen 

that cardiomyocytes have increased length, concurrent with extensive multinucleation [46]. 

In canines, which have a gestation time of 2 months and also exhibit litter births, the right 

ventricle weighs significantly more than the left ventricle in newborns. However, by 

postnatal day 3 (P3), the left and right ventricular weights were equalized, and beyond P7, 

the left ventricle weighed more than the right, consistent with increased circulatory demands 

of systemic circulation [47]. In another study in canines, left ventricular weight was found to 

increase linearly after birth without apparent increase in cell size of mononucleated 

cardiomyocytes for the first 6 weeks after birth [48]. However, at 38 weeks post-birth, 

canine cardiomyocytes exhibited hypertrophic growth, with cardiomyocyte volume reaching 

19 times that of newborn cardiomyocytes. The average diameter of canine cardiomyocytes 

reaches adult size by 6 – 8 months [49]. Together, this would indicate a brief neonatal 
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window of about a week post-birth in which LV mass increases by proliferation rather than 

hypertrophy in dogs, with transition towards hypertrophic growth occurring beyond the first 

postnatal month.

There is, therefore, a delay relative to rodents in the timing of complete switch from 

hyperplastic to hypertrophic mode of cardiomyocyte growth in larger animals with longer 

gestational periods, such as dogs and pigs, despite the similarity in timing of weaning (~3 

weeks post-birth) and occurrence of litter births among these three species. Further, timing 

of hypertrophy appears to be similar between canines and swine, though the former exhibits 

altriciality while the latter is precocial at birth. For both species, definitive studies of 

cardiomyocyte proliferation and maturation after birth are needed.

In sheep, with a gestation period of nearly 5 months for 1–2 precocial offspring, terminal 

differentiation and increased cardiomyocyte cross-sectional area occur even before birth, 

with cell volumes increased in the left ventricular free wall in the last 40 days of gestation 

[50,51]. Thus, both hyperplasia and hypertrophy contribute to the growth of the perinatal 

sheep heart. By 4 to 6 weeks after birth, significantly increased cardiomyocyte cell size and 

a reduction in total myocyte number per area were observed in sheep hearts, indicating 

transition to hypertrophic cardiomyocyte growth by one month of age [52]. This would 

suggest that among larger mammals, the timing of the cardiomyocyte hypertrophic switch 

may be dependent on the number of offspring in utero as well as gestation time, possibly due 

to differences in environmental cues such as hormones and intrauterine hypoxia that shape 

cardiac development, discussed in later sections. However, the mode of cardiac hypertrophy, 

i.e. longitudinal growth vs. concentric growth of muscle fibers, may be related to the 

precociality of an animal at birth, placing increased cardiac demands in these animals 

compared to an altricial newborn.

ii. Timing of increased nucleation and ploidy in cardiomyocytes—
Mononucleated proliferative cardiomyocytes are predominant at birth in rodents [43]. By 2 

weeks after birth, greater than 90% of all murine cardiomyocytes are binucleated, with each 

nucleus having diploid (2C) DNA content, which is maintained in adult animals [43,53,54]. 

In adult humans, cardiomyocytes are predominantly mononucleated, with lower incidence of 

bi- and multinucleation, and most cardiomyocytes are polyploid (>4C), with little to no 

proliferative capacity [10]. Hence, repression of cell cycle activity, along with reduced 

number of diploid mononucleated cardiomyocytes and/or increased ploidy of cardiomyocyte 

nuclei could be related to the loss of cardiomyocyte proliferative capacity in older mammals. 

In most large mammals, very little is known about timing of cardiac cell cycle arrest and loss 

of proliferative capacity, but there is increasing evidence that the timing and patterns of 

cardiomyocyte nucleation and ploidy are dynamic and variable across species (Fig. 1, Fig. 

2). This not only suggests potential variation in the period of cardiac regenerative capacity, 

but also points to underlying important differences in basic cardiomyocyte cell biology 

which must be considered before the use of these animals as a more ‘human-like’ model for 

cardiac preclinical studies.

In altricial animals such as rodents, canines, and felines, similar patterns of cardiomyocyte 

nucleation and ploidy could be correlated. Like rodents, canines are born with 

Velayutham et al. Page 6

Pediatr Cardiol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



predominantly small, mononucleated cardiomyocytes (96 – 100%) [48]. However, while 

cardiomyocyte binucleation is nearly complete by 2 weeks in rodents, canines with a longer 

gestation time of 2 months have a prolonged duration of transitioning from a mononucleated 

state to a bi-/tetra-nucleated state [7,48,55]. Cardiomyocytes in canines increase 

significantly in size and number of nuclei beyond 2 weeks after birth. At 2 weeks, 15% of all 

canine cardiomyocytes are bi- and tetra-nucleated, and by 4 weeks this is increased to 55%. 

By 2 – 3 months after birth, 60 – 80% of all cardiomyocytes have two or four nuclei. 

However, each individual nucleus remains predominantly diploid (2C) in dogs. In felines, 

which have a similar durations of gestation, postnatal maturation, and life span as dogs, 

cardiomyocytes are predominantly binucleated at 11 weeks post-birth, with no change in the 

percentage of binucleated cardiomyocytes between 11 and 22 weeks, although a low 

percentage of small mononucleated cardiomyocytes were seen in adolescent cats [56]. This 

suggests adult cats primarily possess binucleated cardiomyocytes, and that this transition to 

a binucleated state likely occurs within the first 3 months after birth. Hence, in these altricial 

species, cardiomyocytes undergo terminal differentiation by bi-/tetra-nucleation rather than 

polyploidization of individual nuclei, with timing of nucleation onset later in animals with 

longer gestation times and life spans.

