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Abstract: Maternal and perinatal undernutrition affects the lung development of litters and it may
produce long-lasting alterations in respiratory health. This can be demonstrated using animal models
and epidemiological studies. During pregnancy, maternal diet controls lung development by direct
and indirect mechanisms. For sure, food intake and caloric restriction directly influence the whole
body maturation and the lung. In addition, the maternal food intake during pregnancy controls
mother, placenta, and fetal endocrine systems that regulate nutrient uptake and distribution to
the fetus and pulmonary tissue development. There are several hormones involved in metabolic
regulations, which may play an essential role in lung development during pregnancy. This review
focuses on the effect of metabolic hormones in lung development and in how undernutrition alters
the hormonal environment during pregnancy to disrupt normal lung maturation. We explore the role
of GLP-1, ghrelin, and leptin, and also retinoids and cholecalciferol as hormones synthetized from
diet precursors. Finally, we also address how metabolic hormones altered during pregnancy may
affect lung pathophysiology in the adulthood.

Keywords: lung development; undernutrition; lung diseases; ghrelin; leptin; GLP-1; retinoids;
cholecalciferol; fetal growth restriction; respiratory distress syndrome

1. Introduction

Maternal diet is an essential factor that controls fetal growth, both directly by providing nutrients
to the embryo and indirectly by regulating the expression of endocrine mechanisms that control the
uptake and use of nutrients by the fetus; it also contributes indirectly by changing epigenetic profile
and so modulating the expression of genes. The reduction in caloric supply during pregnancy that
usually comes accompanied by deficiency of macro and several oligonutrients is called maternal
undernutrition. It is demonstrated that maternal undernutrition reduces fetal and placental growth in
animals and humans [1]. The reduction in fetal growth is explained by the reduction in cell division [2],
which is the result of the adaptation of the cells to the lack of nutrients and the alteration of growth
factor and hormone supplies, especially insulin and growth hormone [3]. Fetal growth restriction
(FGR) is defined as the fetal growth in lower rate than the normal growth potential, and is an important
cause of fetal and neonatal morbidity and mortality [4].

Lung development is a complex process that initiates in utero and continues until early adulthood.
In humans, lung development starts as soon as week 3 of gestation [5]. Lung organogenesis comprises
five differentiated stages in humans [6]. In the embryonic stage (4 to 6 weeks of gestation, WG), the two
lung buds and primary bronchi emerge from the primitive foregut. In the pseudoglandular stage (5 to
17 WG), there is an expansion of the conducting airways. Following this, in the canalicular stage (16 to
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27 WG), the epithelia differentiates to separate conducting and respiratory airways and the pulmonary
surfactant starts to be synthetized by alveolar type II cells (ATII). In the saccular stage (28 to 31 WG),
there is a transition from branching morphogenesis to alveologenesis. In the final alveolar stage (32
WG until early postnatal life), alveoli form and grow.

Other mammal species used for the study of lung development show similar stages, but at different
timing during gestation. Rodents have an immature lung at birth—they are in the saccular stage and
the alveoli develop postnatally [7]. The deficit of nutrients may alter normal lung development, and
promotes a long-lasting impact in the lung structure and function [8].

2. Effect of Metabolic Hormones in Lung Development

Hormones and growth factors lead lung morphogenesis. Some key hormones for metabolic
control such as insulin, glucocorticoids, and thyroid hormones are at the core of regulatory management
of organ development. However, there is extensive literature about their role in lung development
and organogenesis that the interested reader might easily find, and thus they are not included in our
review, despite their undoubted relevance.

Instead, new hormones modulating metabolism have been recently shown to have a key role in
the maturation of several organs, including the lung. In the next paragraphs, we summarize the actions
of some of the most relevant metabolic hormones, such as ghrelin, leptin, GLP-1, and gene-regulating
hormones such as retinoids and cholecalciferols.

