Animal models to study cardiac regeneration
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Abstract | Permanent fibrosis and chronic deterioration of heart function in human patients
following myocardial infarction present a major healthcare burden worldwide. In contrast to
the restricted potential for cellular and functional regeneration of the adult mammalian heart,
a robust capacity for cardiac regeneration is seen during the during the neonatal period in
mammals as well as in the adults of many fish and amphibian species. However, we lack a
complete understanding as to why cardiac regeneration takes place more efficiently in some
species than in others. The capacity of the heart to regenerate following injury is controlled
by a complex network of cellular and molecular mechanisms that form a regulatory
landscape, either permitting or restricting regeneration. In this Review, we provide an
overview of the diverse array of vertebrates that have been studied for their cardiac
regenerative potential and discuss differential heart regeneration outcomes in closely related
species. Additionally, we summarize current knowledge about the core mechanisms that

regulate cardiac regeneration across vertebrate species.

[H1] Introduction
Cardiovascular disease continues to be one of the major causes of death worldwide'.
Although the survival rate for myocardial infarction (MI) — the death of heart muscle tissue

due to a lack of oxygen caused by the disruption of coronary blood flow? — has been steadily



increasing®, muscle tissue lost to ischaemia is replaced by a collagen-rich scar®. The scar
tissue is noncontractile and interferes with cardiac function, eventually leading to heart
failure. Research on model organisms across various species has, however, shown that the
outcome of heart injury is not always as detrimental as in humans. Indeed, the adult heart in
several fish and amphibian species displays robust cardiac regeneration potential®”’,
illustrating a requirement for comparative studies across species to better understand the
regulators of this phenomenon. Furthermore, even though adult cardiac regeneration capacity
is much less pronounced in mammals, the neonatal mammalian heart has been found to
possess substantial regenerative potential®'°. Considerable effort has, therefore, been invested
into elucidating the mechanisms that determine heart regeneration and into finding ways to
improve the regenerative outcome in the injured adult mammalian heart. In this Review, we
provide an overview of heart regeneration research conducted across species, the mechanisms

that have been found to control regenerative potential in various species as well as the latest

advances towards enabling adult heart regeneration in mammals.

[H1] Cardiac regeneration in vertebrates

The capacity for heart regeneration seems to be unevenly distributed across the vertebrate
subphylum (Fig. 1, key studies in Fig. 2, Table 1). Several fish species and amphibian species
have substantial cardiac regenerative capacity that persists into adulthood, but mammals lose

most of their potential for heart regeneration shortly after birth.

[H2] Fish and amphibians
The zebrafish (Danio rerio), a member of the cyprinid family of ray-finned fish
(Actinopterygii), has been intensively studied for its remarkable cardiac regenerative

capacity, after it was shown to completely regenerate the injured adult heart within 60 days of



ventricular resection®!!. Cardiac regeneration has also been demonstrated with cryoinjury'?
14 genetic ablation of cardiomyocytes'®, hypoxia—reoxygenation injury'® and cauterization!’.
Cryoinjury and cauterization are used as injury models in non-mammalian species as they are
thought to closely resemble mammalian MI due to the presence of large amounts of necrotic
tissue in the wound and the destruction of a wide range of cardiac cell types. Interestingly,
small scars persist in 75% of cryoinjured zebrafish hearts'® and lasting alterations in
ventricular wall motion have been reported!®. These findings indicate that the regenerative
capacity of the zebrafish heart is not complete in response to cryoinjury, contrasting with the
response to ventricular resection. Furthermore, although the capacity for cardiac regeneration
in the zebrafish persists into late adulthood?’, it declines in old age®!. The giant danio
(Devario aequipinnatus) and the goldfish (Carassius auratus), both cyprinids, also display
robust heart regeneration potential in response to cauterization; however small areas of
fibrotic tissue remain in the heart at 60 and 45 days post-injury, respectively 2>%. Full
morphological regeneration of the resected ventricle has been described in the African
turquoise killifish (Nothobranchius furzeri; family: Nothobranchiidae)?*, but whether the
heart regenerates in response to cryoinjury or cauterization is unknown. In the Senegal bichir
(Polypterus senegalus), a member of the most basal family (Polypteridae) of ray-finned fish,
cardiomyocyte proliferation is induced by resection or stab injury?’. However, the
regenerative potential of the P. senegalus heart remains unclear because the specific
information on the resolution of fibrotic tissue and restoration of the myocardium following
cardiac injury have not been reported.

In the Western clawed frog (Xenopus tropicalis), the adult resected ventricular
myocardium can regenerate and become almost scar-free within 30-60 days*®?’. The axolotl
(Ambystoma mexicanum) is also capable of completely regenerating lost cardiac muscle

tissue within 90 days of ventricular resection or cryoinjury®?%3°, Cardiac regenerative



)31,32’ and

potential has long been recognized in the Eastern newt (Notophthalmus viridescens
studies published in the 2000s have highlighted full regeneration of the newt heart within 70
days of ventricular resection and mechanical injury®*=. In the Iberian ribbed newt
(Pleurodeles waltl), conflicting reports exist as to whether the post-metamorphic heart
regenerates efficiently following cryoinjury. In one study, cardiac scarring that gradually
reduced in extent, but persisted for at least 10 months after injury, was described, indicating
the absence of an efficient regenerative response®®. A second study, however, demonstrated
complete resolution of cardiac fibrotic tissue within 210 days of cardiac injury>’. These
contradictory findings are likely due to injuries inflicted in the first study being more severe
than those in the second, as the duration of cryo-cauterization was three times as long.

Therefore, it is important to note that the severity of injury is a factor that influences cardiac

regeneration outcome, illustrating the need for standardized injury procedures across studies.

[H2] Mammals
Generally, the consensus is that regenerative potential in the adult mammalian heart is very
limited. This phenotype is likely to have evolved in parallel with the need to maintain highly
specialized function against the increasing physiological demand of elevated pressure—
volumes associated with a full pulmonary circulation®®. In evolutionary terms, the
mammalian heart needs to function until reproductive age; thereafter there is minimal
selective pressure to ensure heart function in response to injury during later adult life. In
humans, this is a new world problem, whereby extended lifespan has meant coronary artery
disease resulting in Ml is increasingly prominent and requires solutions to improve repair or
enhance regenerative capacity.

Studies in multiple mammalian species have highlighted a brief postnatal window of

increased regenerative capacity. In the house mouse (Mus musculus), for example, the heart



at postnatal day 1 (P1) is able to efficiently regenerate in response to resection injury®,

19,39

ischaemic MI°2° and nontransmural cryoinjury*’. However, this regenerative potential is no