Adult domestic pig cardiomyocytes exhibit extensive multinucleation going beyond bi- and 

tetra-nucleation, with up to 8, 16 or even 32 nuclei per cardiomyocyte by a year after birth, 

though they are born predominantly mononucleated [46,57]. Further, when ploidy in 

individual cardiomyocyte nuclei was analysed in farm pig hearts, 14–16% of nuclei were 

tetraploid (4C) and 2–3% octaploid (8C) by 6 months of age [7,55,58]. In contrast, sheep, 

which are also precocial, exhibit binucleation even before birth [52]. Unlike the other 

mammalian models wherein cardiomyocytes are primarily mononucleated at birth, 

binucleation onset occurs in sheep at 115 days (out of 145 days) of fetal development, with 

over 50% of all cardiomyocytes exhibiting binucleation at birth, which then increases to 

83% by P4 [52,59]. After birth, almost all cardiomyocytes in the 1 month-old sheep heart 

are binucleated, with individual cardiomyocyte nuclei being predominantly diploid [55,59]. 

It is not known whether older sheep exhibit the high degree of multinucleation seen in adult 

pigs. In other precocial animals like bovines (ox) and equines (horse), adult cardiomyocytes 

are predominantly diploid (2C), although the total number of nuclei per cardiomyocyte at 

birth or later in life was not reported [55]. If bovines and equines are found to undergo 

binucleation in utero, it could indicate that, despite precociality at birth, time of gestation 

along with singleton birth (sheep, cows, horses) vs. litter birth (pigs) likely plays a role in 

determining nucleation pattern and time of onset in these four species.

Among non-human primates, young adult (>4 years) chimpanzee, rhesus, gorilla, and 

hamadryas baboon all exhibit high percentages of 4C and 8C cardiomyocyte nuclei (30–55% 

and 10–25% respectively), although interestingly, the 3–4 year-old rhesus monkey still 

retains 90% of 2C cardiomyocyte nuclei [7,60]. It has not been reported whether non-human 

primates exhibit multinucleation. However, considering that human adult hearts are mostly 

mononucleated, with some binucleation though the percentages are under dispute [10,61], it 

can be hypothesized that primates under 4 years-of-age retain mononucleated, diploid cells 

which likely possess proliferative potential and the capacity for regenerative repair upon 

cardiac injury.
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iii. Energy metabolism in the postnatal heart—To respond to increased cardiac 

demand and maintain continual cardiac output, the mammalian heart escalates ATP 

production and turnover rates after birth [62]. In the normoxic adult mammalian heart, over 

95% of the total ATP produced is through oxidative phosphorylation (or fatty acid beta-

oxidation) in the mitochondria. However, in the hypoxic embryonic heart, the predominant 

energy source is glycolysis. In rodents, during the neonatal switch from a hyperplastic to 

hypertrophic growth in the week after birth, cardiac energy metabolism also transitions from 

glycolysis to fatty acid oxidation [62–64]. Hence, timing of metabolic switching could 

influence cardiomyocyte proliferative capacity and hypertrophic growth in large mammals.

In pigs, cardiac glycogen levels are reduced close to parturition, with pig hearts in the 

perinatal period achieving the capacity to oxidize fatty acids to produce ATP [62]. However, 

the late gestation pig heart still requires glucose for proper maintenance of contractile 

function, with fatty acid oxidation alone insufficient for optimal cardiac function, and 

glycolysis accounting for nearly all of the myocardial oxygen consumption before birth 

[65,66]. After birth, the neonatal pig heart appears to transition to fatty acid metabolism, 

with increased triglycerides in the newborn swine heart. By 12 days post-birth, the rate of 

palmitate oxidation in neonatal swine approaches values comparable to adults [67,68]. In 

dogs up to 2 weeks post-birth, robust lactate release was still measured in the hearts in vivo, 

indicating glucose is still an important substrate for the neonatal canine heart [62,69]. Sheep, 

in contrast, exhibit a reduction in myocardial glycogen levels in utero beyond mid-gestation, 

although glycolysis remains an important mode of energy production in the late fetal and 

early neonatal sheep hearts [70]. Thus, with existing data, there does not appear to be a 

consistent time of metabolic switch from glycolysis to fatty acid oxidation in these large 

mammals. Cardiac function appears to require both glycolysis and fatty acids in the late fetal 

to early postnatal ages, with widely variable accompanying oxygen consumption and 

substrate utilization. Neonatal metabolic substrate switching needs to be examined at greater 

depth in large mammals to understand its role in physiological heart growth and maturation.

iv. Sarcomeric maturation after birth—The transition from the intrauterine to post-

birth environment influences sarcomeric maturation, as the postnatal heart adapts to changes 

in cardiac flow, output and blood pressure. Cardiac sarcomeric proteins, such as myosin 

heavy chain slow- and fastisoforms and cardiac troponins undergo maturation from fetal to 

adult isoforms with downregulation of fetal sarcomeric gene expression [71]. These events 

are critical for the transition from a fetal-like immature heart with proliferative 

cardiomyocytes, to the mature adult heart in which cardiomyocytes are post-mitotic.

Generally, the slow skeletal muscle cardiac troponin I isoform ssTnI (TNNI1) is the 

predominant sarcomeric TnI found in the developing mammalian embryonic heart [71]. 