2.1. Ghrelin

Ghrelin is a 28 amino acid acylated peptide derived from preproghrelin, a 117 AA precursor.
It was firstly identified in rat and human stomachs [9], but later, ghrelin expression was found in
other adult organs such as the pituitary, hypothalamus, kidneys, heart, and placenta [10]. Ghrelin
acts trough a G protein-coupled receptor known as growth hormone secretagogue receptor subtype
la (GHS-R1a) [9], because it potently stimulates growth hormone (GH) release from the pituitary.
In addition, ghrelin stimulates food intake, acting at hypothalamus, and it is involved in the regulation
of metabolism, having an overall anabolic effect [11].

Ghrelin hormone is detected in cord blood in human fetuses from 20 weeks of gestation [12].
Interestingly, ghrelin is expressed in neuroendocrine cells of the bronchial wall in the pseudoglandular
stage of fetal lung development (7-18 WG), but its levels decrease from 19 WG to the second year of
postnatal life, and remains afterwards [13]. GHS-R1a is also widely expressed in fetal lung tissue [14,15].
It has been postulated that ghrelin acts as a regulator of fetal lung development in an autocrine/paracrine
way, and when exogenously administered, it contributes to fetal lung branching in in vivo and in vitro
studies [15,16].

It has been observed that in congenital diaphragmatic hernia (CDH), the ghrelin gene is
overexpressed in humans and in an animal model of CDH induced by nitrofen administration.
These data suggest a potential role of ghrelin in the mechanisms involved in attenuation of lung
hypoplasia [16]. In addition, and very relevant, ghrelin administration sensitizes lung fetal tissue to
the action of retinoic acid (RA) by upregulating RA receptors, what may be part of the underlying
mechanism to explain the effect of ghrelin in lung growth and development [17]. Moreover, ghrelin
administration improved pulmonary hypertension and attenuated pulmonary vascular remodeling in
newborn pups from an animal model of persistent pulmonary hypertension [18].

2.2. Leptin

Leptin is a 164 AA peptide product of the ob gene [19]. Leptin is produced and secreted by the
white adipose tissue, and so it is considered an adipokine. The circulating leptin levels seem to be
related to the whole amount of fat stored in adipose tissues [20]. Interestingly, leptin has shown to
have pleiotropic effects and it can modulate food intake and energy expenditure, immune response,
reproduction, and blood pressure homeostasis [21].
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Leptin acts through the leptin receptor (Ob-R), encoded by the db gene [22]. Ob-R is a member of
the class I cytokine receptor family and it is composed for six different isoforms, all of them products
of the alternative splicing of the Ob-R mRNA [23]. Leptin and Ob-R are expressed in many other
tissues, like the placenta and lungs [24,25]. In lung adult tissue, leptin expression was identified in
bronchial epithelial cells, ATII cells, which produce the surfactant, and in alveolar and interstitial
macrophages [26]. Leptin receptor expression is detected in the distal lung both in the alveolar and
bronchial epithelia [27].

In the fetal lung, leptin gene is expressed in lipofibroblasts, and its levels increases during alveolar
differentiation, when pulmonary surfactant phospholipid synthesis is induced [28]. The lung is one
of the few tissues that expresses the Ob-R leptin receptor during fetal development [29,30]. Ob-R is
expressed specifically by fetal ATII cells [30] and it is enhanced in late gestation, which suggests a
key role of leptin in lung maturity [31]. In FGR, the expression of leptin and Ob-R diminishes during
the canalicular stage of lung development, being a relevant pathogenic event to explain the lung
immaturity in that condition [32]. Moreover, leptin increases surfactant-associated protein (SFTP)
expression in in vitro culture of fetal lung explants and in fetal ATII cells [32,33]. The stimulation
of SFTP production by leptin is been postulated to be the result of a regulatory paracrine feedback
loop between the lipofibroblasts inside the lung and the type II alveolar epithelial cells [28]. On the
other hand, the administration of leptin to control animals in vivo produces contradictory findings.
While leptin did not modify surfactant synthesis in sheep and mice fetal lungs [34], in more recent
studies, it was able to increase the mRNA expression of surfactant-associated protein B (SFTPB) in fetal
ewes [35]. In addition, leptin administration to pregnant rats between GD19 and GD20 prevented the
alterations in fetal lung architecture and normalized the expression of surfactant-associated protein A
(SFTPA) in a model of FGR [32].