78939 and might already be diminished by

longer present following resection injury or MI at P
P2*!. Although regeneration of the adult murine heart following cryoinjury has been reported
in some studies*>*3, these findings have been disputed in other studies in which cryoinjury
and MI models were combinined***¥. Neonatal capacity to restore lost cardiac muscle tissue
has also been described in P1 brown rat (Rattus norvegicus) MI and resection injury models,
but, as for the mouse, regeneration is absent from P7 onwards***°. The adult guinea pig
(Cavia porcellus) responds to cardiac cryoinjury with scarring and functional impairment®!
and, to date, no neonatal heart injury studies have been carried out in guinea pigs. In a study
published in 2022, heart regeneration capacity was investigated in neonatal European rabbits
(Oryctolagus cuniculus)>?. Infarcted rabbit hearts displayed reduced scarring, as well as
improved functional recovery, following MI at P1 when compared with MI at P7, mirroring
the results obtained in the neonatal mouse heart. However, the researchers only assessed
infarcted hearts until 3 weeks post-MI, by which time fibrotic tissue was still evident even in
the hearts injured at P1. The neonatal human heart also seems to possess the capacity for
regeneration, as rapid cardiac functional recovery has been reported in cases of newborn
infants with MI due to congenital anomalies of coronary vessels or blood clotting factor
mutations>->>, However, whether recovery in humans who survive a neonatal MI persists into
adulthood has not yet been established. Adult rhesus macaque (Macaca mulatta) hearts show
functional deterioration and fibrosis following MI°®>7. In two investigations, cardiac
regenerative potential was found in 1-day-old and 2-day-old neonatal piglets (Sus
domesticus) following MI°®*. However, it should be noted that a subsequent study did not

confirm morphological or functional recovery of the infarcted neonatal porcine heart®. In

older piglets and 1 month old pigs, MI or ischemia—reperfusion injury leads to scarring and



permanently decreased cardiac function®®°*!, In sheep (Ovis aries), fetal hearts have been
reported to fully repair following MI, whereas adult hearts form a scar and show a gradual
decline in function®?. However, quantitatively comparing these results with those obtained in
other species is difficult, as the extent of injury post-MI was quantified via echocardiography
and not on stained sections. In addition, whether fetal and larval heart repair truly represent
regeneration processes rather than an enhancement of pre-existing developmental processes is
debatable. Interestingly, the heart of the grey short-tailed opossum (Monodelphis domestica)
shows reduced fibrosis following ventricular resection or MI at P14, when compared with
injury at P29'°. This finding represents the longest neonatal cardiac regenerative window in
mammals reported to date. However, marsupials are born at an unusually early stage of
development and comparing rodent and opossum heart developmental stages can be
challenging. Collectively these studies indicate that heart regeneration is severely limited in

adult mammals, but evidence exists across species for neonatal regenerative potential.

[H2] Exceptions to the trend

Although a trend exists for cardiac regenerative capacity to be more robust in fish and
amphibians than in the mammalian species studied to date, it is important to note that there
are several outlier species. In fish, the medaka, or Japanese rice fish, (Oryzias latipes, family:
Adrianichthyidae) is a freshwater teleost like the zebrafish. Unexpectedly, studies of the
injured adult medaka heart showed a markedly restricted regenerative capacity characterized
by persistent fibrosis following ventricular resection and cryoinjury®®* (Fig. 3b).
Furthermore, the resected medaka heart was reported to lack a myocardial proliferation
response®>. However, as the analysis included the entire ventricle, it is possible that a local
response restricted to the wound border region might have been missed. Even within a single

species, differences in cardiac regenerative potential have been found. Two forms of the



Mexican tetra (Astyanax mexicanus, family: Characidae) — surface dwelling and blind,
Pachdn cave-dwelling (blind cavefish) populations — have been evolving separately for
approximately 1.5 million years. Whereas adult surface-dwelling cavefish are able to restore
lost myocardium in a scar-free manner within 60 days of ventricular resection injury, their
cave-dwelling counterparts develop a permanent scar, even in the presence of elevated
cardiomyocyte proliferation’ (Fig. 3c).

In amphibians, although the heart of the African clawed frog (Xenopus laevis) repairs
within 90-180 days at the tadpole stage®, fibrous scarring close to the site of injury persists

post-resection in the juvenile and adult heart®>¢

, contrasting with the reported adult cardiac
regenerative capacity of the Western clawed frog (X. tropicalis)***’. In mammals, adult spiny

mice of the genus Acomys display more robust cardiac recovery following MI than the adult

house mouse®”%® (Fig. 3a).

[H1] Mechanisms

Functional restoration of the injured heart is a complex process and determined both by local
events (such as the activation of resident fibroblasts) and by systemic responses (such as the
influx of inflammatory immune cells into the heart). Although cardiomyocyte proliferation is
at the core of restoring cardiac function, several other interconnected mechanisms are crucial
to enable a robust regenerative response (Fig. 4). Among these are the formation of fibrotic
tissue and its subsequent resolution, the regrowth of coronary blood vessels, inflammatory

and reparative immune responses as well as altered energy metabolism.

[H2] Restoration of the myocardium
One of the challenges during cardiac regeneration is to replace the cardiomyocytes that have

been lost due to injury and restore a fully functional myocardium. The two major strategies



through which restoration of cardiac muscle function can be achieved are the proliferation of
surviving resident cardiomyocytes and the recruitment of cardiomyocytes from other cell

sources.

[H3] Cardiomyocyte proliferation in fish and amphibians. In the injured zebrafish heart,
the predominant mechanism of restoring lost cardiac muscle tissue is via the proliferation of
pre-existing cardiomyocytes®”’°. High levels of myocardial cell division are present close to
the site of injury, where cardiomyocytes dedifferentiate towards a less mature phenotype and
form a blastema-like structure’!. However, increased mitotic activity is also present in the
fully differentiated myocardium distal to the injury site, indicating global stimulation of cell
division’!. The pronounced proliferative capacity of adult zebrafish cardiomyocytes is linked
to the fact that almost 99% of these cells are mononucleated and diploid’?. These features
seem to be pre-requisites for regenerative potential, as enforced polyploidization of zebrafish
cardiomyocytes reduces their cell cycle re-entry and impairs heart regeneration’>.
Substantial proliferative capacity has also been found in the adult amphibian
myocardium. In the adult Eastern newt heart, 29% of cardiomyocytes are able to divide’*”.
In frogs, the discrepancy in regenerative capacity between the African clawed frog and the
Western clawed frog might be partially due to differences in cardiomyocyte proliferation
potential. The African clawed frog genome is pseudo-tetraploid, which might result in its
cardiomyocytes being more prone to polyploidy and hypertrophy than in the Western clawed
frog, which has a diploid genome’. However, other factors, such as the methods used to
quantify cardiomyocyte proliferation and fibrosis, are also likely to have influenced the

difference in Xenopus spp. cardiac regeneration potential reported’®.



[H3] Cardiomyocyte proliferation in mammals. Genetic lineage tracing indicates that, like
zebrafish, the majority of the regenerated myocardium in the neonatal mouse heart is formed
via proliferation of pre-existing cardiomyocytes®. Neonatal mouse cardiomyocytes are
mononucleated, diploid and able to proliferate at birth. However 95% of these cells stop
dividing and become binucleated by the end of the first week after birth®”’. Although MI
increases cell cycle activity in the adult mouse heart, significant proliferation of
cardiomyocytes has not been found’®. Nevertheless, a population of mononucleated diploid
cardiomyocytes remains present in the adult mouse heart and the size of this population,
which is altered across genetic backgrounds, is correlated to functional outcome after M1,
suggesting proliferative potential”’.

In humans, the majority of cardiomyocytes are mononucleated and diploid shortly
after birth, and cardiomyocytes proliferate at a modest rate®®®!. Whereas the proportion of
mononucleated human cardiomyocytes remains unchanged throughout life, the DNA content
in the majority of cardiomyocytes increases via endoreplication, and the annual
cardiomyocyte turnover rate drops to around 1% by early adulthood®-%,

Marsupials have a short gestation and are thus born in an immature state of
development. Therefore, it is interesting that the rate of cardiomyocyte proliferation in 14-day
old opossums is equivalent to that in P1 mice!?, indicating that cardiomyocyte proliferative

potential in marsupials is not adversely affected by prolonged cardiogenesis outside the

uterus.