With changes in postnatal demands for cardiac load and output, TNNI1 is downregulated 

rapidly after birth, to be replaced by the mature sarcomeric protein isoform cardiac (c)TnI 

(TNNI3). This isoform then persists as the predominant adult TnI protein expressed in the 

cardiac myocytes. In rodents, this switching coincides with postnatal cardiomyocyte cell 

cycle withdrawal in the first week after birth, and, by 2 weeks of age, only cTnI is actively 

expressed in rodent ventricles [72]. In sheep, however, this sarcomeric protein isoform 

switching occurs in late gestation, with adult cTnI already measurable at 90 days of 
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gestation, and there is an approximately 2-fold increase in cTnI expression between 110 

days to 142 days of gestation, with downregulation of ssTnI fetal sarcomeric isoform [73]. 

There are no reported data on the timing of cardiac troponin I isoform switch in other large 

animal models.

Sarcomeric myosin heavy chain (MYH) and actin contractile proteins also undergo isoform 

switching between the fetal and adult ages in mammals [71]. Cardiac ventricular myosin 

heavy chains occur as two isoforms in mammals: α-MHC (MYH6) or β-MHC (MYH7). 

However, there are fundamental species-specific differences in expression of these isoforms 

that reflect the contractile properties of their heart chambers. In rodents, fast twitch Myh6 is 

the predominant myosin heavy chain isoform in the adult ventricular myocardium which 

beats at 400–600 beats per minute. However, in larger animal models with slower beat rates, 

including pigs and humans, slow twitch Myh7 is the predominant ventricular myosin heavy 

chain isoform [71,74].

Titin isoforms, important for myocardial papillary muscle and myofibril formation, are 

major contributors to ventricular passive tension and overall cardiac compliance [75]. In rats, 

the fetal myocardium predominantly expresses the compliant N2BA titin isoform, which 

correlates with lower passive tension in the fetal heart [76,77]. This large isoform of titin is 

downregulated in the first neonatal week and is replaced by a smaller titin isoform (N2B) 

which persists throughout adult life, concurrent with increased tension and force production. 

In neonatal pigs, however, N2BA was present from birth throughout life [77]. The 

importance of these species-specific differences in titan isoforms is not readily evident. With 

an emerging understanding of the role played by sarcomeric architecture in regulating 

cardiomyocyte proliferative capacity, it is thus necessary to consider the various isoforms 

and time of sarcomeric isoform switching in large animal models, as well as how this 

contributes to overall cardiac stiffness.

v. External cues regulating postnatal cardiac development—Apart from the 

intrinsic cell biology of the cardiomyocytes, cues from the external environment, such as 

ECM remodeling, cardiac tissue compliance and organization, maturation of the immune 

system, non-cardiomyocyte cardiac cell populations, intrauterine hypoxia during fetal 

development, postnatal oxidative stress, and thyroid hormone, collectively have a major 

influence on fetal and postnatal cardiomyocyte growth and maturation.

ECM composition and stiffness, as well as role of specific ECM proteins in guiding 

cardiomyocyte proliferative capacity, have been implicated in mice for inducing cardiac 

regenerative repair following injury [78,79]. However, not much is known about cardiac 

ECM architecture and composition in large mammalian models during development. 

Similarly, in mice, hypoxia promotes cardiomyocyte proliferation in an oxidative stress 

signaling-mediated mechanism and has been proposed as a strategy to induce adult cardiac 

regenerative mechanisms in humans [28]. However, exposure of pregnant ewes to long-term, 

high-altitude hypoxia has a detrimental effect on fetal cardiac contractility and output [80], 

possibly due to shift towards fatty acid oxidation occurring prenatally in sheep, in contrast to 

neonatal switch to fatty acid metabolism as seen in other larger mammals. Additional studies 
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are needed to determine if hypoxia and oxidative stress affect cardiomyocyte proliferation 

and maturation in preclinical models.

In the postnatal period of mammals, thyroid hormone regulates cardiac contractility, T-

tubule maturation and gap junction formation, as well as postnatal cardiac myosin heavy 

chain isoform switching [81]. In rodents, activation of thyroid hormone (T3) occurs 3 to 5 

days before birth, but T3 expression peaks postnatally at P5–6, and also at P12–15, 

coincident with cardiomyocyte cell cycle withdrawal and switch to hypertrophic growth 

[81,82]. Likewise, inhibition of T3 signaling can delay cardiomyocyte cell cycle arrest after 

birth and promote cardiac regeneration in adult mice [29]. However, in sheep T3 is activated 

during late gestation, and promotes cardiomyocyte differentiation and binucleation along 

with increased hypertrophic growth and decreased proliferative cell cycling even before birth 

[83]. There is thus an important hormonal impact on differential timing of cardiomyocyte 

maturation, proliferative capacity and nucleation in the growing heart. Likewise, hormonal 

differences between species in utero and postnatally may be important to consider when 

determining the suitability of a large animal model for clinicial testing of cardiovascular 

therapies.

vi. Postnatal cardiac regenerative potential in mammalian large animal 
models—The transient neonatal cardiac regenerative capacity in mice extends for up to a 

week post-birth, with new myocyte production and limited scar formation seen in P0 to P3 

mice hearts upon injury [3]. Adult mice do not normally regenerate after injury, but 

regenerative repair can be induced genetically through manipulation of cell signaling, 

miRNAs, developmental transcription factors or chromatin remodeling [84]. In pigs and 

canines, typically utilized for preclinical trials testing various cardiac regenerative 

therapeutic strategies, extensive scarring and fibrosis is seen in the adults after cardiac injury 