Furthermore, the role of leptin in lung maturation may be clarified in ob/ob mice, which lack leptin
expression [36]. These mice, which show a clear obese phenotype, also present an altered alveolar
formation that may be observed from the second week of postnatal life onwards, with a clear decrease
in lung volumes and reduced alveolar number and total alveolar surface area. The postnatal leptin
replacement in ob/ob mice stimulates alveolar enlargement and increases lung volume and alveolar
surface area [37].

On the other hand, the excessive leptin levels may also have deleterious effects. In rats, a maternal
high fat diet increases offspring serum leptin levels, and increases inflammatory cell infiltration and
interstitial remodeling, although in this case, it is not clear whether these effects might alternatively
be secondary to obese phenotype and dysregulation of metabolism [38]. In fact, there is a negative
correlation between leptin levels and forced expiratory volume in first second (FEV1), in obese children
and adolescents [39].

Again, all of the little experimental data reported to date clearly indicate that leptin may play a
relevant role in lung development, and in some way, this hormone might contribute to explain the
functional and pathophysiological connections already observed between adipose tissue and lungs.

2.3. GLP-1

Glucagon-like peptide 1 (GLP-1) is an insulinotropic hormone produced by enteroendocrine L-cells
of the ileum in response to food intake [40]. GLP-1 is the product of post-translational processing of
proglucagon gene. GLP-1 acts by binding to GLP-1 receptor (GLP-1R), a G protein-coupled receptor that
is widely expressed in many tissues, including a very high expression in fetal and adult lungs [41,42].

During fetal development, GLP-1 receptor is expressed in lung tissue, and its expression is
greatly increased just immediately before birth, in coincidence with a period of high surfactant
demand before alveolar expansion at first breath after birth [42]. GLP-1R activation increases in vitro
phosphatidylcholine secretion in rodent and human ATII cell primary cultures [43,44]. GLP-1 analogue,
exendin-4 also, increases perinatal SFTP expression and secretion in rats [42]. In the animal model
of lung hypoplasia induced by nitrofen in pregnant rats, exendin-4 administration promotes the



Nutrients 2019, 11, 2870 4 0f 18

expression of SFTPA and SFIPB in similar amounts as dexamethasone, but it also improves the
structural development of alveoli and the interstitial tissue, thus allowing the survival of a significant
number of newborn rats [42], which never found in untreated animals. In addition, transplacental
administration of the GLP-1R agonist liraglutide improved the morphology of the pulmonary vascular
vessel in an animal model of congenital diaphragmatic hernia in rabbits [45]. Moreover, GLP-1R
activation promoted a marked induction of the ACE2 expression, which enhanced the activity of
the ACE2/Ang(1-7)/MasR branch of the renin-angiotensin system, with vasodilatory instead of
vasoconstrictor properties, in an animal model of FGR by perinatal food restriction of the mothers [46].
This was also observed in diabetic rats, showing right ventricle hypertrophy, which is prevented by
just one-week administration of liraglutide [47].

In summary, our group and others have shown that GLP-1 receptor agonists have very important
effects in different aspects of lung physiology. These molecules stimulate the production of both
components of surfactant, phospholipids, and SFIPs; they regulate the vascular tone of the pulmonary
vessel, promoting vasorelaxation instead of vasoconstriction, thus preventing pulmonary hypertension
by the modulation of the components of the renin-angiotensin system; and they improve the alveolar
and interstitial histological structure of the lung tissue (Figure 1). GLP-1 receptor expression is also
regulated in relation to key events in the lung physiology, and it is overexpressed immediately before
birth. Altogether, GLP-1 receptor agonists show protective effects that improve lung function in
different physiological and pathophysiological conditions, suggesting a very relevant role in this organ.

1 Phosphatidylcholine
synthesis and secretion

1 Surfactant-associated
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secretion

t Lung growth, structure and
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Figure 1. Schematic representation of the main effects of GLP-1R activation in fetal lung tissue.
Abbreviations: ATI cell, alveolar type I cell; ATII cell, alveolar type II cell; Glp-1, glucagon-like peptide-1;
ACE2, angiotensin-converting enzyme 2; Ang (1-7), angiotensin 1-7; MAS1, Mas proto-oncogene, G
protein-coupled receptor.

