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A bnormal heart development is a key feature contributing
to the cardiac defects of congenital heart diseases,

which are the most common birth defects in humans,
occurring in 1% to 5% of newborns.1–4 Revealing the cellular,
genetic, and molecular mechanisms that govern normal heart
development will provide key information necessary for the
development of effective clinical applications to prevent or
treat congenital heart diseases.

The heart is the first organ formed in mammals and is
essential for embryo survival.5–10 Cardiogenesis involves a
series of complicated and precisely controlled processes
(Figure 1). During gastrulation in mice, the cardiac progenitor
cells enter the primitive streak and assimilate to constitute
the primary heart field in the anterior splanchnic mesoderm at
embryonic day 6.5 (E6.5). Cardiogenic mesodermal cells then
coalesce to form a cardiac crescent at E7.5.11,12 These cells
move toward the ventral midline and form the linear heart
tube at E8.0. At this stage, another group of cardiac precursor
cells from the second heart field join the primitive heart tube
from the pharyngeal mesoderm and dorsal mesocardium.10–16

Shortly thereafter, the linear heart undergoes rightward
looping to bring the future inflow chambers (atria) to the
top of the outflow chambers (ventricles). At E9.5, a heart with
4 primordial chambers is formed, and cardiac precursor cells
from the second heart field continue to join the hearts from
both arterial and venous poles until E11.5.10–16 Cells derived

from the primary heart field give rise to the left ventricle and
parts of the atria, whereas cells derived from the second heart
field generate the right ventricle, outflow tract (OFT) and main
parts of the atria.10–16 From E11.5 to E18.5, embryonic hearts
undergo complicated maturation and remodeling processes
including myocardial wall trabeculation and compaction,
septation between chambers, septation of the OFT, valvulo-
genesis, formation of coronary vessels, and formation of the
conduction system. In mice, nearly all cardiomyocytes
withdraw from the cell cycle and undergo maturation during
the first 2 weeks after birth.17–19 In contrast to the hyper-
plastic growth observed in embryos, postnatal cardiac growth
primarily relies on hypertrophic growth.17–19 The major
processes of cardiogenesis are highly conserved between
rodent and human; therefore, mice and rats serve as power
model systems to study human heart development.20

Accumulated evidence suggests that mitochondria are
critical for embryonic heart development in mammals, in
addition to their well-established roles in postnatal hearts.
Impaired mitochondrial activities in embryonic hearts may
lead to severe cardiomyopathy and embryonic/neonatal
lethality in animal models and human patients.21–33 This
review will summarize recent knowledge regarding the
regulatory roles of mitochondria during embryonic and early
postnatal heart development in mammals.

Mitochondrial Structure and Function
Mitochondria arose�2 billion years ago through engulfment of
a-proteobacteria by precursors of modern eukaryotic cells and
have evolved to become a vital organelle with multiple activities
in eukaryotes.34–38 Mitochondria are composed of 2 lipid
bilayer membranes (ie, the relatively permeable outer mem-
brane and the much less permeable, highly folded inner
membrane) and 2 aqueous spaces (ie, the intermembrane
space and the matrix)39,40 (Figure 2). The outer membrane
serves as the boundary between the cytoplasm and mitochon-
dria. It contains multiple receptors to mediate communication
between mitochondria and other organelles.41,42 The inner
membrane is folded into cristae protruding into the matrix and
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thus has a much larger surface area than the outer mem-
brane.38 The oxidative phosphorylation (OXPHOS) complexes,
complexes I to V, are located on the inner membrane and
mediate electron transportation to generate ATP.43,44 The
mitochondrial permeability transition pore (mPTP) contains
both inner and outer membrane components, and its exact
biomolecular configuration has not been finally determined.45

Under normal conditions, this pore is closed to maintain proper
membrane integrity. When open, it allows passage of molecules
<1.5 kDa.46 The intermembrane space between the inner and
outer membranes contains cytochrome c, which is essential for
transporting electrons and inducing apoptosis.47,48 The mito-
chondrial matrix is the space inside the inner membrane. It
contains themitochondrial DNA (mtDNA), ribosomes, enzymes,
and ions and is the location of the tricarboxylic acid cycle.49,50

At the cellular level, mitochondria form dynamic networks
with morphologies varying with cell types,51 for example, a
highly ordered lattice in adult cardiac cells and a more irregular
tubular arrangement in neonatal cardiomyocytes.52–54 Func-
tionally, mitochondria play a pivotal role in regulating cellular
functions (eg, energy production) and signaling molecules (eg,
reactive oxygen species [ROS] and Ca2+).55,56

In adult cardiomyocytes, mitochondria are the major cellular
powerhouse andproduce>95%of the cell’s energy in the formof
ATP. Once the substrates (eg, glucose and fatty acids) enter
the cell, they are sequentially oxidized to produce acetyl
coenzymeA,which drives the tricarboxylic acid cycle to produce
the reducing equivalents NADH (Nicotinamide Adenine

Dinucleotide-Hydrogen) and FADH2 (Flavin Adenine Dinucleo-
tide-2 Hydrogen) in the mitochondrial matrix. NADH and FADH2

are oxidized by NADH dehydrogenase (complex I) and succinate
dehydrogenase (complex II), respectively, in the inner mem-
brane, driving theelectron transport chain (ETC; complex I–IV) to
establish the proton-motive force. In the last step of OXPHOS,
the energy derived from the proton-motive force is utilized by
F1FO ATP synthase (complex V) to convert ADP and inorganic
phosphate to ATP.

In addition to energy production, mitochondria are the
major site of ROS production.57–60 In vitro studies have
shown that up to 2% of electrons flowing through the ETC are
partially reduced to form superoxide anion (O�

2 ),
61 likely at

complexes I, II, and III.57,58 Superoxide is rapidly dismutated
by superoxide dismutase (eg, MnSOD (manganese superoxide
dismutase) and CuZnSOD (copper-zinc superoxide dismu-
tase)) to form H2O2 (hydrogen peroxide), which is further
reduced to H2O by various antioxidant enzymes such as
catalase, glutathione peroxidase, and peroxiredoxins.62–67 As
natural byproducts of oxygen metabolism, ROS signaling
molecules regulate a variety of oxygen-sensing machineries,
including gene expression.68–70 However, excessive ROSs are
toxic andcanoxidize largemolecules suchasproteins,DNA, and
lipids, which can lead to oxidative damage.57,64,71 In addition,
oxidative stress can promote the pathological opening of the
mPTP, causing mitochondrial swelling, membrane rupture, and
cell death.72–75 ROS overload also can deplete the intracellular
redox pool,76 impairing cellular Ca2+ handling,77 ion channel
activity, and ROS-mediated redox signaling pathways.78–81

In cardiomyocytes, Ca2+ homeostasis is maintained by
various Ca2+ channels and exchangers in the sarcolemma and
subcellular membranes, including the L-type Ca2+ channel, the
Na+/Ca2+ exchanger, RyR (ryanodine receptor), and SERCA
(sarcoplasmic reticulum Ca2+ ATPase). Recent studies suggest
that Ca2+ dynamics also may be shaped by mitochondria,82–84

either directly by inner membrane Ca2+ transport or indirectly
by ROS-mediated signaling pathways. The mitochondrial Ca2+

E6.5

Primitive streak

PHF
E7.5

PHF

SHF

Cardiac 
crescent

E8.0

linear 
heart tube

Arterial pole

Venous pole

E8.5
OFT

RV
LV

IFT

E9.5

RA LA

RV LV

OFT IFT
AV
cushions

trabeculae

RA
RV

LA
LV

Tricuspid 
valve

Mitral 
valve

Aorta
PT

E18.5

DAOFT 
cushions

Figure 1. Cardiogenesis in mice. AV indicates atrioventricular;
DA, ductus arteriosus; E, embryonic day; IFT, inflow tract; LA, left
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Figure 2. Structure of mitochondria.
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uniporter is the primary route for Ca2+ entry into the
mitochondrial matrix,85 and RyR1 has been proposed as an
alternative Ca2+ uptake mechanism.86 Evidence suggests that
mitochondrial Ca2+ uptake channels are located at the proxi-
mate side of sarcoplasmic reticulum Ca2+ release sites (ie,
RyRs),87,88 facilitating rapid mitochondrial Ca2+ uptake and ATP
production in response to increased workload. The extrusion of
Ca2+ from the mitochondria is mediated by a mitochondrial
Na+/Ca2+ exchanger,89 which is much slower compared with
the mitochondrial Ca2+ uniporter. The transient mPTP opening
also may be associated with mitochondrial Ca2+ release.90

Under pathological conditions, mitochondria can affect Ca2+

handling by releasing ROS close to redox-sensitive ion trans-
porters involved in cytoplasmic Ca2+ handling, such as the
L-type Ca2+ channel,91 RyRs,80,92 and SERCA.93 Thus, mito-
chondria play a multifactorial role in regulating Ca2+ homeosta-
sis and signaling in cardiomyocytes.94

Mitochondria in mature cardiomyocytes are different from
those found in other tissue and cell types. Mitochondria are
significantly more abundant in hearts than in skeletal muscle,
brain, kidney, and liver.95 Consistent with these observations,
the ratio of mtDNA to nuclear DNA in hearts is also significantly
higher than in other tissues.96 Transmission electron micro-
scopy reveals that mitochondria in striated muscles (skeletal
and cardiac muscles) appear to be located within membranous
compartments along the myofiber.95 In contrast, mitochondria
are more perinuclear in liver cells and more dispersed
throughout the cytosol in brain. In addition to the differences
in abundance and morphology, mitochondria from different

tissues can utilize different fuel to generate ATP. For example,
cardiac mitochondria primarily use fatty acid as fuel, whereas
most other organs use glucose as themajor energy substrate.96