[85]. However, recent studies suggest that neonatal swine possess a 2 to 3-day regenerative 

window after birth [31,32]. In pigs, myocardial infarction (MI) induced 1–2 days after birth 

was followed by complete healing without fibrosis, as well as recovered myocardial 

function, a month after injury. However, injury at P7 or P14 resulted in full-thickness 

myocardial fibrotic scars, alongside ventricular wall thinning and lack of functional recovery 

[31,32]. Ongoing studies in neonatal pigs in our lab show pig hearts possess mitotic 

cardiomyocytes and ventricular cell cycle activity up to 2 months post-birth (Velayutham et 
al., unpublished results). This leads to interesting questions on the role of cardiomyocyte cell 

cycling and the relative importance of mononucleated cardiomyocytes in cardiac healing 

after injury. However, there is little available data on the innate or induced capacity of the 

postnatal heart to regenerate in large mammals.

IV. Cardiac regenerative potential after birth in humans

With evidence of cardiac regenerative potential in neonatal mice and pigs, it is conceivable 

that human cardiomyocytes also have the capacity for active proliferation for a limited time 

after birth. Among infants with congenital heart disease, mortality is greatest in the first year 

[86,87]. Major structural abnormalities of the heart at birth, for instance in Tetralogy of 

Fallot, require high-risk surgeries early in life [88]. In such cases, neonatal cardiac surgery 

performed during a period of active cardiomyocyte proliferation could improve patient 
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outcomes by enhancing cardiac repair post-surgery. Hence, it is necessary to determine the 

duration of neonatal proliferative capacity of the human heart and whether mechanisms 

controlling the switch in cardiomyocytes from a proliferative to a non-proliferative state are 

similar for humans, rodents, and larger mammals. Here, we discuss some key findings on 

human postnatal cardiac development and proliferative capacity in comparison to animal 

models, that may be informative as to the possible duration of postnatal regenerative 

potential in the human heart.

i. Hyperplastic versus hypertrophic growth of the human heart—In human 

adults, cardiomyocyte growth is primarily by hypertrophy [10]. The old dogma was that 

adult human hearts do not possess proliferating cardiomyocytes [89]. However, in the past 

decade, evidence of a low rate of cardiomyocyte proliferation in adult humans has been 

provided by multiple studies, including the study by Bergmann et al., where atmospheric 
14C levels were used to assess cardiomyocyte turnover post-birth [11]. Adult human hearts 

were found to possess a very low level of proliferating cardiomyocytes, with an annual 

turnover of about 1% in early years, which reduces to 0.3% by 75 years of age. While this 

indicated cardiomyocyte proliferative capacity in human adults, this low rate of renewal is 

insufficient for any robust regenerative response in case of injury or disease, and timing of 

cardiomyocyte cell cycle arrest in humans is still unknown. A study by Mollova et al. 
suggests that postnatal human hearts grow by both hypertrophy and cardiomyocyte 

proliferation in the first two decades after birth, with new cardiomyocytes measured in the 

first two decades [10]. Cardiomyocyte mitosis and cytokinesis were detectable in 0.012% 

and 0.003% of cardiomyocytes respectively in 1-year-old humans, decreasing with age till 

cytokinesis is virtually undetectable beyond 20 years of age. However, an opposing study 

found new cardiomyocyte formation ceases during the early postnatal period, with a steep 

decline in newly-formed cardiomyocytes by 10 years of age [12]. Other reports indicate 

cardiomyocyte proliferation in humans occurs primarily in the first few months after birth, 

with proliferative markers falling dramatically beyond 3 months after birth, in autopsied 

hearts of human infants [90–93]. In humans, it is therefore accepted that there is a small but 

detectable level of cardiomyocyte cell cycle activity in the early postnatal period, potentially 

extending into childhood, which then decreases with age alongside a transition towards 

hypertrophic mode of cardiac growth. However, the exact timing of the transition from 

hyperplastic to hypertrophic growth and the mechanisms involved are not known.

ii. Timing of increased nucleation and ploidy in cardiomyocytes—The majority 

of human cardiomyocytes are mononucleated at birth [94], however there are conflicting 

reports on the extent of binucleation and polyploidy of human cardiomyocytes in later life 

[61,94,95]. The number of binucleated cardiomyocytes present in the adult human heart is 

reported as ranging from 25 to 60%. This variation may be due to polynucleated 

cardiomyocytes not being detectable by current methods, differences in timepoints of 

samples that are utilized, and technical difficulties associated with studying human cardiac 

cells and tissues. It has been noted that with age the human heart retains the same number of 

mononucleated cardiomyocytes, however those mononucleated cardiomyocytes exhibit 

increased ploidy via increases in DNA content per nucleus [10,96,97]. Typically, 

cardiomyocytes at birth are mononucleated with diploid (2C) or tetraploid (4C) nuclei, and 
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adult human cardiomyocytes are mostly mononucleated with polyploid (4C or more) nuclei. 

