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Abstract: Although the rate of preterm birth has increased in recent decades, a number of preterm
infants have escaped death due to improvements in perinatal and neonatal care. Antenatal gluco-
corticoid (GC) therapy has significantly contributed to progression in lung maturation; however,
its potential effects on other organs remain controversial. Furthermore, the effects of antenatal GC
therapy on the fetal heart show both pros and cons. Translational research in animal models indicates
that constant fetal exposure to antenatal GC administration is sufficient for lung maturation. We
have established a premature fetal rat model to investigate immature cardiopulmonary functions in
the lungs and heart, including the effects of antenatal GC administration. In this review, we explain
the mechanisms of antenatal GC actions on the heart in the fetus compared to those in the neonate.
Antenatal GCs may contribute to premature heart maturation by accelerating cardiomyocyte prolif-
eration, angiogenesis, energy production, and sarcoplasmic reticulum function. Additionally, this
review specifically focuses on fetal heart growth with antenatal GC administration in experimental
animal models. Moreover, knowledge regarding antenatal GC administration in experimental animal
models can be coupled with that from developmental biology, with the potential for the generation of
functional cells and tissues that could be used for regenerative medical purposes in the future.

Keywords: antenatal glucocorticoid; cardiac growth; fetal heart

1. Introduction

Based on aggregated vital statistics data from 2007 to 2017 obtained from the Ministry
of Health, Labor, and Welfare in Japan, the rates of low birth weight and preterm infants
have increased from 7.8% to 9.4% and from 5.0% to 5.7%, respectively. Although the
birth rate is low among advanced countries, premature infants (defined as delivery at
<32 weeks of gestational age) are more likely to suffer from respiratory distress syndrome,
sepsis, intraventricular hemorrhage, and necrotizing enterocolitis shortly after birth [1,2].
Furthermore, several studies have reported that an increase in the frequency of chronic
diseases such as diabetes, obesity, cardiovascular diseases, and hypertensive disorders in
adulthood can be attributed to an influence of the intrauterine environment and preterm
birth [3–7]. Additionally, preterm birth is associated with elevated cardiovascular morbidity
and mortality in adulthood [5,6].

The hypothesis of the Developmental Origins of Health and Disease (DOHaD) was
initially formulated by Sarah McMullen and colleagues [8]. Their studies demonstrated
an inverse relationship between birth weight and the development of high systolic blood
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pressure and mortality from ischemic heart disease, with the intrauterine environment as an
indirect factor [8]. Subsequently, substantial evidence supporting the DOHaD hypothesis
has been obtained from animal models and human studies [8–11]. For example, traditional
cardiovascular-disease risk factors are significantly associated with an increased risk of
preterm birth [12–14]. However, the exact mechanisms that permanently change the
development, structure, and function of vital organs with fetal growth are still poorly
understood. The development of the heart is especially a highly dynamic process that
can be conceptually divided into morphogenesis, energy metabolism, and functional
maturation [14,15].

Many hormones produced by the placenta are essential for proper fetal growth [16].
The hypothalamic–pituitary–adrenal axis plays an important role during embryonic de-
velopment, with potent programming effects on organ development. An in vitro study
showed that steroid hormones, including glucocorticoids (GCs), are essential for car-
diomyocyte maturation, accelerating the differentiation from pluripotent stem cells to
cardiomyocytes [17].

Endogenous cortisol concentrations (<17.5 ng/mL−1) are maintained five- to ten-fold
lower than maternal levels during gestation, with the concentrations rising markedly
during the last 5–10 days of gestation, in fetal sheep [18,19]. Because preterm births occur
before this physiological rise in endogenous GCs, the organs and tissues, which, as a result,
were not subjected to GC action, remain immature at birth [18,19].

Antenatal GC treatment is the standard of care for women at risk of preterm labor
between 24 and 34 weeks of gestation [20]. GC treatment reduces the rates of neona-
tal morbidity and mortality and decreases the risk of respiratory distress syndrome and
intraventricular hemorrhage after birth [21]. Liggins and Howie published the first ran-
domized controlled trial in humans in 1972, and many relevant studies have followed [22].
Roberts et al. conducted a systematic review of 30 clinical trials; the authors concluded
that antenatal corticosteroid treatment was associated with a reduction in the most serious
adverse outcomes related to the prematurity of organs requiring mechanical ventilation
and systemic infections in the first 48 h of life [21].

Although antenatal GC administration has been verified for lung development, its
potential effects on other organs are debatable. Several reports have shown that antenatal
GC treatment is beneficial for cardiovascular development [6,23–26]. Furthermore, preterm
fetal exposure to maternal GCs accelerates cardiovascular maturation, improves basal
cardiovascular function, and enhances fetal cardiovascular defense against physiological
stress in extrauterine life [27]. Conversely, some studies have reported that antenatal GC
exposure in young children is associated with changes in glucose metabolism and localized
changes in aortic function, increasing the risk of cardiovascular failure when adulthood is
reached [28]. Additionally, Ivy et al. reported that antenatal corticosteroid administration
may interfere with fetal heart maturation by downregulating the ability to respond to GCs.
Furthermore, GCs regulate mitochondrial fatty acid oxidation in fetal cardiomyocytes [29].
Therefore, further research on animal models and human infants is required to clarify the
benefits and adverse effects of antenatal GC administration on cardiac function.

Animal models using mice, rats, and sheep have been useful resources in studying
the effects of antenatal GC exposure [30,31]. For example, a sheep study showed that fetal
lung maturation was induced when pregnant ewes received two intramuscular doses of
GC (0.25 mg/kg/dose) 24 h apart [32]. Most animal studies have attempted to imitate
antenatal GC administration during late gestation in clinical practice. Studies by Samtani
and colleagues described the optimal regimen of dexamethasone (DEX) for fetal lung
maturation during the late gestation period, using pharmacokinetic/pharmacodynamics
simulation, and reported the effects of a total dose of 6 µM/kg in pregnant rats [33,34].
We established an animal model based on that in several studies, including the studies by
Samtani et al. [33,34]; we administered DEX to pregnant rats for 2 days, starting at day 17
of gestation. We found that antenatal GC administration increased pulmonary surfactant
in our model rats, indicating lung maturation [35].
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In this review, we especially focus on the molecular mechanisms involved in the
morphological and physiological growth of the fetal heart in a preterm infant model. We
provide ongoing data on the signaling pathway of GC action in the cytoplasm, mitochon-
dria, and sarcoplasmic reticulum (SR) in the heart.