Maturation of Cardiac Mitochondria in
Mammalian Embryos
In this section we summarize the process of mitochondrial
maturation at different stages of mammalian heart develop-
ment. Little is known regarding mitochondria in cardiac
precursor cells. Between E6.5 and E8.5 in mice, the whole
embryo is under low-oxygen conditions; therefore, aerobic
glycolysis presumably serves as the primary source of ATP for
cardiac precursor cells.97,98 At E8.5 in mouse embryos or E10
in rat embryos, some mitochondria can be observed in
cardiomyocytes through transmission electron microscopy;
however, these mitochondria are considered “very immature”
(class 1; Figure 3).24,32,99 They contain few cristae and no
expanded matrix. At E9.5 in mice and E11 in rats, the number
of mitochondria in cardiomyocytes is increased and cristae can
be clearly observed within mitochondria.24,32,99 At this stage
most mitochondria are still Class 1. At E10.5 in mice and E12
in rats, the number of cristae in cardiac mitochondria is
increased compared with earlier stages. Some mitochondria
contain tubular cristae, which form connections to the
periphery. The matrix in these mitochondria is slightly
expanded. This type of mitochondria is considered “immature”
(class 2).24,32,99 In class 1 and 2 mitochondria, ETC activity and
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Figure 3. Maturation of mitochondria during mouse heart development. E indicates, embryonic day.
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ATP generation are not coupled, although OXPHOS complexes
can be detected in the inner membrane of mitochon-
dria.24,32,99 Cardiomyocytes primarily acquire ATP through
anaerobic glycolysis (Figure 4). At E11.5 in mouse embryonic
hearts, OXPHOS complexes begin to assemble into highly
efficient respirasomes (supercomplexes) and ETC activity and
ATP generation are coupled.100 Initiation of ETC activity
coincides with the activation of complex I,100 suggesting that
complex I activation is critical for initiation of electron
transportation along the OXPHOS complexes. Unfortunately,
no ultrastructural examination of mitochondria at this stage
has been published. In rodent hearts corresponding to E12.5
and E13.5 of mouse embryos, most cardiac mitochondria
become “almost mature” (class 3), with structures resembling
the mature mitochondria (class 4) observed in postnatal and
adult heart tissues.32,99 Class 3 mitochondria contain many
tubular cristae that are connected with the periphery.32,99

Their matrices are highly compacted with occasional “voids”
observed in transmission electron microscopy images. More
respirasomes can be observed on the inner membranes of
mitochondria. By E13.5 the mitochondria are functionally
matured and their mPTPs are closed.32,99 Electron transporta-
tion and OXPHOS activities in E13.5 cardiac mitochondria are
indistinguishable from those in adult mitochondria.32,99 At this
stage, embryonic cardiomyocytes acquire ATP through both
anaerobic glycolysis and OXPHOS.101,102 By the end of
gestation in prenatal and newborn hearts, �44% of total ATP
is generated through anaerobic glycolysis; production of the
remaining ATP relies on OXPHOS (Figure 4).101,103

It is a common misconception that aerobic metabolism in
hearts becomes critical only after birth. The metabolic shift
from anaerobic glycolysis to aerobicmetabolism already occurs
during the mid- to late-gestation stages in mammalian hearts.
By the end of gestation, the generation of >50% of ATP relies on

OXPHOS in prenatal hearts (Figure 4).101,103 This embryonic
metabolic shift, originally proposed by Baker and Ebert,21 can
serve at least 2 major purposes. First, the normal assembly of
respiratory complexes in embryonic hearts is necessary to
prepare hearts to undergo the fetal to neonatal metabolic shift
after birth. Second, OXPHOS provides >50% of ATP in fetal
hearts to support their pumping activity.21,98,101,104 Defective
OXPHOS in embryonic hearts leads to severe heart defects and
embryonic or neonatal lethality in mouse models and human
patients.21–31 This “embryonic” metabolic shift remains poorly
studied in the literature.

Mitochondrial Biogenic Surge During the
Fetal/Neonatal Metabolic Shift and Potential
Roles of Mitochondria in Regulating Neonatal
Cardiomyocyte Maturation
After birth, the cardiac environment shifts from hypoxia in
embryos (10–30 mm Hg oxygen) to normoxia (80–100
mm Hg oxygen).98,105 Neonatal hearts undergo the well-
defined fetal/neonatal metabolic shift through which the
primary source of ATP generation transitions from glycolysis
to fatty acid b-oxidation.98,101,105 By postnatal day 21 (P21),
nearly 80% of ATP is generated through fatty acid b-oxidation
in cardiomyocytes (Figure 4).98,101 Compared with glycolysis,
fatty acid b-oxidation is much more efficient with respect to
ATP generation; therefore, the fetal/neonatal metabolic shift
is essential for cardiomyocytes to fulfill the increased cardiac
workload during this period.98,101 Accompanying this meta-
bolic shift, the mitochondrial biogenic surge occurs in
cardiomyocytes soon after birth.106 For example, the mtDNA
copy number increases by �1.5-fold at P1 and by �5.0-fold at
P21 compared with fetal hearts in rats.107
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Figure 4. Embryonic and fetal/neonatal metabolic shift.101 E indicates embryonic day; OXPHOS,
oxidative phosphorylation.
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The essential functions of mitochondria in neonatal and
infant hearts can be clearly demonstrated through studies of
Tfam (transcription factor A, mitochondrial) in mice. TFAM is
a DNA-binding protein that is required for replication and
transcription of the mitochondrial genome.108–110 Inactivation
of Tfam in muscle cells at the perinatal stage uses MCK
(muscle creatine kinase)–Cre reduced expression of TFAM in
cardiac and skeletal muscle cells at E18.5, as determined
from Western analysis.111 The steady-state level of mitochon-
drial transcripts in these mutant hearts between P20 and P30
was �30% of the control level, suggesting that the function of
TFAM was efficiently inactivated at this stage.111 Deletion of
Tfam by MCK-Cre caused deficiency in the respiratory chain,
blockage of atrioventricular heart conduction, dilated car-
diomyopathy, and animal lethality between P15 and P35.111

Knocking out Tfam using another muscle Cre line, MCK-Nls-
Cre, reduced mtDNA to �25% of the control level at P14 and
allowed mutant animals to survive 10 to 12 weeks after
birth.112 In these mutant hearts, respiration was severely
impaired and a fetal gene expression program was activated
between 4 and 9 weeks after birth.112 Reactivation of the
fetal gene expression program is a well-recognized phenotype
of cardiac diseases.113,114 The studies described, in which
Tfam was deleted, clearly show that mitochondria are required
for normal cardiac postnatal development. Whether cardiomy-
ocyte maturation was impaired in these mutant mice was not
reported.111,112

A classical study115 published a decade ago strongly
supported the idea that mitochondrial biogenesis and the
perinatal biogenic surge are required for postnatal cardiomy-
ocyte maturation. PGC-1a (PPARG [peroxisome proliferator-
activated receptor c] coactivator 1a; encoded by Ppargc1a
[PPARG coactivator 1a]) and its homolog PGC-1b (encoded by
Ppargc1b) play a central role in regulating mitochondrial
biogenesis and maturation.24,115–117 To understand the role of
Ppargc1a and Ppargc1b during heart development, Ppargc1b
was specifically inactivated in fetal hearts using Myh6 (Myosin
heavy chain 6)-Cre on the Ppargc1a-deficient (Ppargc1a�/�)
background (Ppargc1a�/�;Ppargc1bloxp/loxp;Myh6-Cre).115 At
P0.5, expression of Ppargc1b mRNA in Ppargc1a�/-;Ppargc-
1bloxp/loxp;Myh6 mice was reduced to <5% of the control
level.115 Double inactivation of Ppargc1a and Ppargc1b in
mouse fetal hearts decreased mitochondrial volume density
and arrested mitochondrial biogenesis and maturation at the
perinatal stage.115 Double-knockout (DKO) animals survived
to P0 and died during the first week after birth because of
heart failure. Heart size and activity in DKO animals was
significantly decreased compared with controls. Molecular
examination showed that the expression of fetal cardiac
genes (including Nppa (natriuretic peptide A) and Nppb
(natriuretic peptide B)) remained high, whereas the expression
of the adult sarcomeric isoform, Myh6, was reduced within

neonatal DKO hearts.115 These data collectively suggest that
blocking mitochondrial biogenesis at the perinatal stage
impairs cardiomyocyte maturation.

The conclusion from the study described above is
challenged by a recent study in which Tfam was specifically
inactivated in neonatal hearts using an adeno-associated viral
system, AAV9-cTnt-Cre (Cre driven by the cardiac Troponin T
promoter in the AAV9 vector).31 Mice at P0 were treated with
either high- or low-dose AAV9-cTnt-Cre virus, resulting in
�55% and �30% Cre-mediated recombination in cardiomy-
ocytes, respectively. Four weeks after injection with low-dose
AAV9-cTnt-Cre, expression of TFAM was undetectable in
isolated cardiomyocytes.31 Mutant mice displayed mitochon-
drial dysfunction leading to dilated cardiomyopathy.31 How-
ever, cardiomyocyte maturation did not appear to be
impaired, as judged from the development of transverse
tubules, sarcomere organization, physiological hypertrophy of
cardiomyocytes, and switching of sarcomeric isoform expres-
sion.31 Consequently, the authors concluded that normal
mitochondrial function is not essential for postnatal car-
diomyocyte maturation.