However, up to 16C DNA content per nucleus has been observed in the adult human heart 

[7,60,97,98]. Cardiomyocyte ploidy has also been found to increase in hypertrophied and 

diseased hearts, with excessive polyploidy (32C) recorded in cases of congenital heart 

disease, which persists to adulthood [97]. The mechanisms underlying increased nucleation 

and ploidy and their impact on cardiomyocyte proliferative ability and cardiac health of the 

human heart still remains to be understood, although studies in zebrafish and mice show 

polyploidization poses a significant barrier to the regenerative capacity of the heart [19,22].

iii. Energy metabolism in the fetal and postnatal human heart—Compared to 

rodents, very little is known about cardiac metabolic substrate utilization in the human heart 

in early postnatal life. In a transcriptomic study of the developing heart, expression of genes 

for fatty acid oxidation are detected as early as ten weeks in the growing fetus [99]. The 

expression of these genes increases further with fetal age, supporting the possibility of a 

metabolic shift towards fatty acid oxidation even before birth in human hearts. Increased 

ATP generation with increased fatty acid metabolism may be favorable to the maturation and 

differentiation of cardiomyocytes in the developing human heart. In human embryonic stem 

cell-derived cardiomyocytes, it has been further shown that a glucose-rich environment 

favors cardiomyocyte proliferation while inhibiting cardiac maturation [100]. During 

gestation, glycolytic metabolism likely contributes to cardiac growth by hyperplasia in 

human hearts. There is a marked reduction in glucose uptake during late gestation and early 

postnatal life, potentially contributing to the cessation of cardiomyocyte cell cycling activity.

iv. Sarcomeric maturation after birth—Isoform switching of sarcomeric proteins 

occurs in response to changes in physiological demands such as heart rate and cardiac load 

during development and after birth. However, the mechanisms of sarcomeric protein isoform 

transitions during human cardiac development are still poorly understood. In the human 

heart, there are four isoforms of cardiac troponin T (cTnT1, cTnT2, cTnT3 and cTnT4) 

expressed differentially during cardiac development [101,102]. cTnT1, cTnT2 and cTnT4 

are expressed in the fetal heart, though with cTnT2 having low expression. In late gestation 

and early postnatal age, cTnT1 decreases with concurrent increase in cTnT3, until 

ultimately, cTnT3 is the only isoform to be expressed in the normal adult heart. The two TnI 

isoforms, ssTnI and cTnI are expressed in the human fetal heart, however ssTnI is the 

predominant isoform during fetal development. After birth, ssTnI decreases with increase in 

cTnI occurring simultaneously, similar to rodents [103,104]. By 9 months after birth in 

human hearts, cTnI is the only isoform detectable. This would suggest that human hearts 

undergo complete cardiomyocyte maturation within the first year after birth.

Myosin heavy and light chains (MHC and MLC) also display specific isoform switching 

patterns during cardiac development before and after birth. The β-isoform of MHC (MYH7) 

is predominant in human adult ventricular myocardium, similar to pigs, whereas the α-

subunit (MYH6) is predominant in adult atrial tissue [105]. Isoform switching also occurs in 

cardiac MLCs. Essential MLC-1 has two isoforms, with differential expression during 

development. In the human, heart muscle expresses the atrial form (ALC-1) more 

predominantly during fetal stages and early life, than the ventricular form (VLC-1) mostly 
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expressed in adulthood [71]. The developing and adult human heart is very sensitive to 

external pressure and environmental cues which can influence the activity of contractile 

filaments. In general, there is a reactivation of fetal contractile protein isoforms in 

cardiomyopathy and heart failure, but this is not accompanied by reactivation of 

cardiomyocyte proliferative activity [106,107].

v. External cues regulating cardiac development—The cellular and molecular 

mechanisms that regulate postnatal cardiomyocyte maturation in human hearts are not well 

characterized due to difficulty obtaining infant hearts for studies. Thus, the influence of 

external cues, such as extracellular matrix remodeling, hypoxia, and hormonal fluctuations 

on cardiomyocyte development in the human heart has been minimally studied. However, 

from the few studies conducted it is likely such factors may shape how the human heart 

develops, ultimately influencing the potential for regenerative repair in cardiac disease.

Thyroid hormone is a critical regulator of cardiac development during fetal and postnatal 

life, thought to play a role in stimulating cardiomyocyte proliferation [108]. Children with 

congenital heart defects typically have low T3 hormone levels, which can result in impaired 

cardiovascular function [109]. Therapy with T3 to children with such heart deficiencies has 

been proposed, to ultimately aid in cardiomyocyte repair and renewal [110]. However, 

studies in sheep and rodents indicate T3 can also play an inhibitory role in cardiomyocyte 

proliferation and regeneration [29,81–83]. Oxidative stress due to postnatal increase in 

oxygen has been implicated as a mechanism for cardiomyocyte cell cycle arrest in mice, 

with hypoxia investigated as a strategy for cardiac regeneration [27,28]. However, little is 

known about the role played by hypoxia in human cardiomyocyte proliferative capacity. 

Maturation of the ECM through remodeling of its composition and compliance is an 

important process in the transition from neonatal to adult heart in rodents [111], but little is 

known about ECM reorganization in the early postnatal life in humans. Further studies are 

required to understand the impact of such environmental cues on cardiomyocyte 

development from fetal to neonatal stages in humans.

vi. Is there a regenerative period in human hearts after birth?—Clinical cases 

with neonates suffering myocardial infarction followed by complete functional recovery of 

the heart have been reported, which suggests a potential neonatal window of cardiac 

regenerative repair in humans [13,112–114]. However these reports are not definitive 

evidence, as cardiac tissue is not available from these individuals for rigorous assessment of 

cardiomyocyte proliferative and reparative mechanisms.