2. Cardiac Physiological Hypertrophy by Cardiomyocyte Proliferation with Antenatal
GC Administration

In mammals, the proliferation capacity of embryonic and fetal cardiomyocytes pred-
icates the formation of mature heart chambers, and the cardiomyocytes are terminally
differentiated. However, these cells rarely divide during adulthood [36]. Preterm myocar-
dial tissue shows a marked reduction in cardiomyocyte proliferation compared to that
in full-term infants, providing evidence of a delay in normal cardiomyocyte hyperplastic
growth [5]. There is concern that antenatal GC exposure in premature infants may inhibit
cardiomyocyte replication and result in a heart with fewer cells than that in full-term in-
fants [36]. Therefore, we have investigated the structural maturity of the myocardium and
the signaling pathway involved in growth in fetal rats administered antenatal GC [37–39].
In terms of morphology, we have found that antenatal GC administration increases the
cross-sectional area of the ventricular myocardium. Although irregular myofibril orien-
tation was observed morphologically in 19-day fetal hearts, myofibril components were
organized at 19 days after DEX administration; however, the cause of hypertrophy was un-
certain [37,38]. Furthermore, Ki-67-positive cells, a proliferation marker, were significantly
increased in the myocardium after DEX administration. These results indicate that cardiac
enlargement results from cardiomyocyte proliferation [37,38].

Signaling pathways connecting growth factors and their downstream mediators play
a role in the development of physiological cardiac hypertrophy. The phosphatidylinositol-3
kinase (PI3K)–Akt pathway participates in the cardiac hypertrophic program based on heart
growth [40,41]; our previous study describes the signaling pathway involved in cardiomy-
ocyte proliferation in greater detail. Antenatal DEX administration has been shown to
activate PI3K/phosphorylated glycogen synthase kinase-3β (p-GSK-3β)/β-catenin, which
contributes to cardiac growth [38]. Specifically, as shown in Figure 1, GCs activate PI3K,
and, subsequently, Akt-1 accelerates both p-GSK-3β and vascular endothelial growth factor
(VEGF) expression [38]. Moreover, p-GSK-3β expression induced by Akt protein directly
regulates downstream transcriptional factors, such as β-catenin and the zinc finger tran-
scription factor, GATA-4 [42,43]. GATA-4 is related to cardiac myocyte hypertrophy [44,45].
An increase in GATA-4 induces an increase in myocardium contraction-related protein
troponin T [37]. In addition, Akt-1-deficient mice show a decrease in endothelial cell density
in the myocardium, attenuated expression of VEGF in the fetal heart, and reduced survival.
Furthermore, p-GSK-3β protein, which is an important regulator of downstream substrates
that are adjusted by Akt, is significantly increased with fetal DEX administration. β-Catenin
and VEGF protein levels are also significantly increased. β-Catenin activation robustly
enhances the proliferative capacity of early cardiomyocytes. VEGF is involved in regulating
coronary angiogenesis during physiological cardiac hypertrophy [45].

In the developing heart, cardiomyocyte proliferation is regulated by several different
pathways: the neuregulin/ErbB/ERK pathway is important for primary proliferation in the
embryonic heart, the PI3K/Akt/GSK3β pathways are required for hyperplastic growth of
cardiomyocytes, and the Hippo-Yes-associated protein (Yap) pathway is a critical regulator
of cardiomyocyte proliferation [46,47]. The Hippo pathway is involved in the cardiomy-
ocyte proliferation underlying fetal heart growth. After birth, heart growth switches to an
increase in cell size, which is called physiological hypertrophy [48,49]. Inactivation of the
Hippo pathway leads to Yap transcription activation, with proliferative gene stimulation by
the intranuclear transition of Yap [50]. The Yap protein is clearly detected in neonatal hearts
and declines with age, while Yap phosphorylation increases with age [51]. Yap has been
shown to regulate cardiomyocyte fate through multiple transcriptional mechanisms. For
example, Yap is known to activate Akt in cardiomyocytes [52]. Yap expression in the nuclei
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of fetal cardiomyocytes under antenatal DEX administration is strongly correlated with
cyclin D1- and Ki-67-positive cardiomyocytes. Interestingly, Yap is markedly expressed
in the epicardium, which may contribute to not only cell proliferation but also coronary
vascular differentiation in the fetus [39,48].
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Figure 1. Schematic diagram of cell proliferation and angiogenesis. Pregnant rats are administered
glucocorticoids (GCs) subcutaneously for two days, on gestational days 17 and 19, and fetuses are
delivered by cesarean section. On histological analysis, the cross-sectional area of the myocardium is
smaller in 19-day-old fetuses than in neonates. Physiological hypertrophy is induced by cardiac cell
proliferation and angiogenesis. Antenatal GC administration enhances phosphatidylinositol-3 kinase
(PI3K), which activates Akt-1. Moreover, Akt-1 accelerates both phosphorylated glycogen synthase
kinase-3β (p-GSK-3β) and vascular endothelial growth factor (VEGF) expression. Subsequently, p-
GSK-3β contributes to the activation of cardiomyocyte proliferation factors, β-catenin, Yes-associated
protein (Yap), and GATA-4. Accordingly, cell proliferation markers, Ki-67 and cyclin D1, are increased
in the nuclei of fetal cardiomyocytes. GATA binding protein, GATA.



Int. J. Mol. Sci. 2022, 23, 10186 5 of 12

Furthermore, whether GC action is mediated by GC receptors (GRs) or other receptors
is important. In an in vitro study, increased cardiomyocyte proliferation after culturing
with DEX was shown to be mediated by GRs. Specifically, pre-incubation with the GR
antagonist, RU486, significantly inhibited the increase in DEX-induced cardiomyocyte
proliferation in 1-day neonatal cardiomyocytes [38]. GRs have isoforms, and the GR
β isoform is closely related to increased Akt phosphorylation [53]. On the other hand,
Reini et al. reported that mineralocorticoid receptors (MRs), as well as GRs, are involved
in fetal heart enlargement due to relevant increases in maternal cortisol levels [48,54].
Specifically, fetal heart enlargement in response to a modest and chronic rise in maternal
cortisol levels is mediated by MRs and, to a lesser extent, GRs within the heart [48,54].
These results indicate that the sequence of responses is critically important for mediation
through GRs within the heart [48,54].

To summarize the above findings, antenatal DEX induces structural maturity, with
accompanying cardiomyocyte proliferation in the premature fetal rat heart, and the Akt/p-
GSK-3β pathway and Yap are thought to contribute to cardiac growth with angiogenesis.