It remains unclear how to reconcile these opposing
opinions. Other than the simple explanation that the differ-
ence is due to the different mouse genetic backgrounds used
by the 2 groups, we propose 6 possible explanations. First,
most Ppargc1a and Ppargc1b DKO mice die within the first
week after birth, and the cardiomyocyte maturation defect
was evaluated by examining the expression of 3 marker genes
(Nppa, Nppb, and Myh6) at P0.5.115 The early postnatal
lethality of these mice precludes the detailed examination of
cardiomyocyte maturation using multiple complementary
experiments at later stages, as performed by another group.31

It is thus unclear to what degree the cardiomyocytes are
immature and whether maturation is completely blocked or
simply delayed at the neonatal stage in Ppargc1a and
Ppargc1b DKO mice. A second, alternative possibility is that
PGC-1a and PGC-1b have broader activities in mitochondrial
biogenesis through regulating nuclear encoded mitochondrial
genes,24 whereas Tfam only regulates mtDNA-encoded
genes.108–110 This could explain why the phenotype caused
by DKO of Ppargc1a and Ppargc1b is stronger than knocking
out Tfam. Third, PGC-1a and PGC-1b may exert certain
unidentified mitochondrial-unrelated activities to promote
cardiomyocyte maturation. Therefore, the observed defect in
cardiomyocyte maturation is not directly caused by mito-
chondrial dysfunction in the DKO hearts. Fourth, in the Tfam
knockout study, the AAV9-Cre virus was injected into P0
Tfamloxp/loxp mice. Considerable time is required to allow the
cardiomyocytes to express CRE, to knockout Tfam, and to
deplete the expressed Tfam mRNA and protein. It is possible
that neonatal cardiomyocytes have already begun the matu-
ration program before the expression of Tfam is efficiently
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inactivated in these cells and that once the program is
initiated, it no longer relies on mitochondrial biogenesis. Fifth,
related to the fourth explanation, Tfam was inactivated using
AAV9-Cre virus,31 whereas Ppargc1b was inactivated using
the Myh6-Cre transgenic line.115 A high dose of virus led
�55% of cardiomyocytes to express the reporter; however,
the efficiency of inactivation of Tfam expression was not
examined directly.115 Thus, we cannot exclude the possibility
that the failure to observe the maturation defect in AAV9-Cre;
Tfamloxp/loxp mice is due to incomplete deletion of Tfam. The
sixth possibility would be that the embryonic metabolic shift is
required for the postnatal heart to undergo the neonatal
metabolic shift and maturation. In this scenario, inactivation
of Ppargc1a and Ppargc1b in embryonic hearts impairs the
embryonic metabolic shift, which in turn causes maturation
defects in postnatal hearts. In contrast, AAV9-Cre–mediated
deletion of Tfam occurred postnatally, and the embryonic
metabolic shift was not affected in these mice. Future studies
are warranted to solve this important issue regarding the
relationship between mitochondrial functions and postnatal
heart maturation.

Role of ROS in Heart Development
ROS is a physiological byproduct of ETC electron flow, and its
production can be increased or uncontrolled if ETC electron
flow is compromised.57–60 In addition, ROS can be generated
through cell membrane–bound NADPH oxidase complexes.118

Recent studies have indicated that ROS may act as signaling
molecules.119 Using embryonic stem cells as a model system,
a high level of ROS increased the percentage of beating
cardiomyocytes in embryoid bodies.118 ROS may stimulate
cardiomyocyte differentiation through multiple signaling path-
ways including JNK, ERK1/2, p38, Ca2+ and BMP.118,120

However, a role for ROS in cardiac precursor cells has not
been demonstrated through in vivo genetic studies.

ROS levels remain high in mouse E9.5 cardiomyocytes and
decrease as embryos age.32,118,121 The reduction in ROS
levels in later stage embryos stimulates cardiomyocyte
maturation, based on studies of mPTP.32,121 Located on the
mitochondrial inner membrane, mPTP is closed in matured
cardiomyocytes under physiological conditions. In mouse
embryonic hearts, mPTP is open until E9.5 and closes
between E9.5 and E13.5.32 Closure of mPTP not only
increases the mitochondrial membrane potential (Dwm) to
promote OXPHOS (aerobic respiration) but also decreases
ROS levels in embryonic cardiomyocytes.32 The forced
closure of mPTP using a pharmacological reagent (cyclosporin
A) or deletion of Ppid (peptidylprolyl isomerase D; CyP-D
[cyclophilin D]), which is required for mPTP opening, led to
prematuration of both mitochondria and cardiomyocytes at
E9.5.32 Treatment of E9.5 cardiomyocytes with an antioxidant

(Trolox, Hoffmann-La Roche Inc) stimulated, and treatment
with a stable oxidant (tertiary butyl hydroperoxide) inhibited,
cardiomyocyte differentiation, regardless of whether mPTP
was open or closed.32 Collectively, these data support the
idea that closure of mPTP acts upstream of redox signaling
and reduces ROS levels in embryonic cardiomyocytes, which
stimulates their maturation.32

In addition to regulating cardiomyocyte differentiation and
maturation, ROS may regulate cardiomyocyte proliferation.
The treatment of cardiomyocytes derived from embryonic
stem cells or mouse neonatal hearts with 100 nmol/L H2O2

significantly enhanced their proliferation.120,122 H2O2 treat-
ment increased nuclear localization of cyclin D1, reduced the
expression of p27Kip1 (a negative cell cycle regulator), and
enhanced phosphorylation of retinoblastoma in cultured
myocardial cells.120

Abnormally high ROS levels due to mitochondrial dysfunc-
tion in embryonic hearts may lead to severe inborn cardiomy-
opathy. For example, embryonic heart inactivation of Tfam led
to mitochondrial dysfunction, elevated ROS products, reduced
cardiomyocyte proliferation, and embryonic lethality.31 Fur-
thermore, inhibition of ROS or the DNA damage response
pathway using MitoTEMPO (Santa Cruz Biotechnology) or MK-
1755 (a WEE1 [WEE1 G2 checkpoint kinase] kinase inhibitor)
rescued the cell proliferation defect observed in cultured fetal
cardiomyocytes in which Tfam was deleted.31

Taken together, ROSs exert complex activities during
cardiogenesis, and their activities are stage dependent.
Increased ROS levels stimulate cardiomyocyte differentiation
from precursor cells. At later stages, reduction of ROS levels
through closure of mPTP is required for normal maturation of
cardiomyocytes. In addition, ROS can promote cardiomyocyte
proliferation, according to evidence from in vitro cell culture
analysis. Mitochondrial dysfunction in fetal hearts elevates
ROS species, which triggers the DNA damage pathway to
block cardiomyocyte proliferation.

Role of Apoptosis in OFT Remodeling
In addition to their role as the cellular powerhouse, it is well
established that mitochondria play key roles in controlling cell
apoptosis (programmed cell death).123–125 In contrast to
necrosis, which is caused by acute cellular injury, apoptosis is
a precisely controlled process that regulates multiple pro-
cesses during embryonic development.126–128 In apoptotic
cells, the death signal activates the proapoptotic protein BAX
(BCL-2–associated X protein) and BAK (BCL2-antagonist/
killer 1), which then associate with the mitochondrial outer
membrane to form pores.123–125 The pore alters the outer
membrane potential and releases cytochrome c from the
intermembrane space to the mitochondrial cytosol, where it
interacts with APAF-1 (apoptotic protease activating factor 1)
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to form the apoptosome.123–125 Apoptosomes activate the
caspase cascade to induce cell death.123–125 In addition to
cytochrome c, mitochondria may also release SMAC (second
mitochondrial-derived activator of caspases) to activate
caspases.124,125,129

During heart development, apoptosis serves as the driving
force for OFT shortening and remodeling. Watanabe et al
initially reported that, in chicken embryos, OFT shortening and
rotation occurs through cardiomyocyte apoptosis in the
proximal OFT region.130 Pharmacologically blocking apoptosis
in ex ovo chicken cultures resulted in an abnormally long
infundibulum. In some embryo cultures, the OFT failed to
rotate, leading to the double-outlet-right-ventricle defect.131

The function of cardiomyocyte apoptosis in the OFT appears
to be evolutionarily conserved from chicken to mammals. In
mouse embryonic hearts, apoptosis in the proximal OFT
region can be observed initially at E12.5, peaks at E13.5 to
E14.5, and declines thereafter.132 The stages of apoptosis in
the OFT region correlate well with the shortening period of the
OFT.132 In addition to the OFT region, apoptosis can be
detected in the ventricle and endocardial cells, suggesting
that it may also be involved in ventricular morphogenesis.131

Considering the well-established role of mitochondria in
apoptosis, we speculate that apoptosis during OFT remodeling
is mitochondria dependent; however, we cannot exclude the
involvement of mitochondria-independent mechanisms. Fur-
ther studies are required to reveal the signal that initiates cell
death in the OFT and to understand exactly which apoptotic
pathway is used to regulate OFT remodeling.