2.4. Retinoids

Retinoic acid (RA) is a metabolite derived from diet that acts properly like a hormone regulating
gene expression [48]. This hormone is obtained as a micronutrient, either as retinyl-esters, present in
animal origin food, or as carotenoids, present in vegetables. The hepatocytes are the main reservoir of
retinoids, where they accumulate up to 70% in the form of retinyl-esters [49]. When an extrahepatic
tissue requires RA, retinyl-esters are cleaved to retinol, which is transported to target tissue bound to
retinol-binding protein (RBP) [50]. In target tissues, retinol undergoes two successive oxidations to
produce all-trans retinoic acid (ATRA), the biologically active hormone [49].
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Retinoids exert their actions through two different families of nuclear receptors that are
ligand-dependent transcription factors: Retinoid acid receptors (RARs) and retinoid X receptors
(RXRs) [51]. ATRA binds to an RAR, which then forms a heterodimer with an RXR molecule.
This complex binds to specific retinoic acid response elements (RAREs) present in the genomic DNA
upstream of the sequence of the gene promotor region. The RA receptors work as hormone-dependent
transcription regulators of several genes, interacting with other hormonal families such as estrogens
and thyroid hormones [51].

ATRA plays an essential role in fetal development and in tissue homeostasis by regulating cellular
differentiation, tissue maturation, remodeling and apoptosis, and tissue repair [52]. It was shown that
reduced levels of RA might promote fetal malformations of several organs [53], whereas very high
levels may trigger teratogenesis [54]. Therefore, circulating RA levels must remain within normal
ranges during pregnancy.

During fetal lung development, and since early embryonic stages, there is synthesis of RA and
expression of RA receptors in the primordial lung buds [55,56]. In fact, RA regulates the formation of the
bronchial tubules during the pseudoglandular phase [57]. This may be why the maternal deficiency of
retinoid results in lung hypoplasia—and even lung agenesis in the most severe cases [53,58]. This effect
was shown in fetuses of the RARx/RAR2 double knockout mice, which had blunted the capacity to
respond to RA [59].

In murine animal models, lung maturation is finished after birth. In that case, it can be observed
that RA also plays a key role during perinatal lung maturation, when there is a relative depletion of
retinyl-ester levels in lung tissue [60], but RAR expression is upregulated in alveoli with respect to
mature lung, which suggests RA is involved in the genesis of alveoli [61]. Moreover, RA induces the
proliferation and differentiation of fetal type II to type I alveolar epithelial cells in vitro [62], and it
increases the expression of mRNA for surfactant-associated protein D [63].

Congenital diaphragmatic hernia (CDH) is a major life threatening disease, characterized by a
failure in both alveolar and vascular pulmonary development [64]. There is evidence that a defective
mechanism in the retinoid signaling pathway is involved in the etiology of CDH [65]. In classical
studies, an incidence of 25-70% of CDH in the offspring of pregnant rats with a deficient intake of RA
precursors was reported [66]. Whereas in humans, CDH-affected newborns present a 50% reduction of
plasma levels of retinol and retinol binding protein with respect to healthy newborns [67].

ATRA has been shown to also be very effective in other animal models of lung diseases.
For example, in bronchopulmonary dysplasia (BPD), the pups are exposed to hypoxia conditions from
postnatal day 1, disrupting normal septation and lung alveolarization [68]. In this model, postnatal
treatment with RA improves alveolar structure, reduces septal fibrosis, and increases survival [69-71].

In addition, RA contributes to ameliorate the status of the pups in experimental models of lung
hypoplasia. In one of these models, the perinatal caloric restriction decreases the RARo expression, and
the intraperitoneal administration of RA to the pups improves alveolar formation, likely overcoming
the partial deficit of receptors but also stimulating the expression of RAR«x [72].