In an interesting case study described by Haubner et al., a newborn suffered severe 

myocardial infarction with massive cardiac damage, as identified by presence of blood flow 

blockage in the left anterior descending artery, serum markers for cell death, echo and 

electrocardiography impairments [13]. Following thrombolytic reperfusion therapy, there 

was a remarkable recovery within weeks, with long-term cardiac functional recovery 

observed. Another notable case described by Tsang et al. describes an 11-month girl with 

severe heart failure receiving a heterotopic cardiac transplantation (placing the donor heart in 

an ectopic position without removing the native heart) [115]. The patient developed multiple 

episodes of post-transplant lymphoproliferative disorder with Epstein-Barr virus infection 
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resistant to many therapies. Remarkably, her native heart recovered allowing removal of the 

donor heart 10.5 years after the initial transplantation. The patient on long-term follow up 

revealed normal cardiac function, highlighting the ability of the young human heart to 

recover. These studies demonstrate preliminary evidence for continued cardiomyocyte 

proliferative activity and potential for regenerative repair in the early postnatal period, 

leading to longstanding normal cardiac structural and functional recovery.

Surgical correction of anomalous left coronary artery from the pulmonary artery has been 

shown to have little or no long-term myocardial scarring when performed between 0.2–39 

years of age [116]. Time of surgery correlated to outcome, however, has shown mixed 

results, with no relationship between younger patients and improved myocardial 

regeneration. However, examples of delayed diagnosis resulting in cardiac damage and 

ischemic cardiomyopathy, as opposed to cardiac surgery within the first year of age resulting 

in complete recovery of the heart, are also evident [117]. Thus, there is potential for 

improved cardiac outcomes if corrective surgery for congenital heart defects is performed in 

younger individuals. However, whether or not full regeneration of the injured human heart 

occurs postnatally is yet to be determined. Studies currently describe enhanced cardiac 

function, even if full regeneration is not achieved. Thus, compensatory mechanisms 

involving cell types other than cardiomyocyte may play a role in improving overall cardiac 

health following injury in the neonatal human heart.

V. Conclusions and future perspectives

The field of mammalian cardiac regeneration has primarily utilized the characteristics of 

rodent cardiomyocytes during cell cycle arrest to estimate capacity for regenerative repair 

after injury in mammals [118]. However, when other mammalian systems are examined, 

there is wide variation in the timing and pattern of the cardiomyocyte events associated with 

loss of regenerative capacity in mice (Fig. 1, Fig. 2). In swine and canines, mature 

cardiomyocytes exhibit multinucleation, and the switch to hypertrophic growth is not clearly 

demarcated from cardiomyocyte hyperplasia in the first postnatal month [44,46]. Sheep, in 

contrast, begin maturational events in late gestation and a significant subset of the 

cardiomyocytes are already binucleated and hypertrophic at birth [59]. In addition, the 

timing of sarcomeric protein isoform switching and transition to fatty acid oxidation 

amongst the large-mammal models are highly variable among species (Fig. 2). It is thus 

difficult to utilize the hallmarks of postnatal cardiac development as observed in rodents to 

estimate proliferative capacity of cardiomyocytes in other mammalian systems. There is 

emerging evidence that the cardiac microenvironment – such as ECM composition and 

rigidity, maturation of the immune system in the growing neonate, cardiac non-muscle cell 

activity, and physiological influences such as hypoxia – play important roles in regulating 

postnatal cardiomyocyte proliferative arrest in mice [24,27,119,120]. These parameters are 

not yet well-studied in large mammals, and may hold the key to understanding the 

mechanisms influencing loss of regenerative capacity in large mammals, including humans.

When postnatal cardiac developmental characteristics are appraised across various large 

mammals, there is great variation in the innate physiology of the myocardium, as outlined in 

previous sections of this review. Such species-specific differences could prove significant in 
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translatability of findings in large-mammal models to humans, and should be considered 

when designing preclinical studies for cardiac therapeutics. For instance, pigs are widely 

utilized as large-mammal animal model in preclinical trials for cardiac regenerative 

strategies, as necessitated by FDA regulations [30]. However, adult pig multinucleated 

cardiomyocytes are very different from the polyploid mononucleated cardiomyocytes 

prevalent in human adult hearts [10,46]. Such fundamental differences in the cell biology 

and timing of maturational events in the pigs could confound the preclinical testing, 

particularly in studies for molecular and cellular therapies. Additional information is needed 

to reach a consensus on which large mammal model is ideal for specific studies, before they 

can be considered as clinically ‘more relevant’ and reflective of the human heart. Moreover, 

there may not be a single large-mammal animal model that recapitulates all key 

developmental and disease mechanisms in the human heart, and multiple large mammal 

models may need to be utilized for preclinical testing, depending on the type of therapeutics 

and cardiovascular disease being evaluated. Additional characterization of the basic cellular 

and molecular mechanisms of postnatal heart development in commonly-used large animal 

models such as pigs, dogs, and sheep is thus necessary to enhance translatability of research 

findings from model systems to treatment of human heart disease.
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Fig. 1. 
Schematic comparison of changes in cardiomyocyte nucleation and ploidy between birth and 

adulthood in mammalian animal models and humans (Citations in text)
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Fig. 2. 
Schematic of known and estimated timepoints of increased cardiomyocyte nucleation/ploidy, 

switch to hypertrophic growth and shift to fatty acid oxidation in various mammals 

(Citations in text)
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Table 1.