Regulation of Heart Development by
Mitochondrial Fission and Fusion
Mitochondria are highly dynamic organelles with constantly
changing morphologies in response to altered inter- and
intracellular environments.133–136 The mitochondrial tubular
network is regulated by fusion and fission. Reducing or
blocking mitochondrial fusion (or overfission) leads to the
fragmentation of mitochondria and the loss of mtDNA,
whereas reducing or blocking fission (or overfusion) results
in enlargement of mitochondria and overly interconnected
tubules.38,137–139

Regulators of mitochondrial fission and fusion are GTPases
and belong to the dynamin family.136,140 MFN1 (mitofusin 1)
and MFN2 are the GTPases that act on the mitochondrial
outer membrane to promote fusion. Systematic knockout and
rescue experiments have revealed that MFN1 and MFN2
possess partially overlapping functions in regulating mito-
chondrial morphology.141,142 To reveal their potential func-
tions during heart development, Mfn1 and Mfn2 were
simultaneously inactivated in embryonic hearts using the

Nkx2.5-Cre line,143,144 which inactivates target genes in the
early cardiac crescent at E7.5.145 Mfn1/Mfn2 cardiac DKO
mice die between E9.5 and E15.5. Double-mutant hearts
displayed severe hypocellular defects in their myocardial wall
at E13.5.143 Expression of multiple cardiac differentiation
markers was impaired by deletion of the 2 genes at E9.5.
Further mechanistic studies using embryonic stem cells as
the model system suggested that blocking mitochondrial
fusion decreases the capacity of Ca2+ to enter mitochondria
and increases the Ca2+ concentration in the cytoplasm.
Consequently, calcineurin activity is upregulated, which
increases Notch signaling and impairs cardiomyocyte differ-
entiation.143 The studies on double deletion of Mfn1 and Mfn2
using Nkx2.5-Cre thus provided definitive evidence to support
the essential role of mitochondrial fusion during cardiomy-
ocyte differentiation.143,144

Cardiac functions of Mfn1 and Mfn2 have also been
examined using another Cre line, Myh6-Cre, which inactivates
target genes at midgestation.146 The transcripts of both genes
were efficiently reduced at E15.5 in DKO mice; however, no
cardiac phenotype was observed in these mice from E15.5 to
P0, suggesting that mitochondrial fusion is not essential for
heart development from midgestation to birth.146 Starting
from P7, many DKO mice start to display dilated cardiomy-
opathy, and they all die before P16, supporting the essential
role of mitochondrial fusion in postnatal cardiac development.
Therefore, the results from Nkx2.5-Cre and Myh6-Cre lines
have revealed that mitochondrial fusion is critical for heart
development at different stages.

The DRP1 (Dynamin Related Protein 1) GTPase acts on the
outer membrane of mitochondria to promote fis-
sion.38,137,138,147 The potential role of Drp1 during mouse
heart development has been studied using 2 different Cre
drivers to knockout Drp1 in embryonic hearts. Inactivation of
Drp1 using the Myh6-Cre line reduced the expression of DRP1
to 50% of the control level at P1, and the activity of the left
ventricle in mutants was reduced at this stage according to
echocardiographic analyses.148 However, it is unclear whether
the reduced activity of the left ventricle in mutant hearts began
during the fetal stage. At P7, the mutant animals displayed
multiple cardiac defects, including reduced heart rate, abnor-
mal patterns of electrocardiography and reduced left ventricle
contraction. The sizes of mitochondria were abnormally
enlarged in cardiomyocytes with Drp1 deleted, and OXPHOS
was also impaired.148 All mutant mice died between P9 and
P11. In another study, Drp1 was inactivated by a muscle cell
Cre line, MCK-Cre.149 Reduced expression of DRP1 was not
observed until P1 in mutant hearts. Mice with Drp1 inactivated
using MCK-Cre died between P7 and P10, which was slightly
earlier than observed with mice in which theMyh6-Cre line was
used. Mutant mice at P7 showed dilated cardiomyopathy,
disorganized myofibrils, impaired mitochondrial respiration,
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and reduced hypertrophic growth of postnatal hearts.149

Collectively, the 2 complementary studies support the essen-
tial role of mitochondrial fission in regulating early postnatal
heart development and function. Whether mitochondrial
fission also regulates embryonic heart development, as
mitochondrial fusion does, will need to be addressed using
Cre lines acting at earlier stages in embryonic hearts.

It should be noted that in addition to the canonical
activities, MFN1, MFN2, and DRP1 also exhibit noncanonical
functions.150 MFN1/2 tethers mitochondria to the endoplas-
mic reticulum or the sarcoplasmic reticulum to form contact
sites, which are important for mitochondrial Ca2+ uptake and
bioenergetics.151–153 In addition, MFN2 is involved in
mitophagy, which will be discussed next. The noncanonical
activities of DRP1 include regulating mPTP opening, respira-
tion, mitophagy, and cell death.154–156 Therefore, the pheno-
types observed in Mfn1, Mfn2, and Drp1 knockout hearts are
likely caused by the combined defects of multiple aspects of
mitochondrial activities rather than solely by impaired mito-
chondrial fusion or fission.

Regulation of the Perinatal Metabolic Shift by
Mitophagy in Mouse Hearts
Mitophagy refers to the selective degradation of mitochondria
by autophagy, a process that can be induced through both

Parkin-dependent and Parkin-independent pathways.157,158 A
previous elegant study provided strong evidence to support
the critical role of Parkin-dependent mitophagy in regulating
the perinatal metabolic shift in mouse hearts.159 The MFN2
T111A/S442A (MFN2 AA) mutation inhibits mitochondrial
Parkin localization and thus blocks Parkin-dependent mito-
phagy. However, this mutation does not affect mitochondrial
fusion or Parkin-independent mitophagy induced by starva-
tion.159 Ectopic expression of MFN2 AA in neonatal car-
diomyocytes led to cardiac dilation, impaired contraction,
pulmonary congestion, and eventually heart failure.159 All
mutant animals died 7 to 8 weeks after birth. Conversely,
ectopic expression of a comparable level of wild-type MFN2 in
neonatal hearts did not result in any overt defects. MFN2 AA
mitochondria retained fetal mitochondrial morphology, failed
to undergo maturation, and exhibited impaired functional-
ity.159 Furthermore, high-throughput RNA-sequencing exami-
nation showed that perinatal cardiac expression of MFN2 AA
blocked metabolic gene reprogramming in postnatal
hearts,159 suggesting that Parkin-dependent mitophagy is
required for perinatal mitochondrial maturation at both the
morphological and gene expression levels. A mismatch
between mitochondrial programming and the substrate avail-
ability was proposed as the major cause for the juvenile
cardiomyopathy observed in mice with cardiac ectopic
expression of MFN2 AA.159

Mitochondrial 
functions

Biogenic 

ROS

Apoptosis Regulate OFT shortening and remodeling in embryos.
(may through mitochondria independent apoptosis)

1. Embryonic metabolic shift from E11.5.
2. Neonatal metabolic shift from P0.
3. Postnatal cardiomyocyte maturation.

1. Stimulating cardiomyocyte differentiation from precursor cells.
2. May regulate cardiomyocyte proliferation in vitro.
3. Regulate fetal cardiomyocyte maturation.

Dynamics

Fusion/Fission

mitophagy

1.Embryonic myocardial wall morphogenesis
2. Mitochondrial respiration
3. Regulate hypertrophic growth of postnatal hearts
4. Promote ventricle contraction
5. Required for maintaining heart rate and normal electro-

cardiography.

1. Postnatal mitochondrial maturation.
2. Metabolic gene reprograming in postnatal hearts

Figure 5. Summary of mitochondrial functions during cardiogenesis. E indicates, embryonic day; OFT, outflow tract; P, postnatal day;
ROS, reactive oxygen species.
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Conclusion
Accumulated evidence has established that mitochondria not
only serve as the cellular powerhouse enabling the heart to
beat but also play a critical role in regulating embryonic and
neonatal heart development in mammals (Figure 5). In Table,
we summarize the roles of genes important for mitochondrial
morphology and function during mammalian cardiogenesis
that are discussed in this review. Revealing the role of
mitochondria in heart development and the underlying
mechanisms will provide crucial clues to the development
of novel clinical applications aimed at treating cardiomy-
opathies caused by mitochondrial dysfunction in infants.

Acknowledgments
We would like to acknowledge the many valuable contributions of
our colleagues but regret that, due to the limited scope of this review
article, all studies could not be cited. We thank the members of the
Jiao laboratory for their comments and suggestions for the article.

Sources of Funding
Research in the authors’ laboratory is supported by R01
(R01HL095783) and American Heart Association
(17GRNT33410623) grants awarded to Jiao.

Disclosures
None.

References
1. Hoffman JI. Incidence of congenital heart disease: II. Prenatal incidence.

Pediatr Cardiol. 1995;16:155–165.

2. Hoffman JI, Kaplan S. The incidence of congenital heart disease. J Am Coll
Cardiol. 2002;39:1890–1900.

3. Onuzo OC. How effectively can clinical examination pick up congenital heart
disease at birth? Arch Dis Child Fetal Neonatal Ed. 2006;91:F236–F237.

4. Clark KL, Yutzey KE, Benson DW. Transcription factors and congenital heart
defects. Annu Rev Physiol. 2006;68:97–121.

5. Schleich J-M, Abdulla T, Summers R, Houyel L. An overview of cardiac
morphogenesis. Arch Cardiovasc Dis. 2013;106:612–623.

6. Epstein JA, Aghajanian H, Singh MK. Semaphorin signaling in cardiovascular
development. Cell Metab. 2015;21:163–173.

7. Sylva M, van den Hoff MJ, Moorman AF. Development of the human heart.
Am J Med Genet A. 2014;164:1347–1371.

8. Epstein JA. Cardiac development and implications for heart disease. N Engl J
Med. 2010;363:1638–1647.

9. Christoffels VM, Burch JB, Moorman AF. Architectural plan for the heart:
early patterning and delineation of the chambers and the nodes. Trends
Cardiovasc Med. 2004;14:301–307.

10. Buckingham M, Meilhac S, Zaffran S. Building the mammalian heart from two
sources of myocardial cells. Nat Rev Genet. 2005;6:826–835.