[H3] Regulation of cardiomyocyte proliferation potential. Several cellular signalling
factors, such as components of the Hippo pathway®***, have been implicated in the regulation
85,86

of cardiomyocyte cell cycle withdrawal. These have been reviewed in detail elsewhere

The perinatal withdrawal of mammalian cardiomyocytes from the cell cycle coincides with a



switch in cardiomyocyte energy metabolism from glycolysis to oxidative phosphorylation
(reviewed by Lopaschuk and Jaswal®’). Although increased reliance on mitochondrial
metabolism boosts cellular energy production, cardiomyocytes are exposed to elevated levels
of oxidative stress due to mitochondrial-derived reactive oxygen species (ROS)%®. The
resulting DNA damage response has been identified as a driver of cardiomyocyte cell cycle
withdrawal in the postnatal murine heart®®. Forcing cardiomyocytes to metabolically shift
away from mitochondrial oxidative phosphorylation has been shown to prolong the postnatal
window of cardiomyocyte proliferation and improve functional outcome following MI in
adult mice”®. Furthermore, transcriptomic profiling revealed that downregulation of genes
involved in oxidative metabolism precedes the activation of cell cycle genes in neonatal
mouse cardiomyocytes following MI, indicating that a shift away from mitochondrial
metabolism is required to enable cell cycle entry®!. Adaptation responses to elevated oxygen
levels in the postnatal mammalian myocardium are, therefore, likely to contribute to the
deterioration of cardiac regenerative capacity shortly after birth by promoting cardiomyocyte
cell cycle withdrawal. Indeed, subjecting adult mice to chronic severe hypoxaemia results in
reduced myocardial ROS levels, increased cardiomyocyte proliferation and improved
outcome following MI??. In this context, it would be of interest to study the oxygenation
status of the postnatal opossum heart, as opossum cardiomyocytes preserve their proliferation
potential for at least 14 days after birth, despite being exposed to an extrauterine

environment!'®

. Adult zebrafish cardiomyocytes exist in a much more hypoxic environment
than their mammalian counterparts, partly because the zebrafish heart is two-chambered®?,
resulting in the mixing of oxygenated and deoxygenated blood. Even in this setting,
ventricular resection has been shown to result in hypoxia close to the injury area, and induced

systemic hyperoxia reduces zebrafish cardiomyocyte proliferation, blunting the regenerative

response’”.
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Another reason for the high cardiomyocyte proliferation potential in adult zebrafish
and newt hearts might lie in the characteristics of their cellular structure. Centrosomes, which
are required for the proliferation of vertebrate non-cancer cells®’, are functional in adult
zebrafish and newt cardiomyocytes, but absent from adult mouse cardiomyocytes®®.
Furthermore, rat cardiomyocytes largely disassemble their centrosomes during the first few
days after birth, possibly due to increased haemodynamic stress, promoting cell cycle arrest”®.
Given that there is a link between oxygen responsive factors and centrosome maturation®’, it
would be interesting to study whether hypoxia is involved in maintaining centrosome
integrity in cardiomyocytes.

The sarcomere is the structural element that enables contraction of cardiomyocytes,
but also has a putative role in inhibiting cardiomyocyte proliferation (reviewed by Pettinato et
al.’®). During mitosis and cytokinesis of mammalian cardiomyocytes, the sarcomere complex

d®*, and incomplete sarcomere disassembly has been implicated in

is disassemble
endoreplication of postnatal rat cardiomyocytes'?’. Sarcomere disassembly thus seems to be
an integral part of the cardiomyocyte cell cycle, but might be difficult to achieve during late
developmental and adult life stages because several cardiomyocyte sarcomere genes switch
splice isoforms during development, accompanied by sarcomere expansion and improved
alignment'®!. This maturation of the sarcomere also increases the contractile force generated
by cardiomyocytes, and increased ventricular wall tension might pose another hurdle to
cardiomyocyte cytokinesis in the adult mammalian heart. That said, promoting sarcomere

disassembly in the adult mammalian heart post-MI seems to be possible, via the

administration of pluripotency factors (as discussed below).

[H3] Augmenting cardiomyocyte proliferation in the injured adult mammalian heart.

The low rate of cardiomyocyte turnover in the adult human and mouse heart®'%? has

11



motivated researchers to focus on amplifying the pool of proliferative cardiomyocytes in the
adult mammalian heart. Transient overexpression of the cell cycle regulators cyclin-
dependent kinase 1 (CDK1), G2/mitotic-specific cyclin-B1 (CCNB1), cyclin-dependent
kinase 4 (CDK4) and G1/S-specific cyclin-D1 (CCND1) achieves a cardiomyocyte
proliferation rate of 15% in the adult mouse heart, as evidenced by a Cre-recombinase-based
double labelling approach!'®. Overexpression of the four cell cycle factors, even when
initiated 1 week after treatment, significantly reduced scar size and improved functional
outcome in injured adult mouse, rat and pig hearts'°*!%, Partial reprogramming of
cardiomyocytes towards a more proliferative phenotype has also been demonstrated using the
Yamanaka (or OSKM) factors — Oct4, Sox2, KIf4 and c-Myc. Transient overexpression of
these factors in the adult mouse heart before and during MI leads to a reduction in scar size
and improvement of functional parameters'*®. Both the four cell cycle regulators and the
Yamanaka factors induce a metabolic shift away from mitochondrial energy production in
treated cardiomyocytes.

Cardiomyocyte proliferation in the injured adult mammalian heart is also increased
upon overexpression of the neuregulin receptor tyrosine-protein kinase erbB-2'% and
following administration of microRNAs (reviewed by Ouyang and Wei'”’). A common
challenge in all these approaches is the need for tight spatiotemporal control of
cardiomyocyte reprogramming, because large-scale disassembly of sarcomere structures is
likely to adversely affect cardiac function, and uncontrolled cell division risks the formation
of cardiac tumours. Promisingly though, transient overexpression of cell cycle regulators
elicits only a single round of division in transduced cardiomyocytes'®, and Yamanaka factor-
mediated myocardial dedifferentiation was found to be reversible if treatment was temporally

restricted!®>.
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[H3] Myocardial regeneration and general cell proliferation. As discussed above, robust
heart regeneration in cyprinid fish, urodeles (newts and salamanders) and neonatal mammals
is driven by the capacity of cardiomyocytes to proliferate following injury, linked to the level
of cardiomyocyte proliferation in the intact heart. For example, cardiomyocytes in the
neonatal mouse heart proliferate related to continued development whereas, at later life
stages, the myocardium typically expands via cardiomyocyte polyploidization and
hypertrophy’’. Adult zebrafish show a general, continuous growth in size directed by
environmental cues, such as food availability, water quality and population density'%®. A high
capacity for cell proliferation in general, and a robust proliferative potential of
cardiomyocytes in particular, therefore, seems to be indicative of the ability to regenerate the
heart following injury.