3. Adenosine Triphosphate (ATP) Production in Glycolysis and
Mitochondria Function

Energy metabolism in the fetal heart is regulated in a manner that differs from that in
adult cells. The neonatal heart muscle depends on fatty acid metabolism to provide energy
for contraction, which is more efficient than glycolysis. The transition from glycolysis to
fatty acid metabolism involves a complex process including the maturation of mitochondria
and dramatic changes in circulating levels of fatty acids and lactate [55]. Furthermore,
fetal cardiomyocytes generally have immature mitochondria, and the fetal heart is rel-
atively more dependent on anaerobic glycolysis [55,56]. In the fetal heart, glucose and
lactate are primarily the preferred sources for ATP production. Changes in intermediary
metabolism occur during the development of the heart. The enzyme α-enolase is a high-
energy intermediate in ATP production that catalyzes the conversion of 2-phosphoglycerate
to phosphoenolpyruvate and plays a critical role in the glycolytic pathway of energy pro-
duction in the fetal heart. Enolase has three subunits, α-, β-, and γ-enolase; the dimer of the
α-subtype is widely distributed in embryonic organ tissues, and α-enolase converts glucose
into two three-carbon molecules, called pyruvate, which is the end-product of glycolysis.
Energy released during glycolysis is used to make ATP [57,58]. The α-enolase levels in the
heart are higher in 19-day and 21-day fetuses than in 1-day neonates [59]. Antenatal GC
treatment increases both α-enolase production and pyruvate levels; accordingly, ATP and
cAMP levels are also significantly increased in 19-day fetuses. These results suggest that
α-enolase, which plays a critical role in the glycolytic pathway, is an important factor in
fetal circulation [59]. The acceleration in glycolysis may be related to cardiac contraction
ability in the fetal myocardium.

Increased cardiac energy metabolism is essential for normal cardiac contractile func-
tion. ATP is mainly synthesized in the mitochondria of cardiomyocytes, and creatine kinase
(CK) reaction is the prime energy reserve of the heart, providing a rapid source of ATP and
enhancing its delivery from mitochondrial sites of production to sites of use, including the
myofibrils [60–62].

There are multiple isoforms of CK among the three cytosolic isoforms (MM, MB,
and BB). Myofibrillar-bound M isoenzyme (CK-M) is predominant in the heart [59]. The
downregulation of CK levels has been shown to lead to heart failure in animal models and
in humans. Furthermore, a lack of both Mi-CK and CK-M isoforms has been implicated in
cardiac dysfunction in mice [63].

After birth, mitochondrial oxidative phosphorylation via Mi-CK is an important pro-
cess in ATP production [27]. If the functional capacity of Mi-CK is insufficient to produce
energy, preterm infants cannot adapt to extrauterine life because of cardiac failure. Ante-
natal GC administration has been shown to significantly increase the mRNA and protein
expression of CK isoforms, CK-M and Mi-CK, in fetal and neonatal rat hearts and accelerate
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mitochondrial respiration-dependent ATP synthesis in fetal and neonatal hearts [64–66]. In
addition, peroxisome proliferator-activated receptor (PPAR) γ, upstream of CK gene upreg-
ulation, has been shown to contribute to energy metabolism and mitochondrial biogenesis
in fetal and neonatal hearts and cultured cardiomyocytes. Antenatal GC administration
activates glycolysis and, consequently, mitochondrial function, accelerating ATP synthesis
capacity in the immature heart.

4. SR Calcium Transport ATPase 2a (SERCA2a) and Phospholamban in the Premature
Fetal Rat Heart with Antenatal GC Administration

During fetal and postnatal development, cardiomyocytes become terminally differen-
tiated muscular cells that are connected end-to-end by gap junctions, allowing concerted
contractile activity. The cardiac SR plays an indispensable role in the contraction–relaxation
sequence. The SR is related to the contraction process of the heart, as Ca2+ is taken up
and released from the SR [67]. SERCA2a, an energy-requiring calcium uptake pump
located in the cardiac SR membrane, contributes significantly to Ca2+ homeostasis [68].
Phospholamban is a critical regulator of SERCA2a Ca2+ affinity. In the rabbit heart, SR
function dramatically changes during the perinatal period, suggesting that adult hearts are
most likely dependent on Ca2+ release and uptake from the SR, while perinatal hearts are
more dependent on trans-sarcolemmal Ca2+ influx than on SR Ca2+ release in excitation-
contraction coupling [69]. SERCA2a begins to contribute to Ca2+ homeostasis at an early
stage, and the Ca2+ content of the SR increases with age. SERCA2a immaturity and the
subsequent alteration in calcium cycling results in heart failure [70–72].

Antenatal GC administration increases the expression of SERCA2a and phospholam-
ban protein in the fetal heart, resulting in the acceleration of Ca2+ cycling in the SR [73].
These processes may lead to the maturation of fetal cardiac function. A schematic diagram
of energy production and cardiac contraction acceleration is shown in Figure 2. SERCA2a
mRNA levels are lower in 19-day-old and 21-day-old fetal rat hearts than in 1-day-old
neonates and adult rats. Additionally, SERCA2a protein levels tend to be lower in 19-
day-old and 21-day-old fetal hearts than in neonatal and adult rats [73]. Antenatal DEX
administration significantly increases SERCA2a production in the left ventricle (LV) and
right ventricle (RV) of 19-day-old and 21-day-old fetal hearts [73]. Additionally, phospho-
lamban protein levels in the heart are significantly increased in 19-day-old and 21-day-old
fetuses treated with DEX. Phospholamban accumulation is observed in 1-day-old neonates.
Antenatal DEX administration also increases phospholamban production in the RV and
LV of 19-day-old and 21-day-old fetal hearts [73]. In contrast, antenatal GC administration
does not affect the expression of type 2 ryanodine receptor, a Ca2+ transporter from the SR
to the intercellular space [71,73]. The resulting increase in intracellular Ca2+ concentration
has also been verified in cardiomyocytes treated with GC; the GC effect was mediated
through cardiomyocyte GRs.

To summarize the above findings, antenatal GC administration increases SERCA2a
and phospholamban protein expression levels in the fetal heart, resulting in an acceleration
of Ca2+ cycling in the SR [73]. These processes may lead to the maturation of fetal cardiac
function. Particularly, antenatal GC therapy may contribute to Ca2+-handling-mediated
development of SR function in preterm infants.
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Figure 2. Schematic diagram of energy production and acceleration of cardiac contraction. Energy
metabolism in the fetal heart is relatively dependent on anaerobic glycolysis. α-Enolase converts
glucose into pyruvate. Energy released during glycolysis is used to make ATP, and antenatal gluco-
corticoid (GC) administration accelerates these pathways. Furthermore, antenatal GC administration
induces creatine kinase (CK) protein production by promoting myofibrillar-bound M isoenzyme CK
(CK-M) and mitochondrial CK (Mi-CK) gene expression in the mitochondria. Increased CK-M and
Mi-CK enzymes contribute to increased ATP synthesis. Cardiac energy metabolism is essential for
normal cardiac contractile function. GATA-4 has not only involvement in cell proliferation but also
in binding the cells to the troponin T promoter. Antenatal GC increases the expression of GATA-4,
troponin T, SERCA2a, and phospholamban. Cardiac contraction is increased with the increase in
intracellular Ca2+ concentration and troponin T expression. SERCA2a plays a crucial role in the
regulation of the intracellular Ca2+ concentration in the SR. Ca2+ enters myocytes during an action
potential through voltage-gated Ca2+ channels in the sarcolemma. This Ca2+ influx triggers the
release of Ca2+ from the SR by RyR2, which increases the intracellular Ca2+ concentration, resulting
in myocardial contraction. Sarco-endoplasmic reticulum Ca-ATPase, SERCA; sarcoendoplasmic
reticulum, SR; ryanodine receptor, RyR.