11. Abu-Issa R, Kirby ML. Heart field: from mesoderm to heart tube. Annu Rev
Cell Dev Biol. 2007;23:45–68.

12. Brade T, Pane LS, Moretti A, Chien KR, Laugwitz KL. Embryonic heart
progenitors and cardiogenesis. Cold Spring Harb Perspect Med. 2013;3:
a013847.Ta

bl
e.

Fu
nc
tio

ns
of

G
en
es

Im
po
rt
an
t
fo
r
M
ito

ch
on
dr
ia
lM

or
ph
ol
og
y/
Ac

tiv
ity

D
ur
in
g
C
ar
di
og
en
es
is

N
am

es
of

G
en
e

G
en
et
ic

M
an
ip
ul
at
io
n
M
et
ho
ds

D
ef
ec
ts

in
M
ut
an
ts

Dr
p1

1.
M
yh
6-
Cr
e,

in
ac
tiv
at
io
n
of

ta
rg
et

ge
ne
s
in
fe
ta
lh
ea
rts

2.
M
CK

-C
re
,
pe
rin
at
al
in
ac
tiv
at
io
n
of

ta
rg
et

ge
ne
s
in

ca
rd
ia
c
an
d
sk
el
et
on

m
us
cl
e
ce
lls

Le
th
al
ity

be
tw
ee
n
P9

an
d
P1
1.

Re
du
ce
d
he
ar
t
ra
te
,
ab
no
rm

al
pa
tte
rn
s
of

el
ec
tro
ca
rd
io
gr
ap
hy
,
an
d
re
du
ce
d

le
ft
ve
nt
ric
le
ac
tiv
ity

at
P7
.
En
la
rg
ed

m
ito
ch
on
dr
ia
in
ca
rd
io
m
yo
cy
te
s.
Im
pa
ire
d
OX

PH
OS

.1
48

Le
th
al
ity

be
tw
ee
n
P7

an
d
P1
0.

Di
la
te
d
ca
rd
io
m
yo
pa
th
y,
di
so
rg
an
iz
ed

m
yo
fib
ril
s,
im
pa
ire
d
m
ito
ch
on
dr
ia
l

re
sp
ira
tio
n,

an
d
re
du
ce
d
hy
pe
rtr
op
hi
c
gr
ow

th
at

P7
.1
49

M
fn
1
an
d
M
fn
2

1.
Nk
x2
.5
-C
re
,
ca
rd
ia
c
pr
ec
ur
so
r
ce
lls

2.
M
yh
6-
Cr
e,

in
ac
tiv
at
io
n
of

ta
rg
et

ge
ne
s
in
fe
ta
lh
ea
rts

Le
th
al
ity

be
tw
ee
n
E9
.5

an
d
E1
5.
5.

Se
ve
re

hy
po
ce
llu
la
r
de
fe
ct
s
in
th
e
m
yo
ca
rd
ia
lw

al
la
t
E1
3.
5.
14
3

Le
th
al
ity

be
fo
re

P1
6.

Di
la
te
d
ca
rd
io
m
yo
pa
th
y
at

P7
.1
46

M
fn
2
(T
11
1A
/S
44
2A
)

Tr
an
sg
en
ic
ex
pr
es
si
on

of
M
fn
2(
T1
11
A/
S4
42
A)

in
ne
on
at
al
he
ar
ts
,

on
ly
af
fe
ct
s
m
ito
ph
ag
y

Le
th
al
ity

7
to

8
w
ks

af
te
r
bi
rth
.
Im
pa
ire
d
m
ito
ph
ag
y.
Ca
rd
ia
c
di
la
tio
n,

im
pa
ire
d
co
nt
ra
ct
io
n,

pu
lm
on
ar
y

co
ng
es
tio
n,

an
d
ev
en
tu
al
ly
he
ar
t
fa
ilu
re
.1
59

Pp
ar
gc
1a

an
d
Pp
ar
gc
1b

M
yh
6-
Cr
e
in
ac
tiv
at
io
n
of

Pp
ar
gc
1b

on
th
e
Pp
ar
gc
1a

�/
�

ba
ck
gr
ou
nd

(P
pa
rg
c1
a�

/�
;
Pp
ar
gc
1b

lo
xp
/lo
xp
;M

yh
6-
Cr
e)
,

in
ac
tiv
at
io
n
of

ta
rg
et

ge
ne
s
in
fe
ta
lh
ea
rts

Le
th
al
ity

du
rin
g
th
e
fir
st
w
ee
k
af
te
r
bi
rth
.
He
ar
t
fa
ilu
re
,
re
du
ce
d
he
ar
t
si
ze

an
d
ac
tiv
iti
es
.
Im
pa
ire
d
ne
on
at
al

ca
rd
io
m
yo
cy
te

m
at
ur
at
io
n.
11
5

Tf
am

1.
M
CK

-C
re
,
pe
rin
at
al
in
ac
tiv
at
io
n
of

ta
rg
et

ge
ne
s
in
ca
rd
ia
c

an
d
sk
el
et
on

m
us
cl
e
ce
lls

2.
M
CK

-N
ls
-C
re
,
pe
rin
at
al
in
ac
tiv
at
io
n
of

ta
rg
et

ge
ne
s
in

ca
rd
ia
c
an
d
sk
el
et
on

m
us
cl
e
ce
lls
.
CR

E
ac
tiv
ity

w
ea
ke
r
th
an

M
CK

-C
re

3.
AA

V9
-c
Tn
t-
Cr
e,

ne
on
at
al
in
je
ct
io
n

De
fic
ie
nc
y
in
th
e
re
sp
ira
to
ry

ch
ai
n,

bl
oc
ka
ge

of
at
rio
ve
nt
ric
ul
ar

he
ar
t
co
nd
uc
tio
n,

di
la
te
d
ca
rd
io
m
yo
pa
th
y
an
d

an
im
al
le
th
al
ity

be
tw
ee
n
P1
5
an
d
P3
5.
11
1

Su
rv
iv
e
to

10
to

12
w
ee
ks

af
te
r
bi
rth
.
De
fic
ie
nc
y
in
re
sp
ira
tio
n.

Re
ac
tiv
at
io
n
of

a
fe
ta
lg
en
e
ex
pr
es
si
on

pr
og
ra
m

be
tw
ee
n
4
an
d
9
w
ee
ks

af
te
r
bi
rth
.1
12

Di
la
te
d
ca
rd
io
m
yo
pa
th
y.
No

de
fe
ct

in
po
st
na
ta
lc
ar
di
om

yo
cy
te

m
at
ur
at
io
n.
31

DOI: 10.1161/JAHA.119.012731 Journal of the American Heart Association 9

Roles of Mitochondria During Heart Development Zhao et al
B
A
S
IC

S
C
IE

N
C
E

F
O
R

C
L
IN

IC
IA

N
S



13. Vincent SD, Buckingham ME. How to make a heart: the origin and regulation
of cardiac progenitor cells. Curr Top Dev Biol. 2010;90:1–41.

14. Francou A, Saint-Michel E, Mesbah K, Theveniau-Ruissy M, Rana MS,
Christoffels VM, Kelly RG. Second heart field cardiac progenitor cells in the
early mouse embryo. Biochim Biophys Acta. 2013;1833:795–798.

15. Srivastava D. Making or breaking the heart: from lineage determination to
morphogenesis. Cell. 2006;126:1037–1048.

16. Aburawi EH, Aburawi HE, Bagnall KM, Bhuiyan ZA. Molecular insight into
heart development and congenital heart disease: an update review from the
Arab countries. Trends Cardiovasc Med. 2015;25:291–301.

17. Laflamme MA, Murry CE. Heart regeneration. Nature. 2011;473:326–335.

18. Tam SK, Gu W, Mahdavi V, Nadal-Ginard B. Cardiac myocyte terminal
differentiation. Potential for cardiac regeneration. Ann N Y Acad Sci.
1995;752:72–79.

19. Pasumarthi KB, Field LJ. Cardiomyocyte cell cycle regulation. Circ Res.
2002;90:1044–1054.

20. Krishnan A, Samtani R, Dhanantwari P, Lee E, Yamada S, Shiota K, Donofrio
MT, Leatherbury L, Lo CW. A detailed comparison of mouse and human
cardiac development. Pediatr Res. 2014;76:500–507.

21. Baker CN, Ebert SN. Development of aerobic metabolism in utero:
requirement for mitochondrial function during embryonic and foetal periods.
OA Biotechnol. 2013;2:16–22.

22. Menendez-Montes I, Escobar B, Palacios B, Gomez MJ, Izquierdo-Garcia JL,
Flores L, Jimenez-Borreguero LJ, Aragones J, Ruiz-Cabello J, Torres M,
Martin-Puig S. Myocardial VHL-HIF Signaling Controls an Embryonic
Metabolic Switch Essential for Cardiac Maturation. Dev Cell.
2016;39:724–739.

23. Baker CN, Gidus SA, Price GF, Peoples JN, Ebert SN. Impaired cardiac energy
metabolism in embryos lacking adrenergic stimulation. Am J Physiol
Endocrinol Metab. 2015;308:E402–13.

24. Dorn GW II, Vega RB, Kelly DP. Mitochondrial biogenesis and dynamics in the
developing and diseased heart. Genes Dev. 2015;29:1981–1991.

25. Schiff M, Ogier de Baulny H, Lombes A. Neonatal cardiomyopathies and
metabolic crises due to oxidative phosphorylation defects. Semin Fetal
Neonatal Med. 2011;16:216–221.

26. Humble MM, Young MJ, Foley JF, Pandiri AR, Travlos GS, Copeland WC. Polg2
is essential for mammalian embryogenesis and is required for mtDNA
maintenance. Hum Mol Genet. 2013;22:1017–1025.