The presence of cardiomyocyte proliferation alone, however, is not sufficient to
enable robust cardiac regeneration. Notable precedents here include juvenile pigs, which lack
cardiac regeneration in response to ischaemia—reperfusion injury even though their
cardiomyocytes still show mitotic activity®!, and medaka which grow continuously, similar to
zebrafish!'%, but do not regenerate the heart following ventricular resection and

cryoinjury®>64,

[H3] Contributions from non-cardiomyocyte lineages. An alternate route towards restoring
the damaged myocardium is the differentiation of non-cardiomyocyte cells into heart muscle
cells. The presence and possible beneficial effects of cardiac stem cells in the injured adult
mammalian heart have been extensively probed. However, their myogenic potential remains
controversial, with the majority of publications in the past 10 years arguing against
significant trans-differentiation into cardiomyocytes (reviewed by He et al.!?). In the

zebrafish, no apparent stem cell source of cardiomyocytes has been identified to-date, but
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transgenically labelled atrial myosin heavy chain (amhc)* atrial cardiomyocytes have been
reported to be reprogrammed into ventricular cardiomyocytes following ablation of the larval

0 However, in

ventricular myocardium; a process that is dependent on Notch signalling
another study, amhc expression was found in a subset of larval ventricular cardiomyocytes'!!,
raising questions as to the ratio of atrial reprogramming versus ventricular proliferation
following larval ventricular myocardial ablation.

The epicardium, an important signalling centre during heart regeneration (reviewed
by Cao and Poss!!?) has been investigated as another potential source of cardiomyocytes
following cardiac injury. The reliance of approaches to epicardial lineage tracing on non-
epicardium-specific markers has posed a challenge to the characterization of epicardial
contributions to other cardiac tissues following injury'!3. In the injured mouse heart,
epicardial conversion to cardiomyocytes seems to be severely restricted!!*. However, priming
with thymosin 34 modestly increases the rate of epicardial trans-differentiation into
cardiomyocytes'!®. In the injured adult zebrafish heart, lineage tracing has been supplemented
with cell transplantation, and both approaches seem to refute epicardial trans-differentiation
into cardiomyocytes during regeneration!!®!!7. However, a myogenic epicardial niche might
still exist in the zebrafish heart, as a single cell RNA sequencing (scRNA-seq) study
published in 2022 identified a cardiac cell cluster in which the epicardial marker gene #¢cf21
was co-expressed with cardiomyocyte markers, such as myl7''®. Based on lineage tracing, it
has been reported that epicardium-derived cells contribute substantially to the regenerated
myocardium in the injured Iberian ribbed newt heart®’. However, lineage tracing was not
based on an epicardial marker, but on the cellular uptake of Cre transposase injected into the
pericardial cavity. Even though the authors ruled out the possibility of Cre uptake into

cortical cardiomyocytes, based on fluorescence microscopy, this cannot exclude the
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possibility that minimal amounts of Cre eventually did enter cardiomyocytes rendering them
falsely lineage-traced.

Genomic cis-regulatory elements/enhancers that can drive reporter gene expression
119,120

following cardiac injury have been identified in mouse and zebrafish epicardium in

121,122 123,124

zebrafish myocardium and endocardium , as well as in the African turquoise
killifish heart**. One intriguing question, therefore, is whether such enhancers could be used
as a tool to promote trans-differentiation or in vivo reprogramming of both cardiomyocyte

and non-cardiomyocyte cells following heart injury.

[H2] Resolution of fibrotic tissue

Formation of fibrotic tissue (‘scar’) or fibrosis in the acute phase after MI is crucial to the
prevention of ventricular rupture in mammals, and is also a feature of several heart injury
models in non-mammalian species. Fibrosis as an initial response to cardiac insult is,
therefore, not exclusive to the regeneration-impaired heart. However, to achieve full cardiac
regeneration, the initial fibrosis needs to be resolved to make way for newly formed
functional heart tissue. In species with a low cardiac regenerative potential, such as adult
mammals, this early fibrosis is not resolved and the permanent presence of noncontractile,
nonconductive scar tissue leads to long-term deterioration of cardiac function. Consequently,
the efficiency of resolving fibrotic tissue is an important factor in determining cardiac

regenerative outcome.

[H3] Transient collagen deposition in zebrafish and newt hearts. In the highly
regenerative zebrafish heart, fibrosis following ventricular resection is minimal and
characterized by clot formation and abundant fibrin deposition™'%!3. By contrast, cryoinjury,

as a model of tissue damage rather than tissue loss, induces substantial fibrosis, with
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increased deposition of collagen'?!3. Crucially, the initial fibrosis in the injured zebrafish
heart is mostly resolved following a peak at 4—7 days post-injury, and fibrotic tissue is
replaced with new functional tissue. The timing of fibrosis correlates with the presence of
fibroblasts in the wound area'>!*. Cardiac fibroblasts are a dynamic set of interstitial cells
with several functions, including the production and remodelling of extracellular matrix
(ECM) scaffolds (reviewed by Tallquist and Molkentin'?®). Upon injury, fibroblasts are
activated and differentiate into myofibroblasts, which express high levels of ECM factors
such as periostin and collagens. Most cardiac fibroblasts in the zebrafish are derived from the
epicardium and from epicardium-derived cells — migratory cells that invade the wound
area!!’126127 A scRNA-seq study published in 2022 demonstrated several fibroblast clusters
in the cryoinjured zebrafish heart, and genetic scarring indicated that the majority of these
fibroblast clusters were developmentally derived from the epicardial lineage'?’. Epicardium-
derived fibroblasts have also been identified using scRNA-seq following ventricular

118

resection’ °. Ablation of collagen-producing cells following cryoinjury impairs

cardiomyocyte proliferation, suggesting a pro-regenerative role of cardiac fibroblasts'?%127,
However, whereas ablation of coll2ala expressing cells was found to impair the resolution

of fibrotic tissue in one study'?’

, another study showed that ablation of colla2 expressing
cells had no effect on fibrosis'?®, which suggests the existence of subpopulations of
fibroblasts and heterogeneity in function. In addition to epicardium-derived cardiac
fibroblasts, the cryoinjured zebrafish heart harbours endocardium-derived fibroblasts'?’,
labelled by both flila'?® and runx1'?®, which contribute to collagen production in the wound
area post-cryoinjury. Another important contribution to fibrosis following zebrafish heart

injury is made by collagen-depositing macrophages'?. Collectively these studies reveal a

diverse community of ECM-producing cell populations in the injured zebrafish heart.
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Initial fibrosis and ECM production are also a hallmark of the regenerating Eastern
newt heart, and the ECM factor tenascin-C promotes cell cycle re-entry of newt
cardiomyocytes in vitro'*’. Additionally, ECM in the injured N. viridescens heart has been

suggested to structurally guide the re-establishment of the myocardium?*.

[H3] Persistent scarring in the adult mammalian heart. Both neonatal and adult mouse

131-134 that, in the adult, are derived from either

hearts contain several fibroblast populations
the epicardium or the endocardium!'¥*!134, Tissue-resident fibroblasts give rise to activated,
periostin-expressing fibroblasts that locate to the wound area following MI in adult
animals'®*. These activated fibroblasts are required for fibrosis, and stabilize the wound area
even before mature fibrotic tissue has formed!'**!3. Although the structural support by
fibroblasts is beneficial in the acute phase of heart injury, these cells might also restrict the
regenerative capacity of the adult mammalian heart. The finding that mouse cardiomyocyte
proliferation is significantly higher when co-cultured with neonatal mouse cardiac fibroblasts
than with adult mouse cardiac fibroblasts, supports this theory'3. In the same study, co-
culture of human stem cell-derived cardiomyocytes with adult human cardiac fibroblasts
impaired their proliferation'®.