5. Cardiac Effects in Clinical Antenatal GC Therapy—From Bedside to Bench

In a review of 18 trials, with data on over 3700 babies, antenatal administration of
24 mg betamethasone, 24 mg DEX, or two grams of hydrocortisone in women at risk
for preterm birth was associated with a significant reduction in mortality, respiratory
distress syndrome, and intraventricular hemorrhage in preterm infants [74]. These benefits
extended to a broad range of gestational ages and were not limited by sex or race. In
addition, no adverse consequences of prophylactic corticosteroid use for preterm births
have been identified.
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Furthermore, antenatal steroid infusion regimens previously shown to have significant
pulmonary effects have also been shown to significantly improve cardiovascular adaptation
at birth in premature newborn sheep [23]. Cardiovascular effects in animals treated with
hydrocortisone for 60 h before delivery include higher blood pressure and cardiac output
and improved LV contractility [75]. Additionally, the infusion of both corticosteroids and
thyrotropin-releasing hormone improves postnatal blood pressure compared to that in
animals treated with corticosteroids alone or control animals [75]. Padbury and colleagues
evaluated the effect of a direct fetal injection of betamethasone in preterm sheep 48 h before
cesarean delivery and found that, after delivery, steroid-treated animals had significantly
elevated postnatal blood pressure, cardiac output, and cardiac contractility, despite similar
preload, mean arterial pressures, and calculated systemic vascular resistances, compared
to those in control animals [76]. These results suggest a significant direct effect of be-
tamethasone on myocardial contractility [76]. The mechanisms underlying this observation
partly involve a significant increase in β-adrenergic-receptor-dependent myocardial cyclic
adenosine monophosphate generation [77]. Furthermore, in a study designed to assess the
risk of patent ductus arteriosus (PDA), the incidence of symptomatic PDA was significantly
reduced in preterm infants of mothers antenatally treated with corticosteroids [78].

Although there are several case reports of prolonged QT interval in adults with adrenal
insufficiency, to our knowledge, there are no reported fetal cases [79–81]. Previous reports
have described cases of Torsade de Pointes associated with hypopituitarism, which was
treated with steroid hormones. As premature infants have reduced adrenal function, it
could be speculated that antenatal GC administration may affect the QT interval [79–81].

Regarding the clinical indications for antenatal GC therapy, it is recommended in
pregnant women between 24 0/7 weeks and 33 6/7 weeks of gestation who are at risk for
preterm delivery within 7 days, including those with ruptured membranes and multiple
gestations [82]. The GC therapy regimen (e.g., the quantity and timing of GC dosing,
choice of medicine, etc.) should be adjusted according to composite risk factors in pregnant
women. In clinical practice, the indication for betamethasone is currently being expanded;
beginning at 23 0/7 weeks of gestation, betamethasone may be considered for pregnant
women who are at risk of preterm delivery within 7 days, based on the family’s decision
regarding resuscitation. In addition, there are an increasing number of reports on repeated
corticosteroid administration. One repeat dose of corticosteroids should be considered
for pregnant women who are at less than 34 0/7 weeks of gestation, at risk of preterm
delivery within 7 days, and received previous corticosteroid treatment at more than 14 days
prior [82].

Animal models are essential for providing convincing evidence regarding a causal
relationship between fetal development in early life and increased risk of adult disease in
later life [83]. This evidence is enhanced by animal models, narrowing the knowledge gap
between animal models and future clinical translation. Pregnancy in women at risk of adult
obesity and type 2 diabetes has been replicated in an animal model [84]. However, it is
difficult to develop an animal model imitating pregnant women with composite risk factors.
Thus, further investigation is needed using animal models of pregnancy with composite
factors. Thereby, indications for antenatal GC therapy will be gradually expanded clinically.

Given that basic research suggests antenatal GC administration may contribute to the
maturation of premature hearts by accelerating cardiomyocyte proliferation, angiogenesis,
energy production, and SR function, antenatal GC therapy may be effective not only in
preterm infants but also in fetuses with predicted reduced cardiac function, for improved
future prospects.

6. Limitations

Animal models of premature infants have provided valuable information on the struc-
tural and functional features of the heart [14,15,23,24,69]. Indeed, these models have shown
that antenatal GC administration accelerates premature fetal cardiomyocyte proliferation,
angiogenesis, energy production, and SR function. Although these models cannot reflect
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all clinical features, they are valuable for understanding the mechanisms of maturation.
However, many issues, including the effects of antenatal GC administration on other or-
gans, other molecular pathways, etc., in preterm fetuses must be addressed while using
novel approaches. Future studies need to use establish clinical approaches, such as cardiac
functional evaluation, using echocardiography, and myocardial tissue characterization,
using cardiovascular magnetic resonance imaging, to support antenatal GC administration
in human neonates and animal models.

7. Conclusions

Antenatal GC administration has proven to be useful in the clinical field for over
40 years. To provide high-quality perinatal care, evidence regarding the benefits and
adverse effects of GC administration in preterm infants must be accumulated in terms of
the tissues and organs of the whole body in human and animal model studies. Based on
our studies and others, the hallmarks of heart maturation, including the cardiomyocytes,
following antenatal GC administration can be discerned. Antenatal GC administration
accelerates cardiomyocyte proliferation, angiogenesis, energy production, and SR function,
as established in our preterm model rats. Overall, these results indicate that antenatal GC
treatment may contribute to the maturation of the premature heart.

Molecular determinants of heart development have received much attention over
the past several decades. In this review, we summarized novel information on structural
changes, acceleration in energy production, and contraction ability with antenatal GCs in
terms of preterm heart maturation. The functions of fetal heart maturation and regulators
in this process may lose their ability to function in adulthood. The knowledge regarding
antenatal GC administration in experimental animal models can be coupled with that from
developmental biology, with potential for the generation of functional cells and tissues that
could be used for regenerative medical purposes in the future.

Author Contributions: K.S. and Y.T. (Yuko Takeba). contributed to the conception and design of this
study; material preparation, experiments, and data collection were performed by K.S., Y.T. (Yuko
Takeba), Y.O. (Yosuke Osada), M.M., K.K. and Y.T. (Yoshimitsu Tsuzuki); K.A. contributed to the
analysis and interpretation of data for the manuscript; the first draft of the manuscript was written
by K.A; Y.O. (Yuki Ohta) and M.O., T.I., I.H., N.S. and N.M. contributed to the preparation of this
manuscript; M.M. contributed resources; Y.T. (Yuko Takeba) and K.A. contributed to supervision and
funding acquisition. The authors declare that all data were generated in-house, and no paper mill
was used. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Japan Society for the Promotion of Science 17 KAKENHI
(grant number JP20K08500).