27. Larsson NG, Wang J, Wilhelmsson H, Oldfors A, Rustin P, Lewandoski M,
Barsh GS, Clayton DA. Mitochondrial transcription factor A is necessary for
mtDNA maintenance and embryogenesis in mice. Nat Genet. 1998;18:231–
236.

28. Ingraham CA, Burwell LS, Skalska J, Brookes PS, Howell RL, Sheu SS, Pinkert
CA. NDUFS4: creation of a mouse model mimicking a Complex I disorder.
Mitochondrion. 2009;9:204–210.

29. Folmes CD, Dzeja PP, Nelson TJ, Terzic A. Mitochondria in control of cell fate.
Circ Res. 2012;110:526–529.

30. Mohammed S, Bahitham W, Chan A, Chiu B, Bamforth F, Sergi C.
Mitochondrial DNA related cardiomyopathies. Front Biosci (Elite Ed).
2012;4:1706–1716.

31. Zhang D, Li Y, Heims-Waldron D, Bezzerides V, Guatimosim S, Guo Y, Gu F,
Zhou P, Lin Z, Ma Q, Liu J, Wang DZ, Pu WT. Mitochondrial Cardiomyopathy
Caused by Elevated Reactive Oxygen Species and Impaired Cardiomyocyte
Proliferation. Circ Res. 2018;122:74–87.

32. Hom JR, Quintanilla RA, Hoffman DL, de Mesy Bentley KL, Molkentin JD, Sheu
SS, Porter GA Jr. The permeability transition pore controls cardiac
mitochondrial maturation and myocyte differentiation. Dev Cell.
2011;21:469–478.

33. Finsterer J, Kothari S. Cardiac manifestations of primary mitochondrial
disorders. Int J Cardiol. 2014;177:754–763.

34. Gray MW, Burger G, Lang BF. The origin and early evolution of mitochondria.
Genome Biol. 2001;2:1018.1–1018.5.

35. Gray MW, Burger G, Lang BF. Mitochondrial evolution. Science.
1999;283:1476–1481.

36. Ernster L, Schatz G. Mitochondria: a historical review. J Cell Biol.
1981;91:227s–255s.

37. Yang D, Oyaizu Y, Oyaizu H, Olsen GJ, Woese CR. Mitochondrial origins. Proc
Natl Acad Sci USA. 1985;82:4443–4447.

38. Friedman JR, Nunnari J. Mitochondrial form and function. Nature.
2014;505:335–343.

39. Palade GE. An electron microscope study of the mitochondrial structure. J
Histochem Cytochem. 1953;1:188–211.

40. Zong WX, Rabinowitz JD, White E. Mitochondria and Cancer. Mol Cell.
2016;61:667–676.

41. Bruggisser J, Kaser S, Mani J, Schneider A. Biogenesis of a Mitochondrial
Outer Membrane Protein in Trypanosoma brucei: TARGETING SIGNAL AND
DEPENDENCE ON A UNIQUE BIOGENESIS FACTOR. J Biol Chem.
2017;292:3400–3410.

42. Becker T, Vogtle FN, Stojanovski D, Meisinger C. Sorting and assembly of
mitochondrial outer membrane proteins. Biochim Biophys Acta.
2008;1777:557–563.

43. Chaban Y, Boekema EJ, Dudkina NV. Structures of mitochondrial oxidative
phosphorylation supercomplexes and mechanisms for their stabilisation.
Biochim Biophys Acta. 2014;1837:418–426.

44. Chance B, Williams GR. The respiratory chain and oxidative phosphorylation.
Adv Enzymol Relat Subj Biochem. 1956;17:65–134.

45. Baines CP, Gutierrez-Aguilar M. The still uncertain identity of the channel-
forming unit(s) of the mitochondrial permeability transition pore. Cell
Calcium. 2018;73:121–130.

46. Wong R, Steenbergen C, Murphy E. Mitochondrial permeability transition
pore and calcium handling. Methods Mol Biol. 2012;810:235–242.

47. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI, Jones DP, Wang X.
Prevention of apoptosis by Bcl-2: release of cytochrome c from mitochondria
blocked. Science. 1997;275:1129–1132.

48. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release of
cytochrome c from mitochondria: a primary site for Bcl-2 regulation of
apoptosis. Science. 1997;275:1132–1136.

49. Chinnery PF, Hudson G. Mitochondrial genetics. Br Med Bull. 2013;106:135–
159.

50. Wallace DC. Diseases of the mitochondrial DNA. Annu Rev Biochem.
1992;61:1175–1212.

51. Kuznetsov AV, Hermann M, Saks V, Hengster P, Margreiter R. The cell-type
specificity of mitochondrial dynamics. Int J Biochem Cell Biol. 2009;41:1928–
1939.

52. Aon MA, Cortassa S, O’Rourke B. Percolation and criticality in a mitochondrial
network. Proc Natl Acad Sci USA. 2004;101:4447–4452.

53. Vendelin M, Beraud N, Guerrero K, Andrienko T, Kuznetsov AV, Olivares J, Kay
L, Saks VA. Mitochondrial regular arrangement in muscle cells: a “crystal-
like” pattern. Am J Physiol Cell Physiol. 2005;288:C757–C767.

54. Aon MA, Cortassa S, O’Rourke B. The fundamental organization of cardiac
mitochondria as a network of coupled oscillators. Biophys J . 2006;91:4317–
4327.

55. Aon MA, Cortassa S, O’Rourke B. Molecular System Bioenergetics. Energy for
Life. Darmstadt: Wiley-VCH; 2007.

56. Goh KY, Qu J, Hong H, Liu T, Dell’Italia LJ, Wu Y, O’Rourke B, Zhou L. Impaired
mitochondrial network excitability in failing guinea-pig cardiomyocytes.
Cardiovasc Res. 2016;109:79–89.

57. Murphy MP. How mitochondria produce reactive oxygen species. Biochem J.
2009;417:1–13.

58. Chen YR, Zweier JL. Cardiac mitochondria and reactive oxygen species
generation. Circ Res. 2014;114:524–537.

59. Pohjoismaki JL, Goffart S. The role of mitochondria in cardiac development
and protection. Free Radic Biol Med. 2017;106:345–354.

60. Taverne YJ, Bogers AJ, Duncker DJ, Merkus D. Reactive oxygen species
and the cardiovascular system. Oxid Med Cell Longev.
2013;2013:862423.

61. Chance B, Sies H, Boveris A. Hydroperoxide metabolism in mammalian
organs. Physiol Rev. 1979;59:527–605.

62. Fridovich I. Superoxide radical and superoxide dismutases. Annu Rev
Biochem. 1995;64:97–112.

63. Okado-Matsumoto A, Fridovich I. Subcellular distribution of superoxide
dismutases (SOD) in rat liver: Cu, Zn-SOD in mitochondria. J Biol Chem.
2001;276:38388–38393.

64. Orrenius S, Gogvadze V, Zhivotovsky B. Mitochondrial oxidative stress:
implications for cell death. Annu Rev Pharmacol Toxicol. 2007;47:143–
183.

65. Abreu IA, Cabelli DE. Superoxide dismutases-a review of the metal-associated
mechanistic variations. Biochem Biophys Acta. 2010;1804:263–274.

66. Ribas V, Garcia-Ruiz C, Fernandez-Checa JC. Glutathione and mitochondria.
Front Pharmacol. 2014;5:151.

67. Naka K, Muraguchi T, Hoshii T, Hirao A. Regulation of reactive oxygen species
and genomic stability in hematopoietic stem cells. Antioxid Redox Signal.
2008;10:1883–1894.

DOI: 10.1161/JAHA.119.012731 Journal of the American Heart Association 10

Roles of Mitochondria During Heart Development Zhao et al
B
A
S
IC

S
C
IE

N
C
E

F
O
R

C
L
IN

IC
IA

N
S



68. Baines CP, Goto M, Downey JM. Oxygen radicals released during ischemic
preconditioning contribute to cardioprotection in the rabbit myocardium. J
Mol Cell Cardiol. 1997;29:207–216.

69. Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T. Requirement for
generation of H2O2 for platelet-derived growth factor signal transduction.
Science. 1995;270:296–299.

70. Vanden Hoek TL, Becker LB, Shao Z, Li C, Schumacker PT. Reactive oxygen
species released from mitochondria during brief hypoxia induce precondi-
tioning in cardiomyocytes. J Biol Chem. 1998;273:18092–18098.

71. Wallace DC. A mitochondrial paradigm of metabolic and degenerative
diseases, aging, and cancer: a dawn for evolutionary medicine. Annu Rev
Genet. 2005;39:359–407.

72. Crompton M, Virji S, Doyle V, Johnson N, Ward JM. The mitochondrial
permeability transition pore. Biochem Soc Symp. 1999;66:167–179.

73. Halestrap AP. What is the mitochondrial permeability transition pore? J Mol
Cell Cardiol. 2009;46:821–831.

74. Crompton M. The mitochondrial permeability transition pore and its role in
cell death. Biochem J. 1999;341(Pt 2):233–249.

75. Halestrap AP, Clarke SJ, Javadov SA. Mitochondrial permeability transition
pore opening during myocardial reperfusion–a target for cardioprotection.
Cardiovasc Res. 2004;61:372–385.

76. Aon MA, Cortassa S, Maack C, O’Rourke B. Sequential opening of
mitochondrial ion channels as a function of glutathione redox thiol status.
J Biol Chem. 2007;282:21889–21900.