Further evidence underlining the influence that fibroblasts and fibrosis have on
cardiac regenerative potential has emerged from reports on the composition of fibrotic tissue
following MI. The extracellular proteoglycan agrin enhances cardiomyocyte proliferation
through the receptor dystroglycan 1, whereas loss of agrin in mesodermal cells results in
persistent scarring and reduced function in neonatal mouse hearts following MI'%7,
Conversely, intramyocardial injection of agrin into infarcted adult mouse hearts promotes the

137

resolution of fibrotic tissue and functional recovery'”’. Although a minor component of the

adult mouse cardiac scar, collagen alpha-1(V) chain (COL5A1) has been found to play an
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important role in regulating fibrotic tissue composition'*®. COL5A1 restricts scar size, with
loss of COL5AT1 resulting in over-activation of cardiac fibroblasts, increased fibrosis and
worsened functional outcome. COL5A1 is proposed to mediate its influence on heart
regeneration, at least in part, by altering the mechanical properties of fibrotic tissue'®.
Additionally, altering ECM stiffness has been shown to influence neonatal rat cardiomyocyte
proliferation potential in vitro, with a less stiff ‘compliant’ matrix promoting cardiomyocyte
cytokinesis'*®. Furthermore, pharmacologically reducing ECM stiffness improves
regeneration in P3 mice following ventricular resection®'. These findings suggest that loss of
cardiomyocyte proliferation and regeneration potential in the postnatal mammalian heart
might, in part, be due to changes in ECM properties, and that modulating fibrotic tissue

composition post-MI could enhance cardiac regeneration capacity.

[H3] Fibrosis after MI in adult spiny mice. In the spiny mouse, injured tissues heal with
surprisingly little scarring; a phenomenon that is likely to have co-evolved with strategies for
predator avoidance and a regenerative skin response to injury (reviewed by Maden and
Varholick'#%). In 2021, improved outcome of adult MI in the spiny mouse versus the house
mouse was reported®”*®. Qi et al. found the left ventricular ejection fraction (LV EF) of the
spiny mouse heart to be substantially restored towards pre-injury levels within 4 weeks

18, whereas Peng et al. did not report restoration but stabilization of the LV EF

following M
in the infarcted spiny mouse heart®’. However, the initial reduction in the LV EF upon MI
reported in Qi et al. is much larger than that reported in Peng et al., such that the reduction in
the LV EF 4 weeks after MI is comparable (15%-20%) in both studies. Strikingly, scar size
and collagen deposition within the scar are significantly reduced in the infarcted spiny mouse

heart, accompanied by increased cardiomyocyte proliferation®® and coronary vessel growth®’

(Fig. 3a, Table 2). Enhanced neovascularization was proposed as a driver of altered fibrosis
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in the spiny mouse, allowing for fibrotic tissue with higher cellular content than in the house
mouse®’. As the anatomy and physiology of uninjured house mouse and spiny mouse hearts
are comparable, these results indicate that the fibrotic response to MI can be modulated to

limit scar size and improve functional outcome without risking ventricular rupture.

[H2] Neovascularization

Supplying the myocardium with oxygen and nutrients, as well as removing waste metabolites
and excess fluid, is a crucial challenge for the heart. A specialized network of blood vessels,
the coronary vasculature, has evolved in several vertebrate species to provide an efficient
cardiac transport infrastructure that consists of arteries, capillaries, veins and lymphatic
vessels. In these species, including humans, neovascularization of the injured area to re-
establish blood flow is an important part of the cardiac wound-healing response. However,
endogenous neovascularization is insufficient in the infarcted adult human heart, and no
effective clinical treatment to induce coronary angiogenesis has been identified to date

(reviewed by Lupu et al.'*!).

[H3] Coronary vessels across vertebrate species. The loss of cutaneous respiration in
terrestrial vertebrates including reptiles, birds and mammals might have promoted a coronary
vasculature in these species!*. In fish, a variety of coronary vessel architectures have evolved
that are correlated with the amount of compact myocardium present'#*. In zebrafish, coronary
vessels start to form at 1-2 months of age, originating from a population of endocardial
cells'*. The cardiac lymphatic system in zebrafish arises from ventral facial lymphatics, with
the ventricular lymphatic network becoming established from 3—4 months of age onwards

and growing along the coronary arteries in a vascular endothelial growth factor (VEGF) C-

19



dependent manner'#>1%®_ In contrast to zebrafish, the medaka heart lacks coronary vessels and
their function is fulfilled by a plexus of endocardial extensions'*’.

Most amphibians, such as newts and frogs, lack a coronary vasculature'*3. In the
mouse heart, coronary vessel formation starts at embryonic (E) day 11.5 and continues into
the first few days after birth. During embryogenesis, most coronary endothelial cells originate
from the sinus venosus, the inflow tract of the embryonic heart!*-1>° Additionally,
endocardial cells contribute to the coronary vasculature, particularly during neonatal
development!**!>2. The murine cardiac lymphatic vessels develop from E12.5 and continue
to expand until around P15 (reviewed by Klaourakis et al.'>*). Mouse lymphatic cells

1°* and non-venous contributions'>>

originate from multiple sources, with venous endothelia
157 Both blood and lymphatic vascular beds contribute extensively to outcomes following

cardiac injury and to regenerative potential.

[H3] Importance of neovascularization in heart regeneration. The potential for
cardiomyocyte proliferation and neovascularization in the injured heart follow strikingly
similar evolutionary trends. Efficient myocardial proliferation and vessel growth underpin
regeneration in fish and amphibians and in the neonatal mammalian heart, compared with the
greatly reduced efficiency of both processes in the less regenerative adult mammalian heart.
The injured zebrafish heart depends on rapid neovascularization to regenerate, and
blocking coronary vessel growth greatly reduces cardiomyocyte proliferation at the injury
border!®. Newly formed coronary vessels in the regenerating zebrafish heart are derived
from pre-existing vessels'>, their growth being guided by stromal cell-derived factor 1 (also
known as C-X-C motif chemokine 12b; Cxcl12b)-chemokine (C-X-C motif) receptor 4a
(Cxcrda) and Vegfaa signalling!**'%°. These vessels are suggested to form a ‘scaffold’ along

which de-differentiated cardiomyocytes repopulate the injury area'®’. The lymphatic system
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in the injured zebrafish heart seems to be involved in the clearance of fluid, debris and
immune cells'*>1%! Interestingly, lymphangiogenesis is more pronounced following
cryoinjury than after ventricular resection, and a lack of lymphatic vessels increases the
likelihood of defective regeneration only following cryoinjury 43146161 The particular
dependence on lymphatic clearance following cryoinjury is thought to be due to the presence
of a substantial amount of necrotic tissue in the wound area, which is absent in the resection
model. In the medaka heart, neovascularization of the injury area occurs more slowly than in
zebrafish, and newly formed vessels seem to be unstable®%. Lymphangiogenesis following
injury has not yet been investigated in medaka.

Neovascularization is evident after MI in the adult mouse heart, with newly formed

162

vessels being derived from pre-existing coronary vessels'°” and, potentially, from the

endocardium'®

. However, several important pro-angiogenic pathways that promote coronary
vessel growth following MI in the neonate, such as VEGF A—myocyte-specific enhancer
factor 2D (MEF2) and bone morphogenetic protein (BMP)-Smad, are not efficiently
activated in the adult infarct border zone!®*. Following MI, coronary vessel growth in the
adult spiny mouse heart is more pronounced than that in the adult house mouse heart,
contributing to stabilization of cardiac function®. Therefore, it would be interesting to
investigate whether the pro-angiogenic pathways that are dysregulated in the infarcted house
mouse heart are more efficiently activated in the spiny mouse. Collateral bridging of coronary
arteries can re-route the flow of blood if an artery becomes blocked, and can prevent MI in

humans!'®®

. Although collateral artery formation occurs in the infarcted P2 mouse heart, it is
almost absent in adult hearts following MI'%¢. The formation of new collateral vessels in the

infarcted neonatal mouse heart involves the migration of single arterial endothelial cells along

capillaries in a CXCL12-dependent manner. Endothelial deletion of Cxcl12 reduces collateral
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artery formation and cardiomyocyte proliferation in the infarcted neonatal heart, whereas
CXCL12 treatment promotes adult mouse coronary collateral artery formation'®.