Institutional Review Board Statement: This study complied with the “Guiding principles for the
care and use of laboratory animals” of the Japanese Pharmacological Society and was approved
by the Experimental Animal Research Committee of St. Marianna University Graduate School of
Medicine (Approval number: 2002008).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Purisch, S.E.; Gyamfi-Bannerman, C. Epidemiology of preterm birth. Semin. Perinatol. 2017, 41, 387–391. [PubMed]
2. Platt, M.J. Outcomes in preterm infants. Public Health 2014, 128, 399–403. [PubMed]
3. Berger, H.; Melamed, N.; Davis, B.M.; Hasan, H.; Mawjee, K.; Barrett, J.; McDonald, S.D.; Geary, M.; Ray, J.G. Impact of diabetes,

obesity and hypertension on preterm birth: Population-based study. PLoS ONE 2020, 25, e0228743.
4. Simeoni, U.; Armengaud, J.B.; Siddeek, B.; Tolsa, J.F. Perinatal origins of adult disease. Neonatology 2018, 113, 393–399. [PubMed]
5. Vrselja, A.; Pillow, J.J.; Black, M.J. Effect of preterm birth on cardiac and cardiomyocyte growth and the consequences of antenatal

and postnatal glucocorticoid treatment. J. Clin. Med. 2021, 10, 3896. [PubMed]
6. Schuermans, A.; Lewandowski, A.J. Understanding the preterm human heart: What do we know so far? Anat. Rec. 2022, 309,

2099–2112. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/28865982
http://www.ncbi.nlm.nih.gov/pubmed/24794180
http://www.ncbi.nlm.nih.gov/pubmed/29852488
http://www.ncbi.nlm.nih.gov/pubmed/34501343
http://doi.org/10.1002/ar.24875


Int. J. Mol. Sci. 2022, 23, 10186 10 of 12

7. Lahti, J.; Lahti, M.; Pesonen, A.K.; Heinonen, K.; Kajantie, E.; Forsén, T.; Wahlbeck, K.; Osmond, C.; Barker, D.J.; Eriksson, J.G.;
et al. Prenatal and childhood growth, and hospitalization for alcohol use disorders in adulthood: The Helsinki birth cohort study.
PLoS ONE 2014, 29, e87404.

8. McMullen, S.; Mostyn, A. Animal models for the study of the developmental origins of health and disease. Proc. Nutr. Soc. 2009,
68, 306–320.

9. Williams, L.; Seki, Y.; Vuguin, P.M.; Charron, M.J. Animal models of in utero exposure to a high fat diet: A review. Biochim.
Biophys. Acta (BBA)-Mol. Basis Dis. 2014, 1842, 507–519.

10. Lurbe, E.; Ingelfinger, J. Developmental and early life origins of cardiometabolic risk factors: Novel findings and implications.
Hypertens. 2021, 77, 308–318.

11. Velazquez, M.A.; Fleming, T.P.; Watkins, A.J. Periconceptional environment and the developmental origins of disease. J. Endocrinol.
2019, 242, T33–T49. [PubMed]

12. Baird, J.; Jacob, C.; Barker, M.; Fall, C.H.; Hanson, M.; Harvey, N.C.; Inskip, H.M.; Kumaran, K.; Cooper, C. Developmental
Origins of Health and Disease: A Lifecourse approach to the prevention of non-communicable diseases. Healthcare 2017, 8, 14.

13. Mandy, M.; Nyirenda, M. Developmental origins of health and disease: The relevance to developing nations. Int. Health 2018, 10,
66–70.

14. Guo, Y.; Pu, W.T. Cardiomyocyte maturation: New phase in development. Circ. Res. 2020, 126, 1086–1106.
15. Karbassi, E.; Fenix, A.; Marchiano, S.; Muraoka, N.; Nakamura, K.; Yang, X.; Murry, C.E. Cardiomyocyte maturation: Advances in

knowledge and implications for regenerative medicine. Nat. Rev. Cardiol. 2020, 17, 341–359.
16. Langley-Evans, S.C. Nutritional programming of disease: Unravelling the mechanism. J. Anat. 2009, 215, 36–51.
17. Parikh, S.S.; Blackwell, D.J.; Gomez-Hurtado, N.; Frisk, M.; Wang, L.; Kim, K.; Dahl, C.P.; Fiane, A.; Tønnessen, T.; Kryshtal,

D.O.; et al. Thyroid and glucocorticoid hormones promote functional T-tubule development in human-induced pluripotent stem
cell-derived cardiomyocytes. Circ. Res. 2017, 121, 323–1330.

18. Fowden, A.L.; Mundy, L.; Silver, M. Developmental regulation of glucogenesis in the sheep fetus during late gestation. J. Physiol.
1998, 508, 937–947. [PubMed]

19. Rog-Zielinska, E.A.; Richardson, R.V.; Denvir, M.A.; Chapman, K.E. Glucocorticoids and foetal heart maturation; implications for
prematurity and foetal programming. J. Mol. Endocrinol. 2014, 52, R125–R135.

20. American College of Obstetricians and Gynecologists’ Committee on Practice Bulletins—Obstetrics Collaborators. Practice
Bulletin No. 171: Management of preterm labor. Obstet. Gynecol. 2016, 128, e155–e164.

21. Roberts, D.; Brown, J.; Medley, N.; Dalziel, S.R. Antenatal corticosteroids for accelerating fetal lung maturation for women at risk
of preterm birth. Cochrane Database Syst. Rev. 2017, 21, CD004454.

22. Liggins, G.C.; Howie, R.N. A controlled trial of antepartum glucocorticoid treatment for prevention of the respiratory distress
syndrome in premature infants. Pediatrics 1972, 50, 515–525. [PubMed]

23. Stein, H.M.; Oyama, K.; Martinez, A.; Chappell, B.A.; Buh, E.; Blount, L.; Padbury, J.F. Effects of corticosteroids in preterm sheep
on adaptation and sympathoadrenal mechanisms at birth. Am. J. Physiol. Endocrinol. Metab. 1993, 264, E763–E769.

24. Kim, M.Y.; Eiby, Y.A.; Lumbers, E.R.; Wright, L.L.; Gibson, K.J.; Barnett, A.C.; Lingwood, B.E. Effects of glucocorticoid exposure
on growth and structural maturation of the heart of the preterm piglet. PLoS ONE 2014, 27, e93407.

25. Millage, A.R.; Latuga, M.S.; Aschner, J.L. Effect of perinatal glucocorticoids on vascular health and disease. Pediatr. Res. 2017, 81,
4–10.