77. Li Q, Su D, O’Rourke B, Pogwizd SM, Zhou L. Mitochondria-derived ROS
bursts disturb Ca(2)(+) cycling and induce abnormal automaticity in guinea
pig cardiomyocytes: a theoretical study. Am J Physiol Heart Circ Physiol.
2015;308:H623–H636.

78. Cadenas E. Mitochondrial free radical production and cell signaling. Mol
Aspects Med. 2004;25:17–26.

79. Droge W. Free radicals in the physiological control of cell function. Physiol
Rev. 2002;82:47–95.

80. Xia R, Stangler T, Abramson JJ. Skeletal muscle ryanodine receptor is a redox
sensor with a well defined redox potential that is sensitive to channel
modulators. J Biol Chem. 2000;275:36556–36561.

81. Goh KY, He L, Song J, Jinno M, Rogers AJ, Sethu P, Halade GV, Rajasekaran
NS, Liu X, Prabhu SD, Darley-Usmar V, Wende AR, Zhou L. Mitoquinone
ameliorates pressure overload-induced cardiac fibrosis and left ventricular
dysfunction in mice. Redox Biol. 2019;21:101100.

82. Babcock DF, Herrington J, Goodwin PC, Park YB, Hille B. Mitochondrial
participation in the intracellular Ca2+ network. J Cell Biol. 1997;136:833–
844.

83. Babcock DF, Hille B. Mitochondrial oversight of cellular Ca2+ signaling. Curr
Opin Neurobiol. 1998;8:398–404.

84. Herrington J, Park YB, Babcock DF, Hille B. Dominant role of mitochondria in
clearance of large Ca2+ loads from rat adrenal chromaffin cells. Neuron.
1996;16:219–228.

85. Mishra J, Jhun BS, Hurst S, J OU, Csordas G, Sheu SS. The mitochondrial Ca
(2+) uniporter: structure, function, and pharmacology. Handb Exp Pharmacol.
2017;240:129–156.

86. Beutner G, Sharma VK, Giovannucci DR, Yule DI, Sheu SS. Identification of a
ryanodine receptor in rat heart mitochondria. J Biol Chem. 2001;276:21482–
21488.

87. Szabadkai G, Bianchi K, Varnai P, De Stefani D, Wieckowski MR, Cavagna
D, Nagy AI, Balla T, Rizzuto R. Chaperone-mediated coupling of endoplas-
mic reticulum and mitochondrial Ca2+ channels. J Cell Biol.
2006;175:901–911.

88. Garcia-Perez C, Hajnoczky G, Csordas G. Physical coupling supports the local
Ca2+ transfer between sarcoplasmic reticulum subdomains and the mito-
chondria in heart muscle. J Biol Chem. 2008;283:32771–32780.

89. Nicholls D, Akerman K. Mitochondrial calcium transport. Biochim Biophys
Acta. 1982;683:57–88.

90. Gunter TE, Pfeiffer DR. Mechanisms by which mitochondria transport
calcium. Am J Physiol. 1990;258:C755–C786.

91. Hool LC, Corry B. Redox control of calcium channels: from mechanisms to
therapeutic opportunities. Antioxid Redox Signal. 2007;9:409–435.

92. Zhou L, Aon MA, Liu T, O’Rourke B. Dynamic modulation of Ca(2+) sparks by
mitochondrial oscillations in isolated guinea pig cardiomyocytes under
oxidative stress. J Mol Cell Cardiol. 2011;51:632–639.

93. Kuster GM, Lancel S, Zhang J, Communal C, Trucillo MP, Lim CC, Pfister O,
Weinberg EO, Cohen RA, Liao R, Siwik DA, Colucci WS. Redox-mediated

reciprocal regulation of SERCA and Na+-Ca2+ exchanger contributes to
sarcoplasmic reticulum Ca2+ depletion in cardiac myocytes. Free Radic Biol
Med. 2010;48:1182–1187.

94. Song J, Yang R, Yang J, Zhou L. Mitochondrial dysfunction-associated
arrhythmogenic substrates in diabetes mellitus. Front Physiol. 2018;
9:1670.

95. Benard G, Faustin B, Passerieux E, Galinier A, Rocher C, Bellance N, Delage
JP, Casteilla L, Letellier T, Rossignol R. Physiological diversity of mitochon-
drial oxidative phosphorylation. Am J Physiol Cell Physiol. 2006;291:C1172–
C1182.

96. Fernandez-Vizarra E, Enriquez JA, Perez-Martos A, Montoya J, Fernandez-Silva
P. Tissue-specific differences in mitochondrial activity and biogenesis.
Mitochondrion. 2011;11:207–213.

97. Ufer C, Wang CC. The roles of glutathione peroxidases during embryo
development. Front Mol Neurosci. 2011;4:12.

98. Porter GA Jr, Hom J, Hoffman D, Quintanilla R, de Mesy Bentley K, Sheu SS.
Bioenergetics, mitochondria, and cardiac myocyte differentiation. Prog
Pediatr Cardiol. 2011;31:75–81.

99. Mackler B, Grace R, Duncan HM. Studies of mitochondrial development
during embryogenesis in the rat. Arch Biochem Biophys. 1971;144:603–610.

100. Beutner G, Eliseev RA, Porter GA Jr. Initiation of electron transport chain
activity in the embryonic heart coincides with the activation of mitochondrial
complex 1 and the formation of supercomplexes. PLoS ONE. 2014;9:
e113330.

101. Lopaschuk GD, Jaswal JS. Energy metabolic phenotype of the cardiomyocyte
during development, differentiation, and postnatal maturation. J Cardiovasc
Pharmacol. 2010;56:130–140.

102. Chung S, Dzeja PP, Faustino RS, Perez-Terzic C, Behfar A, Terzic A.
Mitochondrial oxidative metabolism is required for the cardiac differentiation
of stem cells. Nat Clin Pract Cardiovasc Med. 2007;4(suppl 1):S60–S67.

103. Gaspar JA, Doss MX, Hengstler JG, Cadenas C, Hescheler J, Sachinidis A.
Unique metabolic features of stem cells, cardiomyocytes, and their
progenitors. Circ Res. 2014;114:1346–1360.

104. Spielmann H, Lucke I. Changes in the respiratory activity of different tissues
of rat and mouse embryos during development. Naunyn Schmiedebergs Arch
Pharmacol. 1973;278:151–164.

105. Okazaki K, Maltepe E. Oxygen, epigenetics and stem cell fate. Regen Med.
2006;1:71–83.

106. Piquereau J, Ventura-Clapier R. Maturation of cardiac energy metabolism
during perinatal development. Front Physiol. 2018;9:959.

107. Snowdin JW, Hsiung CH, Kesterson DG, Kamath VG, McKee EE. Effects of
zidovudine treatment on heart mrna expression and mitochondrial DNA copy
number associated with alterations in deoxynucleoside triphosphate com-
position in a neonatal rat model. Antimicrob Agents Chemother.
2015;59:6328–6336.

108. Gleyzer N, Vercauteren K, Scarpulla RC. Control of mitochondrial transcrip-
tion specificity factors (TFB1M and TFB2M) by nuclear respiratory factors
(NRF-1 and NRF-2) and PGC-1 family coactivators. Mol Cell Biol.
2005;25:1354–1366.

109. Ngo HB, Lovely GA, Phillips R, Chan DC. Distinct structural features of TFAM
drive mitochondrial DNA packaging versus transcriptional activation. Nat
Commun. 2014;5:3077.

110. Litonin D, Sologub M, Shi Y, Savkina M, Anikin M, Falkenberg M, Gustafsson
CM, Temiakov D. Human mitochondrial transcription revisited: only TFAM
and TFB2M are required for transcription of the mitochondrial genes in vitro.
J Biol Chem. 2010;285:18129–18133.

111. Wang J, Wilhelmsson H, Graff C, Li H, Oldfors A, Rustin P, Bruning JC,
Kahn CR, Clayton DA, Barsh GS, Thoren P, Larsson NG. Dilated
cardiomyopathy and atrioventricular conduction blocks induced by heart-
specific inactivation of mitochondrial DNA gene expression. Nat Genet.
1999;21:133–137.

112. Hansson A, Hance N, Dufour E, Rantanen A, Hultenby K, Clayton DA, Wibom
R, Larsson NG. A switch in metabolism precedes increased mitochondrial
biogenesis in respiratory chain-deficient mouse hearts. Proc Natl Acad Sci
USA. 2004;101:3136–3141.

113. Kuwahara K, Nishikimi T, Nakao K. Transcriptional regulation of the fetal
cardiac gene program. J Pharmacol Sci. 2012;119:198–203.

114. Dirkx E, da Costa Martins PA, De Windt LJ. Regulation of fetal gene
expression in heart failure. Biochim Biophys Acta. 2013;1832:2414–2424.

115. Lai L, Leone TC, Zechner C, Schaeffer PJ, Kelly SM, Flanagan DP, Medeiros
DM, Kovacs A, Kelly DP. Transcriptional coactivators PGC-1alpha and PGC-
lbeta control overlapping programs required for perinatal maturation of the
heart. Genes Dev. 2008;22:1948–1961.

DOI: 10.1161/JAHA.119.012731 Journal of the American Heart Association 11

Roles of Mitochondria During Heart Development Zhao et al
B
A
S
IC

S
C
IE

N
C
E

F
O
R

C
L
IN

IC
IA

N
S



116. Vega RB, Horton JL, Kelly DP. Maintaining ancient organelles: mitochondrial
biogenesis and maturation. Circ Res. 2015;116:1820–1834.