Together, these studies indicate that insufficient neovascularization is one of the
factors restricting regeneration potential in the adult mammalian heart, but also that there are
ways to exogenously stimulate coronary vessel growth. This finding is underlined by insights
into the role of cardiac lymphatic vessels following MI in the adult mammalian heart. In adult
infarcted mouse'> and rat'®’ hearts, cardiac lymphangiogenesis can be promoted via
treatment with VEGF-C—Cys156Ser and VEGF-C—Cys152Ser, respectively, to improve
injury outcome; partly due to lymphatic clearance of inflammatory immune cells from the
infarcted heart!%®. Immune cell clearance is dependent on lymphatic vessel endothelial
hyaluronic acid receptor 1 (LYVE1), and MI in Lyvel mutant mice leads to chronic
inflammation and long-term deterioration of cardiac function'®®. Lymphatic

neovascularization of the injured heart, therefore, modulates the immune response elicited by

injury.

[H2] The immune response to heart injury

Massive cardiomyocyte death associated with heart injury results in a profound innate and
adaptive immune response (reviewed by Simoes and Riley!®*!7%), which seems to be
evolutionary conserved. Shortly after the injury insult, innate immune cells, such as
neutrophils and macrophages, initiate an inflammatory immune response, and large numbers
of circulating immune cells are recruited to the heart. During the inflammatory phase,
necrotic cells and cell debris are cleared via phagocytosis. This process is temporally
restricted and succeeded by a reparative phase, during which inflammatory immune cells are
cleared from the heart or adopt a pro-reparative phenotype. Reparative immune cells have a

vital role in regulating fibrosis and neovascularization. Both inflammatory and reparative
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phases of the immune response are crucial for cardiac regeneration following injury,
however, the two phases need to be modulated and precisely balanced to enable robust

regeneration.

[H3] Fish and amphibians. Cryoinjury of the zebrafish heart induces a biphasic immune
response that involves the recruitment and expansion of innate and adaptive immune cell
populations®!?*!71"173_This response begins with an early influx of neutrophils and
inflammatory macrophages'’?. Thereafter, neutrophils are cleared from the heart and
macrophages change their molecular phenotype to enable the resolution of fibrotic tissue and
regeneration'’>!7*, Following ventricular resection, both inflammatory and reparative
immune responses occur simultaneously, and macrophage gene expression in the resected
heart differs from that in the cryoinjured heart, illustrating dynamic plasticity of the immune
response to different injury conditions (e.g. the presence of large amounts of necrotic
tissue)'?’. The immune system in the injured zebrafish heart fulfils various roles beyond the
clearance of debris. Macrophages regulate the formation and resolution of fibrotic tissue!”?,
as well as directly contributing to fibrosis following cryoinjury'?’. The presence of
macrophages in the injured adult zebrafish heart has also been correlated with cardiomyocyte
proliferation potential'’*'”® and macrophages actively promote the latter during repair of the
larval zebrafish heart!’®. The adaptive immune system in the injured zebrafish heart has so far
received less attention than the innate immune system. However, regulatory T cells
expressing forkhead box protein 3a (foxp3a) have been found to infiltrate the cryoinjury
wound area to promote cardiomyocyte proliferation, and their ablation results in the
prolonged presence of fibrotic tissue in the wound'”>.

The importance of a well-orchestrated immune response following cardiac injury has

been illustrated by a study that compared immune responses in the zebrafish heart and the
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medaka heart®®. Recruitment of macrophages was found to be less efficient in the cryoinjured
medaka heart than in the cryoinjured zebrafish heart (Fig. 3b, Table 2). In the same study,
delaying macrophage recruitment in the cryoinjured zebrafish heart impaired neutrophil
clearance, cardiomyocyte proliferation, neovascularization and resolution of fibrotic tissue®.
The innate immune system also plays an important role during cardiac regeneration in
the axolotl. Ablation of macrophages blocks the regenerative capacity of the cryoinjured
axolotl heart, with increased fibroblast activation, collagen accumulation in the wound and
reduced neovascularization?®. However, unlike in zebrafish, depletion of macrophages in the
injured axolotl heart does not reduce cardiomyocyte proliferation potential®.
[H3] Mice. The immune response in the infarcted mouse heart involves several immune cell
populations, both innate and adaptive. Neutrophils are recruited to the heart shortly after MI
and persist only for a few days. Although their main function is to participate in the
inflammatory phase of the immune response, neutrophils also assist in the reparative phase by

promoting macrophages to adopt a reparative phenotype!”’

. Macrophages in the infarcted
mouse heart have historically been grouped into Ly6C"&" monocyte-derived M1 and Ly6C'"
monocyte-derived M2 populations, participating in the inflammatory (M1) and reparative
(M2) phases'’®. However, the origin of inflammatory and reparative macrophages is more
complex'”?, and transcriptomic studies have revealed a broad spectrum of macrophage

180-183 and failing human heart!84. Macrophages are required

populations in infarcted mouse
for regeneration of the injured neonatal mouse heart'®®, which was found to be driven by
tissue-resident C-C chemokine receptor type 2 (CCR2)™ macrophages that promote

cardiomyocyte proliferation and angiogenesis'®. By contrast, in the injured adult mouse

heart, the immune response includes the recruitment of CCR2" macrophages that feature an

inflammatory phenotype'*®. Furthermore, transfer of adult mouse splenic monocytes into the
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infarcted neonatal heart inhibits fibrotic tissue resolution and promotes collagen
deposition'?’. The adaptive immune system also exerts both positive and negative impacts on
cardiac regenerative potential, which has been reviewed in detail elsewhere!®’. Additionally,
a study published in 2022 showed that the numbers of CD4" and CD8" T cells increase
postnatally in the mouse heart, and transfer of adult T cells into the infarcted neonatal mouse

heart promotes macrophage recruitment, accompanied by increased fibrosis'®’

. Collectively,
these findings illustrate that altered immune cell functionality is a factor driving the loss of

regeneration capacity in the postnatal mouse heart.