Comparison of approximate ages of physiological and developmental milestones in mammalian animal models 

and humans (Citations in text)

Species Gestational
duration

Minimum
weaning

age

Sexual
maturity

Offspring
per

pregnancy

Pregnancy
frequency

Development at birth Average
lifespan

Mice 3 weeks 3 weeks 8 weeks 7– 10 3 – 5 per year Altricial 2 – 3
years

Pigs 3.7 months 3 weeks 5 – 8
months

7– 10 1 – 2 per year Precocial 15 – 20
years

Dogs 2 months 3 weeks 8 – 18
months

6 2 – 3 per year Altricial 10 – 20
years

Cats 2 months 3 weeks 5 – 10
months

6 3 – 4 per year Altricial 9 – 17
years

Sheep 4.8 months 2 months 4 – 8
months

1–2 1 per year Precocial 10 – 12
years

Cows 9 months 7 months 12 – 18
months

1 1 per year Precocial 18 −22
years

Humans 9 months 1 – 2 years 12 – 17
years

1 1 per year Altricial 70 −85
years
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	Cardiac regenerative potential after birth in humans
	i. Hyperplastic versus hypertrophic growth of the human heart—In human adults, cardiomyocyte growth is primarily by hypertrophy [10]. The old dogma was that adult human hearts do not possess proliferating cardiomyocytes [89]. However, in the past decade, evidence of a low rate of cardiomyocyte proliferation in adult humans has been provided by multiple studies, including the study by Bergmann et al., where atmospheric 14C levels were used to assess cardiomyocyte turnover post-birth [11]. Adult human hearts were found to possess a very low level of proliferating cardiomyocytes, with an annual turnover of about 1% in early years, which reduces to 0.3% by 75 years of age. While this indicated cardiomyocyte proliferative capacity in human adults, this low rate of renewal is insufficient for any robust regenerative response in case of injury or disease, and timing of cardiomyocyte cell cycle arrest in humans is still unknown. A study by Mollova et al. suggests that postnatal human hearts grow by both hypertrophy and cardiomyocyte proliferation in the first two decades after birth, with new cardiomyocytes measured in the first two decades [10]. Cardiomyocyte mitosis and cytokinesis were detectable in 0.012% and 0.003% of cardiomyocytes respectively in 1-year-old humans, decreasing with age till cytokinesis is virtually undetectable beyond 20 years of age. However, an opposing study found new cardiomyocyte formation ceases during the early postnatal period, with a steep decline in newly-formed cardiomyocytes by 10 years of age [12]. Other reports indicate cardiomyocyte proliferation in humans occurs primarily in the first few months after birth, with proliferative markers falling dramatically beyond 3 months after birth, in autopsied hearts of human infants [90–93]. In humans, it is therefore accepted that there is a small but detectable level of cardiomyocyte cell cycle activity in the early postnatal period, potentially extending into childhood, which then decreases with age alongside a transition towards hypertrophic mode of cardiac growth. However, the exact timing of the transition from hyperplastic to hypertrophic growth and the mechanisms involved are not known.ii. Timing of increased nucleation and ploidy in cardiomyocytes—The majority of human cardiomyocytes are mononucleated at birth [94], however there are conflicting reports on the extent of binucleation and polyploidy of human cardiomyocytes in later life [61,94,95]. The number of binucleated cardiomyocytes present in the adult human heart is reported as ranging from 25 to 60%. This variation may be due to polynucleated cardiomyocytes not being detectable by current methods, differences in timepoints of samples that are utilized, and technical difficulties associated with studying human cardiac cells and tissues. It has been noted that with age the human heart retains the same number of mononucleated cardiomyocytes, however those mononucleated cardiomyocytes exhibit increased ploidy via increases in DNA content per nucleus [10,96,97]. Typically, cardiomyocytes at birth are mononucleated with diploid (2C) or tetraploid (4C) nuclei, and adult human cardiomyocytes are mostly mononucleated with polyploid (4C or more) nuclei. However, up to 16C DNA content per nucleus has been observed in the adult human heart [7,60,97,98]. Cardiomyocyte ploidy has also been found to increase in hypertrophied and diseased hearts, with excessive polyploidy (32C) recorded in cases of congenital heart disease, which persists to adulthood [97]. The mechanisms underlying increased nucleation and ploidy and their impact on cardiomyocyte proliferative ability and cardiac health of the human heart still remains to be understood, although studies in zebrafish and mice show polyploidization poses a significant barrier to the regenerative capacity of the heart [19,22].iii. Energy metabolism in the fetal and postnatal human heart—Compared to rodents, very little is known about cardiac metabolic substrate utilization in the human heart in early postnatal life. In a transcriptomic study of the developing heart, expression of genes for fatty acid oxidation are detected as early as ten weeks in the growing fetus [99]. The expression of these genes increases further with fetal age, supporting the possibility of a metabolic shift towards fatty acid oxidation even before birth in human hearts. Increased ATP generation with increased fatty acid metabolism may be favorable to the maturation and differentiation of cardiomyocytes in the developing human heart. In human embryonic stem cell-derived cardiomyocytes, it has been further shown that a glucose-rich environment favors cardiomyocyte proliferation while inhibiting cardiac maturation [100]. During gestation, glycolytic metabolism likely contributes to cardiac growth by hyperplasia in human hearts. There is a marked reduction in glucose uptake during late gestation and early postnatal life, potentially contributing to the cessation of cardiomyocyte cell cycling activity.iv. Sarcomeric maturation after birth—Isoform switching of sarcomeric proteins occurs in response to changes in physiological demands such as heart rate and cardiac load during development and after birth. However, the mechanisms of sarcomeric protein isoform transitions during human cardiac development are still poorly understood. In the human heart, there are four isoforms of cardiac troponin T (cTnT1, cTnT2, cTnT3 and cTnT4) expressed differentially during cardiac development [101,102]. cTnT1, cTnT2 and cTnT4 are expressed in the fetal heart, though