26. Agnew, E.J.; Ivy, J.R.; Stock, S.J.; Chapman, K.E. Glucocorticoids, antenatal corticosteroid therapy and fetal heart maturation. J.
Mol. Endocrinol. 2018, 61, R61–R73.

27. Juanita, K.J.; Andrew, J.W.; Abigail, L.F.; Dino, A.G. Glucocorticoid maturation of fetal cardiovascular function. Trends. Mol. Med.
2020, 26, 170–184.

28. Hanson, M.A.; Gluckman, P.D. Early developmental conditioning of later health and disease: Physiology or pathophysiology?
Physiol. Rev. 2014, 94, 1027–1076.

29. Ivy, J.R.; Carter, R.N.; Zhao, J.F.; Buckley, C.; Urquijo, H.; Rog-Zielinska, E.A.; Panting, E.; Hrabalkova, L.; Nicholson, C.; Agnew,
E.J.; et al. Glucocorticoids regulate mitochondrial fatty acid oxidation in fetal cardiomyocytes. J. Physiol. 2021, 599, 4901–4924.

30. Tsiarli, M.A.; Rudine, A.; Kendall, N.; Pratt, M.O.; Krall, R.; Thiels, E.; DeFranco, D.B.; Monaghan, A.P. Antenatal dexametha-
sone exposure differentially affects distinct cortical neural progenitor cells and triggers long-term changes in murine cerebral
architecture and behavior. Transl. Psychiatry 2017, 7, e1153.

31. Noorlander, C.W.; De Graan, P.N.; Middeldorp, J.; Van Beers, J.J.; Visser, G.H. Ontogeny of hippocampal corticosteroid receptors:
Effects of antenatal glucocorticoids in human and mouse. J. Comp. Neurol. 2006, 499, 924–932. [CrossRef] [PubMed]

32. Augusto, F.S.; Matthew, W.K.; Judith, R.B.; Paranthaman, S.K.; Haruo, U.; Masatoshi, S.; Lucy, F.; Watanabe, S.; Sarah, S.; Boris,
W.K.; et al. Low-dose betamethasone-acetate for fetal lung maturation in preterm sheep. Am. J. Obstet. Gynecol. 2018, 218, 132.

33. Samtani, M.N.; Pyszczynski, N.A.; Dubois, D.C.; Almon, R.R.; Jusko, W.J. Modeling glucocorticoidmediated fetal lung maturation:
I. Temporal patterns of corticosteroids in rat pregnancy. J. Pharmacol. Exp. Ther. 2006, 317, 117–126. [CrossRef]

34. Samtani, M.N.; Pyszczynski, N.A.; Dubois, D.C.; Almon, R.R.; Jusko, W.J. Modeling glucocorticoidmediated fetal lung mat-
uration: II. Temporal patterns of gene expression in fetal rat lung. J. Pharmacol. Exp. Ther. 2006, 317, 127–138. [CrossRef]
[PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/30707679
http://www.ncbi.nlm.nih.gov/pubmed/9518744
http://www.ncbi.nlm.nih.gov/pubmed/4561295
http://doi.org/10.1002/cne.21162
http://www.ncbi.nlm.nih.gov/pubmed/17072842
http://doi.org/10.1124/jpet.105.095851
http://doi.org/10.1124/jpet.105.095869
http://www.ncbi.nlm.nih.gov/pubmed/16371448


Int. J. Mol. Sci. 2022, 23, 10186 11 of 12

35. Takagi, Y.; Takeba, Y.; Sakurai, K.; Mizuno, M.; Tsuzuki, Y.; Osada, Y.; Asoh, K.; Akashi, Y.; Matsumoto, N. Implication of cyclic
AMP/cAMP-responsive element binding protein pathway contributes both surfactant protein B production and cell proliferation
in the preterm infant lung with antenatal glucocorticoid administration. J. St. Marianna Univ. 2014, 5, 95–105.

36. Porrello, E.R.; Mahmoud, A.I.; Simpson, E.; Hill, J.A.; Richardson, J.A.; Olson, E.N.; Sadek, H.A. Transient regenerative potential
of the neonatal mouse heart. Science 2011, 331, 1078–1080. [CrossRef]

37. Tsuzuki, Y.; Takeba, Y.; Kumai, T.; Matsumoto, N.; Aso, K.; Murano, K.; Mizuno, M.; Kobayashi, S. Identification and expression
of cardiac contractry protein troponin T by antenatal glucocorticoid therapy in fetal and infant rats. Pediatr. Cardiol. Card. Surg.
2008, 4, 35–43.

38. Sakurai, K.; Osada, Y.; Takeba, Y.; Mizuno, M.; Tsuzuki, Y.; Ohta, Y.; Ootaki, M.; Iiri, T.; Aso, K.; Yamamoto, H.; et al. Exposure of
immature rat heart to antenatal glucocorticoid results in cardiac proliferation. Pediatr. Int. 2019, 61, 31–42. [CrossRef]

39. Nakamura, Y.; Takeba, Y.; Kobayashi, T.; Ootaki, M.; Ohta, Y.; Kida, K.; Sakurai, K.; Gen, K.; Watanabe, M.; Iiri, T.; et al. Yap
contributes to cardiomyocyte proliferation in the fetal rat heart epicardium with antenatal glucocorticoid administration. J. St.
Marian. Univ. 2020, 11, 109–122. [CrossRef]

40. DeBosch, B.; Treskov, I.; Lupu, T.S.; Weinheimer, C.; Kovacs, A.; Courtois, M.; Muslin, A.J. Akt1 is required for physiological
cardiac growth. Circulation 2006, 113, 2097–2104. [CrossRef]

41. Failor, K.; Desyatnikov, Y.; Finger, L.A.; Firestone, G.L. Glucocorticoid-induced degradation of glycogen synthase kinase-3 protein
is triggered by serum- and glucocorticoid- induced protein kinase and Akt signaling and controls β-catenin dynamics and tight
junction formation in mammary epithelial tumor cells. Mol. Endocrinol. 2007, 21, 2403–2415. [PubMed]

42. Pal, R.; Khanna, A. Role of smad-and wnt-dependent pathways in embryonic cardiac development. Stem Cells Dev. 2006, 15,
29–39. [CrossRef] [PubMed]

43. Buikema, J.W.; Zwetsloot, P.P.; Doevendans, P.A.; Sluijter, J.P.; Domian, I.J. Expanding mouse ventricular cardiomyocytes through
GSK-3 inhibition. Curr. Protoc. Cell Biol. 2013, 61, 23.9.1–23.9.10. [PubMed]

44. Walsh, K.; Shiojima, I. Cardiac growth and angiogenesis coordinated by intertissue interactions. J. Clin. Investig. 2007, 117,
3176–3179. [CrossRef]

45. van Berlo, J.H.; Elrod, J.W.; Aronow, B.J.; Pu, W.T.; Molkentin, J.D. Serine 105 phosphorylation of transcription factor GATA4 is
necessary for stress-induced cardiac hypertrophy in vivo. Proc. Natl. Acad. Sci. USA 2011, 108, 12331–12336.