[H2] Metabolism and thyroid hormone signalling

The trend towards a decline in cardiac regeneration potential over the course of vertebrate
evolution has prompted investigation into whether this decline correlates with general
changes in metabolism, such as the thyroid hormone-driven acquisition of endothermy.
Vertebrate cardiomyocyte diploidy has been linked with metabolic rate, body temperature
and thyroid hormone levels’. The levels of thyroid hormones rise significantly in mice
shortly after birth!®8, and blocking thyroid hormone signalling in perinatal mouse
cardiomyocytes decreases polyploidy and increases proliferation’?. In the adult mouse heart,
blocking thyroid hormone signalling increases cardiomyocyte proliferation following MI,
accompanied by a reduction in fibrosis and improved functional outcome’?. In the same
study, reduced thyroid hormone signalling resulted in downregulation of molecular pathways,
such as oxidative phosphorylation in P14 cardiomyocytes. This finding indicates that thyroid
hormones might induce cardiomyocyte cell cycle withdrawal by promoting mitochondrial
energy production in the neonatal mouse heart, similar to the effect described for increased
cellular oxygen levels®. By contrast, a rise in thyroid hormone levels has been reported to

t189

correlate with a burst in cardiomyocyte proliferation in the P15 mouse heart'®”. However,
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thyroid hormones were found to activate insulin-like growth factor I (IGF1) signalling in this
setting, which might temporarily override the energy metabolism-related effects of earlier
thyroid hormone signalling. Administration of a thyroid hormone (triiodothyronine; T3) has
been shown to restrict cardiomyocyte proliferation in the prenatal sheep heart'*’, and Ts
treatment also reduces adult zebrafish cardiomyocyte proliferation’?, suggesting an
evolutionarily conserved role for thyroid hormone signalling. Further comparative studies,
possibly including endothermic fish, such as the opah (Lampris guttatus)'', tuna (family:
Scombridae) and lamnid sharks (family: Lamnidae), should be informative to gain deeper
insight into the impact of thyroid hormones on heart regeneration across vertebrate species.
Changes in metabolism are also thought to drive the differential cardiac regeneration
potential of surface dwelling and blind, Pachon cave-dwelling forms of Mexican tetra’.
Although cardiomyocyte proliferation following ventricular resection is unchanged between
the two populations, gene expression related to mitochondrial and glycolytic energy
metabolism is downregulated in injured blind cavefish hearts (Fig. 3¢, Table 2). This finding
suggests that a lower metabolic rate, together with differences in fibrosis and immune
response, might impair the cardiac regeneration potential of the blind, cave-dwelling form of

Mexican tetra.

[H1] Link with general regenerative capacity

Robust regenerative potential of the heart is often correlated with a wider capacity for

7,192,193

regeneration (Table 3). Several fish species and amphibians, such as newts (reviewed

by Tanaka et al.'®*) and the axolotl'*>, are capable of regrowing fins or limbs, potentially as a

response to cannibalism or fighting injury. The zebrafish, Eastern newt and axolotl also

196-198

regenerate spinal cord injuries , and the axolotl has been shown to regenerate skin

199

lesions!®”. Neonatal mice are able to regenerate injuries to the Achilles tendon®*, spinal
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cord””" and cochlear hair cells“**, whereas these tissues display impaired regeneration
potential in the adult mouse?**21-23 The robust cardiac regenerative potential in spiny mice
is accompanied by a high capacity for skin regeneration, whereby detachment of skin and
subsequent restoration has evolved as a means to avoid predation®™,

However, regeneration potential in the heart does not always correlate well with the
capacity to regenerate injuries in other tissues. Robust fin regeneration potential in medaka
and cave-dwelling Mexican tetra contrasts with their restricted cardiac regeneration capacity
following ventricular resection and cryoinjury in medaka and ventricular resection in the
Mexican tetra. This finding indicates that maintaining high regenerative potential in the heart
is potentially more challenging than maintaining such capacity in other tissues or appendages,
such as the fin. Moreover, in a panel of 32 genetically diverse mouse strains, cardiac
regeneration potential varied and correlated poorly with the capacity to regenerate ear punch
injuries®®. In this study, the researchers carefully excluded some mouse strains because the
left anterior descending artery was atypically positioned. However, subtle differences in

coronary architecture between the remaining strains might still have introduced variability in

initial injury size, thereby obscuring some of the variability in regenerative capacity.

[H1] Conclusions

Research across species suggests that heart regeneration is a multi-layered, complex process
controlled both at an organ level and systemically. Of the approximately two dozen vertebrate
species that have been examined to date, cardiac regeneration of the injured adult heart is
frequently found in fish and amphibian species. In mammals, however, cardiac regenerative
potential is mostly restricted to the early postnatal period. The fact that multiple species defy
this evolutionary trend indicates that there are several independently evolving processes

required for robust cardiac regeneration. Studying the differences in regenerative potential
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between closely related species, therefore, promises to be particularly valuable to elucidate
the mechanisms that drive heart regeneration.

The major regulators of cardiac regenerative potential — including cardiomyocyte
proliferation, fibrosis, neovascularization, the immune response and metabolism — are
highly interconnected. Evolutionary adaptations that have optimized cellular energy

production, for example, have also promoted cardiomyocyte cell cycle withdrawal %,

28,129,172

Furthermore, cardiomyocyte proliferation!”>!%¢ fibrosis and

neovascularization®*'85-186

are all influenced by the interplay of inflammatory and reparative
immune responses. The immune response to cardiac injury is, in turn, regulated via
neovascularization of the coronary blood and lymphatic vascular systems'®. Coronary
neovascularization could also influence the composition of the fibrotic tissue formed in
response to cardiac injury®’, whereas the properties of fibrotic tissue are important regulators
of cardiomyocyte proliferation'3%!*"-13% The landscape generated by the interplay of these
processes seems to facilitate a regenerative response in species such as the zebrafish and
axolotl, linked to a robust capacity for more general tissue regeneration and hyperplastic
organ growth, that could have evolved as a response to extrinsic pressures, such as predation
and variations in food availability. A less regenerative landscape has materialized in
mammals, potentially due to increased complexity of heart function and higher physiological
demand. However, even suboptimal conditions for cardiac regeneration can be modulated to
achieve a better outcome, as is evident in the spiny mouse®”%® 2% In the future, further
insights into evolutionary drivers of heart regeneration arising from the study of other species
will be important. In addition, promising developments, such as the partial reprogramming of

mammalian cardiomyocytes, to improve heart regeneration offer the prospect of new

therapies. These advances build on research in fish and amphibians, which have offered-up
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potential cellular and molecular targets for translation towards clinical treatments following

ML
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Table 1 | Heart injury models and regeneration potential across vertebrate species