with cTnT2 having low expression. In late gestation and early postnatal age, cTnT1 decreases with concurrent increase in cTnT3, until ultimately, cTnT3 is the only isoform to be expressed in the normal adult heart. The two TnI isoforms, ssTnI and cTnI are expressed in the human fetal heart, however ssTnI is the predominant isoform during fetal development. After birth, ssTnI decreases with increase in cTnI occurring simultaneously, similar to rodents [103,104]. By 9 months after birth in human hearts, cTnI is the only isoform detectable. This would suggest that human hearts undergo complete cardiomyocyte maturation within the first year after birth.Myosin heavy and light chains (MHC and MLC) also display specific isoform switching patterns during cardiac development before and after birth. The β-isoform of MHC (MYH7) is predominant in human adult ventricular myocardium, similar to pigs, whereas the α-subunit (MYH6) is predominant in adult atrial tissue [105]. Isoform switching also occurs in cardiac MLCs. Essential MLC-1 has two isoforms, with differential expression during development. In the human, heart muscle expresses the atrial form (ALC-1) more predominantly during fetal stages and early life, than the ventricular form (VLC-1) mostly expressed in adulthood [71]. The developing and adult human heart is very sensitive to external pressure and environmental cues which can influence the activity of contractile filaments. In general, there is a reactivation of fetal contractile protein isoforms in cardiomyopathy and heart failure, but this is not accompanied by reactivation of cardiomyocyte proliferative activity [106,107].v. External cues regulating cardiac development—The cellular and molecular mechanisms that regulate postnatal cardiomyocyte maturation in human hearts are not well characterized due to difficulty obtaining infant hearts for studies. Thus, the influence of external cues, such as extracellular matrix remodeling, hypoxia, and hormonal fluctuations on cardiomyocyte development in the human heart has been minimally studied. However, from the few studies conducted it is likely such factors may shape how the human heart develops, ultimately influencing the potential for regenerative repair in cardiac disease.Thyroid hormone is a critical regulator of cardiac development during fetal and postnatal life, thought to play a role in stimulating cardiomyocyte proliferation [108]. Children with congenital heart defects typically have low T3 hormone levels, which can result in impaired cardiovascular function [109]. Therapy with T3 to children with such heart deficiencies has been proposed, to ultimately aid in cardiomyocyte repair and renewal [110]. However, studies in sheep and rodents indicate T3 can also play an inhibitory role in cardiomyocyte proliferation and regeneration [29,81–83]. Oxidative stress due to postnatal increase in oxygen has been implicated as a mechanism for cardiomyocyte cell cycle arrest in mice, with hypoxia investigated as a strategy for cardiac regeneration [27,28]. However, little is known about the role played by hypoxia in human cardiomyocyte proliferative capacity. Maturation of the ECM through remodeling of its composition and compliance is an important process in the transition from neonatal to adult heart in rodents [111], but little is known about ECM reorganization in the early postnatal life in humans. Further studies are required to understand the impact of such environmental cues on cardiomyocyte development from fetal to neonatal stages in humans.vi. Is there a regenerative period in human hearts after birth?—Clinical cases with neonates suffering myocardial infarction followed by complete functional recovery of the heart have been reported, which suggests a potential neonatal window of cardiac regenerative repair in humans [13,112–114]. However these reports are not definitive evidence, as cardiac tissue is not available from these individuals for rigorous assessment of cardiomyocyte proliferative and reparative mechanisms.In an interesting case study described by Haubner et al., a newborn suffered severe myocardial infarction with massive cardiac damage, as identified by presence of blood flow blockage in the left anterior descending artery, serum markers for cell death, echo and electrocardiography impairments [13]. Following thrombolytic reperfusion therapy, there was a remarkable recovery within weeks, with long-term cardiac functional recovery observed. Another notable case described by Tsang et al. describes an 11-month girl with severe heart failure receiving a heterotopic cardiac transplantation (placing the donor heart in an ectopic position without removing the native heart) [115]. The patient developed multiple episodes of post-transplant lymphoproliferative disorder with Epstein-Barr virus infection resistant to many therapies. Remarkably, her native heart recovered allowing removal of the donor heart 10.5 years after the initial transplantation. The patient on long-term follow up revealed normal cardiac function, highlighting the ability of the young human heart to recover. These studies demonstrate preliminary evidence for continued cardiomyocyte proliferative activity and potential for regenerative repair in the early postnatal period, leading to longstanding normal cardiac structural and functional recovery.Surgical correction of anomalous left coronary artery from the pulmonary artery has been shown to have little or no long-term myocardial scarring when performed between 0.2–39 years of age [116]. Time of surgery correlated to outcome, however, has shown mixed results, with no relationship between younger patients and improved myocardial regeneration. However, examples of delayed diagnosis resulting in cardiac damage and ischemic cardiomyopathy, as opposed to cardiac surgery within the first year of age resulting in complete recovery of the heart, are also evident [117]. Thus, there is potential for improved cardiac outcomes if corrective surgery for congenital heart defects is performed in younger individuals. However, whether or not full regeneration of the injured human heart occurs postnatally is yet to be determined. Studies currently describe enhanced cardiac function, even if full regeneration is not achieved. Thus, compensatory mechanisms involving cell types other than cardiomyocyte may play a role in improving overall cardiac health following injury in the neonatal human heart.
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