117. Arany Z, He H, Lin J, Hoyer K, Handschin C, Toka O, Ahmad F, Matsui T, Chin
S, Wu PH, Rybkin II, Shelton JM, Manieri M, Cinti S, Schoen FJ, Bassel-Duby R,
Rosenzweig A, Ingwall JS, Spiegelman BM. Transcriptional coactivator PGC-1
alpha controls the energy state and contractile function of cardiac muscle.
Cell Metab. 2005;1:259–271.

118. Wei H, Cong X. The effect of reactive oxygen species on cardiomyocyte
differentiation of pluripotent stem cells. Free Radic Res. 2018;52:150–158.

119. Sauer H, Wartenberg M. Reactive oxygen species as signaling molecules in
cardiovascular differentiation of embryonic stem cells and tumor-induced
angiogenesis. Antioxid Redox Signal. 2005;7:1423–1434.

120. Buggisch M, Ateghang B, Ruhe C, Strobel C, Lange S, Wartenberg M, Sauer H.
Stimulation of ES-cell-derived cardiomyogenesis and neonatal cardiac cell
proliferation by reactive oxygen species and NADPH oxidase. J Cell Sci.
2007;120:885–894.

121. Beutner G, Alavian KN, Jonas EA, Porter GA. The mitochondrial permeability
transition pore and ATP synthase. In: Shigh H, Sheu SS (eds). Pharmacology
of Mitochondria. : Springer; 2016:21–46.

122. Sauer H, Rahimi G, Hescheler J, Wartenberg M. Effects of electrical fields on
cardiomyocyte differentiation of embryonic stem cells. J Cell Biochem.
1999;75:710–723.

123. Green DR, Reed JC. Mitochondria and apoptosis. Science. 1998;281:1309–
1312.

124. Jiang X, Wang X. Cytochrome C-mediated apoptosis. Annu Rev Biochem.
2004;73:87–106.

125. Wang C, Youle RJ. The role of mitochondria in apoptosis*. Annu Rev Genet.
2009;43:95–118.

126. Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: mechanistic
description of dead and dying eukaryotic cells. Infect Immun. 2005;73:1907–
1916.

127. Fuchs Y, Steller H. Programmed cell death in animal development and
disease. Cell. 2011;147:742–758.

128. Jacobson MD, Weil M, Raff MC. Programmed cell death in animal
development. Cell. 1997;88:347–354.

129. Martinou JC, Youle RJ. Mitochondria in apoptosis: Bcl-2 family members and
mitochondrial dynamics. Dev Cell. 2011;21:92–101.

130. Watanabe M, Choudhry A, Berlan M, Singal A, Siwik E, Mohr S, Fisher SA.
Developmental remodeling and shortening of the cardiac outflow tract involves
myocyte programmed cell death. Development. 1998;125:3809–3820.

131. WatanabeM, Jafri A, Fisher SA. Apoptosis is required for the proper formation of
the ventriculo-arterial connections. Dev Biol. 2001;240:274–288.

132. Barbosky L, Lawrence DK, Karunamuni G, Wikenheiser JC, Doughman YQ,
Visconti RP, Burch JB, Watanabe M. Apoptosis in the developing mouse heart.
Dev Dyn. 2006;235:2592–2602.

133. Picard M, Shirihai OS, Gentil BJ, Burelle Y. Mitochondrial morphology
transitions and functions: implications for retrograde signaling? Am J Physiol
Regul Integr Comp Physiol. 2013;304:R393–R406.

134. Soubannier V, McBride HM. Positioning mitochondrial plasticity within
cellular signaling cascades. Biochem Biophys Acta. 2009;1793:154–170.

135. Chen H, Chan DC. Mitochondrial dynamics–fusion, fission, movement, and
mitophagy–in neurodegenerative diseases. Hum Mol Genet. 2009;18:R169–
R176.

136. Westermann B. Mitochondrial fusion and fission in cell life and death. Nat Rev
Mol Cell Biol. 2010;11:872–884.

137. Detmer SA, Chan DC. Functions and dysfunctions of mitochondrial dynamics.
Nat Rev Mol Cell Biol. 2007;8:870–879.

138. Liesa M, Palacin M, Zorzano A. Mitochondrial dynamics in mammalian health
and disease. Physiol Rev. 2009;89:799–845.

139. Archer SL. Mitochondrial dynamics–mitochondrial fission and fusion in
human diseases. N Engl J Med. 2013;369:2236–2251.

140. van der Bliek AM, Shen Q, Kawajiri S. Mechanisms of mitochondrial fission
and fusion. Cold Spring Harb Perspect Biol. 2013;5:a011072.

141. Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC. Mitofusins
Mfn1 and Mfn2 coordinately regulate mitochondrial fusion and are essential
for embryonic development. J Cell Biol. 2003;160:189–200.

142. Detmer SA, Chan DC. Complementation between mouse Mfn1 and Mfn2
protects mitochondrial fusion defects caused by CMT2A disease mutations. J
Cell Biol. 2007;176:405–414.

143. Kasahara A, Cipolat S, Chen Y, Dorn GW II, Scorrano L. Mitochondrial fusion
directs cardiomyocyte differentiation via calcineurin and Notch signaling.
Science. 2013;342:734–737.

144. Chen Y, Liu Y, Dorn GW II. Mitochondrial fusion is essential for organelle
function and cardiac homeostasis. Circ Res. 2011;109:1327–1331.

145. Moses KA, DeMayo F, Braun RM, Reecy JL, Schwartz RJ. Embryonic
expression of an Nkx2-5/Cre gene using ROSA26 reporter mice. Genesis.
2001;31:176–180.

146. Papanicolaou KN, Kikuchi R, Ngoh GA, Coughlan KA, Dominguez I, Stanley
WC, Walsh K. Mitofusins 1 and 2 are essential for postnatal metabolic
remodeling in heart. Circ Res. 2012;111:1012–1026.

147. Sumida M, Doi K, Ogasawara E, Yamashita T, Hamasaki Y, Kariya T, Takimoto
E, Yahagi N, Nangaku M, Noiri E. Regulation of mitochondrial dynamics by
dynamin-related protein-1 in acute cardiorenal syndrome. J Am Soc Nephrol.
2015;26:2378–2387.

148. Kageyama Y, Hoshijima M, Seo K, Bedja D, Sysa-Shah P, Andrabi SA, Chen W,
Hoke A, Dawson VL, Dawson TM, Gabrielson K, Kass DA, Iijima M, Sesaki H.
Parkin-independent mitophagy requires Drp1 and maintains the integrity of
mammalian heart and brain. EMBO J. 2014;33:2798–2813.

149. Ishihara T, Ban-Ishihara R, Maeda M, Matsunaga Y, Ichimura A, Kyogoku S,
Aoki H, Katada S, Nakada K, Nomura M, Mizushima N, Mihara K, Ishihara
N. Dynamics of mitochondrial DNA nucleoids regulated by mitochon-
drial fission is essential for maintenance of homogeneously active
mitochondria during neonatal heart development. Mol Cell Biol.
2015;35:211–223.

150. Wang W, Fernandez-Sanz C, Sheu SS. Regulation of mitochondrial bioener-
getics by the non-canonical roles of mitochondrial dynamics proteins in the
heart. Biochim Biophys Acta Mol Basis Dis. 2018;1864:1991–2001.

151. Sharma VK, Ramesh V, Franzini-Armstrong C, Sheu SS. Transport of Ca2+
from sarcoplasmic reticulum to mitochondria in rat ventricular myocytes. J
Bioenerg Biomembr. 2000;32:97–104.

152. Tubbs E, Rieusset J. Metabolic signaling functions of ER-mitochondria
contact sites: role in metabolic diseases. J Mol Endocrinol. 2017;58:R87–
R106.

153. Rizzuto R, Pinton P, Carrington W, Fay FS, Fogarty KE, Lifshitz LM, Tuft RA,
Pozzan T. Close contacts with the endoplasmic reticulum as determinants of
mitochondrial Ca2+ responses. Science. 1998;280:1763–1766.

154. Zhang H, Wang P, Bisetto S, Yoon Y, Chen Q, Sheu SS, Wang W. A novel
fission-independent role of dynamin-related protein 1 in cardiac mitochon-
drial respiration. Cardiovasc Res. 2017;113:160–170.

155. Cassidy-Stone A, Chipuk JE, Ingerman E, Song C, Yoo C, Kuwana T, Kurth MJ,
Shaw JT, Hinshaw JE, Green DR, Nunnari J. Chemical inhibition of the
mitochondrial division dynamin reveals its role in Bax/Bak-dependent
mitochondrial outer membrane permeabilization. Dev Cell. 2008;14:193–204.

156. Song M, Gong G, Burelle Y, Gustafsson AB, Kitsis RN, Matkovich SJ, Dorn GW
II. Interdependence of Parkin-mediated mitophagy and mitochondrial fission
in adult mouse hearts. Circ Res. 2015;117:346–351.

157. Ding WX, Yin XM. Mitophagy: mechanisms, pathophysiological roles, and
analysis. Biol Chem. 2012;393:547–564.

158. Dorn GW II. Parkin-dependent mitophagy in the heart. J Mol Cell Cardiol.
2016;95:42–49.

159. Gong G, Song M, Csordas G, Kelly DP, Matkovich SJ, Dorn GW. Parkin-
mediated mitophagy directs perinatal cardiac metabolic maturation in mice.
Science. 2015;350:aad2459.

Key Words: cardiogenesis • heart defects, congenital
• heart development • mitochondria

DOI: 10.1161/JAHA.119.012731 Journal of the American Heart Association 12

Roles of Mitochondria During Heart Development Zhao et al
B
A
S
IC

S
C
IE

N
C
E

F
O
R

C
L
IN

IC
IA

N
S