Species Class Order Age Cardiac Injury Refs
regenerative
potential
Fish
Zebrafish (Danio Actinopterygii Cypriniformes | Adult High Resection, 51-17
rerio) (ray-finned fish) cryoinjury,
genetic
ablation,
cauterisation,
hypoxia—
reoxygenation
Giant danio Actinopterygii Cypriniformes | Adult High Cauterisation 2
(Devario
aequipinnatus)
Goldfish (Carassius | Actinopterygii Cypriniformes | Adult High Cauterisation | 23
auratus)
Mexican tetra Actinopterygii Characiformes | Adult High in surface- | Resection 7
(Astyanax dwelling forms,
mexicanus) low in cave-
dwelling forms
African turquoise Actinopterygii Cyprinodontif | Adult High Resection %
killifish ormes
(Nothobranchius
furzeri)
Medaka/Japanese Actinopterygii Beloniformes | Adult Low Resection, 63,64
rice fish (Oryzias cryoinjury
latipes)
Amphibians
Western clawed Amphibia Anura 6 months, High Resection 26,27
frog (Xenopus 1 year
tropicalis)
African clawed frog | Amphibia Anura 6 months, Low Resection 65,66
(Xenopus laevis) >5 years
Eastern newt Amphibia Urodela Adult High Resection, 31-35
(Notophthalmus mechanical
viridescens) injury
Iberian ribbed newt | Amphibia Urodela Adult Low Cryoinjury 36
(Pleurodeles waltl) High Cryoinjury 37
Axolotl Amphibia Urodela Adult High Resection, 6,28-30
(Ambystoma cryoinjury
mexicanum)
Mammals
Human (Homo Mammalia Primates Newborn High Myocardial 53-55
sapiens) infarction
Rhesus macaque Mammalia Primates Adult Low LAD ligation | %57
(Macaca mulatta)
European rabbit Mammalia Lagomorpha 1 day High LAD ligation | %
(Oryctolagus 7 days Low LAD ligation | %2
cuniculus)
House mouse (Mus | Mammalia Rodentia 1 day High Resection, 89,39-41
musculus) LAD ligation,
non-
transmural
cryoinjury
7 days Low Resection 8,939
High Cryoinjury 42
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Adult Low Cryoinjury, 45-48
C57BL6 LAD ligation
Adult High Cryoinjury s
MRL/MpJ™* | Low Cryoinjury, 44-48
LAD ligation
Brown rat (Rattus Mammalia Rodentia 1 day High Resection, 49,50
norvegicus) LAD ligation
7 days Low Resection 0
Adult Low LAD ligation | %
Cairo spiny mouse | Mammalia Rodentia Adult High LAD ligation | 6768
(Acomys cahirinus)
Guinea pig (Cavia Mammalia Rodentia Adult Low Cryoinjury st
porcellus)
Pig (Sus Mammalia Artiodactyla 1-2 days High LAD ligation | %%
domesticus) Low LAD ligation | %
>2 days Low LAD ligation, | >%¢!
ischemia—
reperfusion
Sheep (Ovis aries) Mammalia Artiodactyla Embryonic High LAD ligation | %
(65-76 days)
Adult Low LAD ligation | ¢
Grey short-tailed Mammalia Marsupialia 14 days High Resection, 10
opossum LAD ligation
(Monodelphis 29 days Low Resection, 10
domestica) LAD ligation

LAD, left anterior descending coronary artery.
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Table 2 | Cardiac phenotypes associated with differential cardiac regeneration potential

in closely related species

Increased frequency of diploid cardiomyocytes

Species Cardiac Adult cardiac phenotype Refs.
regeneration
potential
Fish
Zebrafish (Danio | Robust Temporally restricted presence of neutrophils and early | %
rerio) macrophage recruitment following injury
Medaka/Japanese | Restricted Prolonged presence of neutrophils and delayed 64
rice fish (Oryzias macrophage recruitment following injury
latipes)
Mexican tetra Restricted Low energy metabolism, strong immune response and | 7
(Astyanax high fibrosis following injury
mexicanus, cave-
dwelling form)
Mexican tetra Robust Increased energy metabolism, reduced immune 7
(Astyanax response and reduced fibrosis following injury
mexicanus,
surface-dwelling
form)
Mammals
House mouse Restricted Restricted neovascularization following MI 164,166
(Mus musculus) Fibrotic tissue with high compression following MI 67
Low frequency of diploid cardiomyocytes 872,771
Spiny mouse Robust Robust neovascularization following MI 67
(Acomys spp.) Fibrotic tissue with lower compression and higher 67,68
cellular density following MI
67,72
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Table 3 | Vertebrate regeneration potential across organs and tissues

Species | Organ | Regeneration potential Refs.
Fish
Zebrafish (Danio rerio) | Heart Robust 117
Caudal fin Robust 192
Spinal cord Robust 196
Medaka/Japanese rice | Heart Restricted 63,64
fish (Oryzias latipes) Caudal fin Robust 193
Mexican tetra Heart Robust 7
(Astyanax mexicanus, Caudal fin Robust 7
surface-dwelling form )
Mexican tetra Heart Restricted !
(Astyanax mexicanus; Caudal fin Robust 7
cave-dwelling form)
Amphibians
Eastern newt Heart Robust 31-35
(Notophthalmus Limb Robust 194
viridescens) Spinal cord Robust 197
Axolotl (Ambystoma Heart Robust 6,28-30
mexicanunt) Limb Robust 195
Skin Robust 199
Spinal cord Robust 198
Mammals
House mouse (Mus Heart Restricted 45-48
musculus; adult) Achilles tendon Restricted 200
Spinal cord Restricted 201
Cochlear hair cells Restricted 203
House mouse (Mus Heart Robust 8,39-41
musculus; neonatal) Achilles tendon Robust 200
Spinal cord Robust 201
Cochlear hair cells Robust 202
Spiny mouse (Acomys | Heart Robust 67,68
spp.) Skin Robust 204
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Fig. 1 | Heart regeneration potential across vertebrate species. The phylogenetic tree was

h?%  amphibians®"” and mammals®*®. Cardiac

created using divergence time estimates for fis
regeneration capacity at the post-neonatal or adult stage (square), at the neonatal stage (circle)

and at the fetal stage (triangle) is indicated as low (grey) or high (red). See also Table 1.

Fig. 2 | Key studies on animal models of heart regeneration. Reported cardiac
regeneration capacity at the post-neonatal or adult stage (square) and at the neonatal stage
(circle) is indicated as low (grey) or high (red). The numbers indicate the study references, as
stated in the main text and reference list. Pictograms indicate the model organism studied.

See also Table 1. C, cryoinjury; MI, myocardial infarction; R, resection injury.

Fig. 3 | Cardiac characteristics associated with differential heart regeneration potential
in closely related species. a | House mouse (Mus musculus) versus spiny mouse (4Acomys
spp.). Increased neovascularization, higher numbers of cells in the fibrotic wound tissue and
elevated numbers of diploid, mononucleated cardiomyocytes are associated with the
increased cardiac regeneration potential in the spiny mouse®”%. b | Medaka/Japanese rice fish
(Oryzias latipes) versus zebrafish (Danio rerio). Restricted presence of neutrophils and early
recruitment of macrophages are associated with the high cardiac regeneration potential in the
zebrafish®. ¢ | Cave-dwelling versus surface-dwelling forms of Mexican tetra (Astyanax
mexicanus). Elevated energy metabolism, restricted immune response and reduced fibrosis
are associated with the high cardiac regeneration potential in the surface-dwelling Mexican

tetra’. See also Table 2.

Fig. 4 | Mechanisms that control heart regeneration potential. Grey arrows in the centre

section indicate instances where pro-regenerative changes in one mechanism have been found
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to result in pro-regenerative changes in another mechanism. Processes occurring in the light
grey, central area of the circle are associated with high cardiac regeneration potential and
those in the outer ring are associated with low cardiac regeneration potential. ROS, reactive

oxygen species; T3, triiodothyronine; T4, thyroxine.
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Key points

- Cardiac regeneration potential tends to be robust in fish, amphibians and neonatal
mammals, whilst being restricted in adult mammals; in several model organisms
however cardiac regeneration potential defies this trend.

- Cardiac regeneration potential is determined by multiple highly interconnected
processes, including cardiomyocyte proliferation, fibrosis, neovascularization,
immune response and energy metabolism.

- Mammalian cardiomyocytes exit the cell cycle postnatally due to changes in
structure and energy metabolism; partial in vivo reprogramming of adult mammalian
cardiomyocytes can however increase their proliferation capacity.

- Fibrosis in the injured heart is both beneficial and detrimental; altering fibrotic tissue
composition and mechanical properties might improve adult mammalian heart
regeneration.

- Fast neovascularization of the wound area is a hallmark of heart regeneration and
absent in the adult mammalian heart; lymphatic coronary vessels modify the immune
response post-Ml via immune cell clearance.

- The immune response to cardiac injury consists of multiple phases; restricting the
initial inflammatory phase and promoting the subsequent reparative phase poses a
strategy to improve heart regeneration.
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