46. Stechschulte, L.A.; Wuesche, L.; Marino, J.S.; Hill, J.W.; Eng, C.; Hinds, T.D., Jr. Glucocorticoid receptor β stimulates Akt1 growth
pathway by attenuation of PTEN. J. Biol. Chem. 2014, 289, 17885–17894.

47. Todd, H.; Min, Z.; Jun, W.; Margarita, B.C.; Ela, K.; Randy, L.J.; James, F.M. Hippo pathway inhibits Wnt signaling to restrain
cardiomyocyte proliferation and heart size. Science 2011, 332, 458–461.

48. Reini, S.A.; Wood, C.E.; Keller-Wood, M. The ontogeny of genes related to ovine fetal cardiac growth. Gene Expr. Patterns 2009, 9,
122–128.

49. Foglia, M.J.; Poss, K.D. Building and re-building he heart by cardiomyocyte proliferation. Development 2016, 143, 729–740.
50. Singh, A.; Ramesh, S.; Cibi, D.M.; Yun, L.S.; Li, J.; Li, L.; Manderfield, L.J.; Olson, E.N.; Epstein, J.A.; Singh, M.K. Hippo signaling

mediators Yap and Taz are required in the epicardium for coronary vasculature development. Cell Rep. 2016, 15, 1384–1393.
51. Zhou, Q.; Li, L.; Zhao, B.; Guan, K.L. The hippo pathway in heart development, regeneration, and diseases. Circ. Res. 2015, 116,

1431–1447. [CrossRef] [PubMed]
52. Xin, M.; Kim, Y.; Sutherland, L.B.; Qi, X.; McAnally, J.; Schwartz, R.J.; Richardson, J.A.; Bassel-Duby, R.; Olson, E.N. Regulation

of insulin-like growth factor signaling by yap governs cardiomyocyte proliferation and embryonic heart size. Sci. Signal. 2011,
4, ra70. [CrossRef]

53. Maillet, M.; van Berlo, J.H.; Molkentin, J.D. Molecular basis of physiological heart growth: Fundamental concepts and new
players. Nat. Rev. Mol. Cell Biol. 2012, 14, 38–48. [CrossRef] [PubMed]

54. Reini, S.A.; Dutta, G.; Wood, C.E.; Keller-Wood, M. Cardiac corticosteroid receptors mediate the enlargement of the ovine fetal
heart induced by chronic increases in maternal cortisol. J. Endocrinol. 2008, 198, 419–427. [CrossRef]

55. Lopaschuk, G.D.; Collins-Nakai, R.L.; Itoi, T. Developmental changes in energy substrate use by the heart. Cardiovasc. Res. 1992,
26, 1172–1180. [CrossRef]

56. Sano, H.I.; Toki, T.; Naito, Y.; Tomita, M. Developmental changes in the balance of glycolytic ATP production and oxidative
phosphorylation in ventricular cells: A simulation study. J. Theor. Biol. 2017, 419, 269–277. [CrossRef]

57. Deloulme, J.C.; Helies, A.; Ledig, M.; Lucas, M.; Sensenbrenner, M. A comparative study of the distribution of alpha- and
gamma-enolase subunits in cultured rat neural cells and fibroblasts. Int. J. Dev. Neurosci. 1997, 15, 183–194. [CrossRef]

58. Kashiwaya, Y.; Sato, K.; Tsuchiya, N.; Thomas, S.; Fell, D.A.; Veech, R.L.; Passonneau, J.V. Control of glucose utilization in working
perfused rat heart. J. Biol. Chem. 1994, 269, 25502–25514. [CrossRef]

59. Tsuzuki, Y.; Takeba, Y.; Kumai, T.; Matsumoto, N.; Mizuno, M.; Murano, K.; Asoh, K.; Takagi, M.; Yamamoto, H.; Kobayashi, S.
Antenatal glucocorticoid therapy increase cardiac α-enolase levels in fetus and neonate rats. Life Sci. 2009, 85, 609–616. [CrossRef]

60. Dowell, R.T. Phosphorylcreatine shuttle enzymes during perinatal heart development. Biochem. Med. Metab. Biol. 1987, 37,
374–384. [CrossRef]

61. Wyss, M.; Kaddurah-Daouk, R. Creatine and creatinine metabolism. Physiol. Rev. 2000, 80, 1107–1213. [CrossRef] [PubMed]
62. Ventura-Clapier, R.; Garnier, A.; Veksler, V. Energy metabolism in heart failure. J. Physiol. 2004, 555, 1–13. [CrossRef]

http://doi.org/10.1126/science.1200708
http://doi.org/10.1111/ped.13725
http://doi.org/10.17264/stmarieng.11.109
http://doi.org/10.1161/CIRCULATIONAHA.105.595231
http://www.ncbi.nlm.nih.gov/pubmed/17595317
http://doi.org/10.1089/scd.2006.15.29
http://www.ncbi.nlm.nih.gov/pubmed/16522160
http://www.ncbi.nlm.nih.gov/pubmed/24505027
http://doi.org/10.1172/JCI34126
http://doi.org/10.1161/CIRCRESAHA.116.303311
http://www.ncbi.nlm.nih.gov/pubmed/25858067
http://doi.org/10.1126/scisignal.2002278
http://doi.org/10.1038/nrm3495
http://www.ncbi.nlm.nih.gov/pubmed/23258295
http://doi.org/10.1677/JOE-08-0022
http://doi.org/10.1093/cvr/26.12.1172
http://doi.org/10.1016/j.jtbi.2017.02.019
http://doi.org/10.1016/S0736-5748(96)00090-1
http://doi.org/10.1016/S0021-9258(18)47278-X
http://doi.org/10.1016/j.lfs.2009.06.017
http://doi.org/10.1016/0885-4505(87)90051-X
http://doi.org/10.1152/physrev.2000.80.3.1107
http://www.ncbi.nlm.nih.gov/pubmed/10893433
http://doi.org/10.1113/jphysiol.2003.055095


Int. J. Mol. Sci. 2022, 23, 10186 12 of 12

63. Saupe, K.W.; Spindler, M.; Tian, R.; Ingwall, J.S. Impaired cardiac energetics in mice lacking muscle-specific isoenzymes of
creatine kinase. Circ. Res. 1998, 82, 898–907. [CrossRef] [PubMed]

64. Montano, M.M.; Lim, R.W. Glucocorticoid effects on the skeletal muscle differentiation program: Analysis of clonal proliferation,
morphological differentiation and the expression of muscle-specific and regulatory genes. Endocr. Res. 1997, 23, 37–57. [CrossRef]
[PubMed]

65. Yoshiko, Y.; Hirao, K.; Maeda, N. Dexamethasone regulates the actions of endogenous insulin-like growth factor-II during
myogenic differentiation. Life Sci. 1998, 63, 77–85. [CrossRef]

66. Mizuno, M.; Takeba, Y.; Matsumoto, N.; Tsuzuki, Y.; Asoh, K.; Takagi, M.; Kobayashi, S.; Yamamoto, H. Antenatal glucocorticoid
therapy accelerates ATP production with creatine kinase increase in the growth-enhanced fetal rat heart. Circ. J. 2010, 74, 171–180.
[CrossRef]

67. Jones, L.R.; Cala, S.E. Biochemical evidence for functional heterogeneity of cardiac sarcoplasmic reticulum vesicles. J. Biol. Chem.
1981, 25, 11809–11818. [CrossRef]

68. Kawamura, Y.; Ishiwata, T.; Takizawa, M.; Ishida, H.; Asano, Y.; Nonoyama, S. Fetal and neonatal development of Ca2+ transients
and functional sarcoplasmic reticulum in beating mouse hearts. Circ. J. 2010, 74, 1442–1450. [CrossRef]

69. Nakanishi, T.; Okuda, H.; Kamata, K.; Abe, K.; Sekiguchi, M.; Takao, A. Development of myocardial contractile system in the fetal
rabbit. Pediatr. Res. 1987, 22, 201–207. [CrossRef]

70. Barry, W.H.; Bridge, J.H. Intracellular calcium homeostasis in cardiac myocytes. Circulation 1993, 87, 1806–1815. [CrossRef]
71. Monte, D.F.; Hajjar, J.R. Targeting calcium cycling proteins in heart failure through gene transfer. J. Physiol. 2003, 541, 49–61.

[CrossRef] [PubMed]
72. Okuda, S.; Yano, M. Excitation-contraction coupling and intracellular calcium cycling in failing hearts. Clin. Calcium. 2013, 23,

471–480. [PubMed]
73. Sakurai, K.; Takeba, Y.; Mizuno, M.; Asoh, K.; Tsuzuki, Y.; Matsumoto, N.; Yamamoto, H. Antenatal glucocorticoid administration

enhances sarcoplasmic reticulum calcium transport ATPase 2a and phospholamban expression in the immature fetal rat heart. J.
St. Marian. Univ. 2013, 4, 69–80.

74. Crowley, P. WITHDRAWN: Prophylactic corticosteroids for preterm birth. Cochrane Database Syst. Rev. 2000, 18, CD000065.
75. Evans, D.L. Cardiovascular adaptations to exercise and training. Vet. Clin. N. Am. Equine Pract. 1985, 11, 513–531. [CrossRef]
76. Padbury, J.F.; Polk, D.H.; Ervin, M.G.; Berry, L.M.; Ikegami, M.; Jobe, A.H. Postnatal Cardiovascular and Metabolic Responses to a

Single Intramuscular Dose of Betamethasone in Fetal Sheep Born Prematurely by Cesarean Section. Pediatr. Res. 1995, 38, 709–715.
[CrossRef]

77. Martin, J.L.; Stefan, E.; Thomas, E. What is the role of β-adrenergic signaling in heart failure? Circ. Res. 2003, 14, 896–906.
78. Lee, J.A.; Sohn, J.A.; Oh, S.; Choi, B.M. Perinatal risk factors of symptomatic preterm patent ductus arteriosus and secondary

ligation. Pediatr. Neonatol. 2020, 61, 439–446. [CrossRef]
79. Kim, H.N.; Cho, G.J.; Ahn, K.Y.; Lee, U.S.; Kim, H.K.; Cho, H.J.; Kim, G.H.; Kim, W.; Jeong, H.M.; Park, C.J.; et al. A case of

Torsade de Pointes associated with hypopituitarism due to hemorrhagic fever with renal syndrome. J. Korean Med. Sci. 2001, 16,
355–358. [CrossRef]

80. Kanamori, K.; Yamashita, R.; Tsutsui, K.; Hara, M.; Murakawa, Y. Long QT syndrome associated with adrenal insufficiency in a
patient with isolated adrenocorticotropic hormone deficiency. Intern. Med. 2014, 53, 2329–2331. [CrossRef]

81. Kang, G.D.; Kim, E.S.; Park, S.M.; Kim, J.E.; Lee, H.J.; Park, G.D.; Han, R.K.; Oh, J.D. Acquired long QT syndrome manifesting
with Torsades de Pointes in a patient with panhypopituitarism due to radiotherapy. Korean Circ. J. 2013, 43, 340–342. [CrossRef]
[PubMed]

82. Yasser, Y.E.; Ann, E.B. Antenatal corticosteroid therapy for fetal maturation. Obstet. Gynecol. 2017, 130, e102–e109.
83. Hsu, C.N.; Tain, Y.L. Animal models for DOHaD research: Focus on hypertension of developmental origins. Biomedicines 2021,

9, 623. [PubMed]
84. Wolf, G. Adult type 2 diabetes induced by intrauterine growth retardation. Nutr. Rev. 2003, 61, 176–179.

http://doi.org/10.1161/01.RES.82.8.898
http://www.ncbi.nlm.nih.gov/pubmed/9576109
http://doi.org/10.1080/07435809709031841
http://www.ncbi.nlm.nih.gov/pubmed/9187537
http://doi.org/10.1016/S0024-3205(98)00242-2
http://doi.org/10.1253/circj.CJ-09-0311
http://doi.org/10.1016/S0021-9258(19)68478-4
http://doi.org/10.1253/circj.CJ-09-0793
http://doi.org/10.1203/00006450-198708000-00021
http://doi.org/10.1161/01.CIR.87.6.1806
http://doi.org/10.1113/jphysiol.2002.026732
http://www.ncbi.nlm.nih.gov/pubmed/12509478
http://www.ncbi.nlm.nih.gov/pubmed/23545736
http://doi.org/10.1016/S0749-0739(17)30748-4
http://doi.org/10.1203/00006450-199511000-00013
http://doi.org/10.1016/j.pedneo.2020.03.016
http://doi.org/10.3346/jkms.2001.16.3.355
http://doi.org/10.2169/internalmedicine.53.2726
http://doi.org/10.4070/kcj.2013.43.5.340
http://www.ncbi.nlm.nih.gov/pubmed/23755081
http://www.ncbi.nlm.nih.gov/pubmed/34072634

	Introduction 
	Cardiac Physiological Hypertrophy by Cardiomyocyte Proliferation with Antenatal GC Administration 
	Adenosine Triphosphate (ATP) Production in Glycolysis andMitochondria Function 
	SR Calcium Transport ATPase 2a (SERCA2a) and Phospholamban in the Premature Fetal Rat Heart with Antenatal GC Administration 
	Cardiac Effects in Clinical Antenatal GC Therapy—From Bedside to Bench 
	Limitations 
	Conclusions 
	References