There are different strategies for modeling lung hypoplasia in laboratory animals. Nitrofen (2,
4-dichlorophenyl-p-nitro phenyl ether) is a molecule developed as a herbicide, without toxicological
effects in adult rats. However, administration of nitrofen to pregnant rats on day 9 of gestation induces
deep alterations in lung development, to the end that pups show lung hypoplasia, making them not
viable for extra uterine life [73]. Nitrofen-induced lung hypoplasia might involve abnormalities in the
synthesis, uptake, and signaling pathway of the retinoid system [74-76], since retinoid administration
to lung explants of nitrofen-treated animals greatly improves the indicators of lung growth [77].
In addition, in vivo, the administration of retinoid precursors to the mothers during gestation reduces
the incidence of CDH, and increases survival and lung maturity of the litters [78,79]. It was also shown
that RA administration to mothers treated with nitrofen increases postnatal alveologenesis in the
progenies [80], likely by promoting the proliferation of type I alveolar epithelial cells [81]. All these
data suggest that an increase in the substrate supply for RA synthesis could counteract the decreased
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activity of the retinal dehydrogenase 2 (RALDH?2), a key enzyme in retinol synthesis, as observed in
nitrofen-treated fetal lungs [74].

2.5. Cholecalciferol

Cholecalciferol or vitamin D3 is a secosteroid that is obtained directly from food of animal
origin, or indirectly by synthesis in the skin from 7-dehydrocholesterol after ultraviolet B exposure.
This prohormone is inactive, and it experiences two sequential hydroxylation steps to produce
1,25-Hydroxyvitamin D (1,25(0OH),D), the hormone active form [82]. 1,2(OH);D, also called calcitriol,
interacts with this specific receptor, called vitamin D receptor (VDR), that is a ligand-dependent
transcription factor [83]. After ligand binding, it requires the formation of a heterodimer with a retinoid
X receptor (RXR) to interact with vitamin D response elements (VDRE) present in the DNA and to
regulate gene expression [84].

As the action mechanism of calcitriol requires forming heterodimers with the promiscuous receptor
for retinoids (RXR), it is not surprising that it may be involved in lung development, maturation,
and functional regulation. In fact, the lung is likely one of the main target tissues for calcitriol
during fetal development [85]. VDR receptor is expressed in fetal ATII cells, where its activation
induces proliferation and the synthesis and secretion of surfactant of both the fractions proteins and
phospholipids [86-89]. The incubation of human fetal and adult ATII cells with 1,25(OH);D in vitro
culture increases VDR and the expression of SFTPB [90].

The maternal calcitriol deficiency during lung development in animal models modifies the
expression of genes involved in organ development, branching morphogenesis, and regulation of
inflammation process [91]. Therefore, several respiratory parameters may be affected, including the
reduction in lung volume, vital capacity and oxygen saturation, and increases in airway smooth
muscle mass and airway contractility [92-94]. All of these changes alter normal lung physiology and
might compromise the survival of the litters. In this condition, the supplementation of mothers with
calcitriol precursors completely prevents the negative effects of the deficiency. In addition, calcitriol
supplementation during lactation in rodents with previous deficiency during gestation improves
alveolar septation and lung function [95]. Even in pups from normal pregnant rats, the aerosol
administration of calcitriol precursors contributes to lung maturity by increasing the expression of
markers of epithelial, mesenchymal, and vascular differentiation that is followed by an increase in
the synthesis of surfactant phospholipids [96]. In human studies, there is an association between
a reduction of calcitriol levels in 18 WG and a reduced lung function in childhood [97]. It is also
demonstrated that severe deficiency of 25(OH)D in preterm infants is related to the development of
respiratory distress syndrome [98]. Thus, preterm supplementation with calcitriol precursors reduces
the time of assisted ventilation and oxygen supplementation [99], which confirms the essential role
of this hormone in lung maturation. In addition, it has been proposed that supplementation with
calcitriol precursors during pregnancy may be an effective mean of preventing childhood asthma [100].

3. Effect of Undernutrition on Lung Development and Adult Lung Function

There are several different animal models for the study of FGR, including genetic manipulation
models, but also mother food restriction during pregnancy [101]. The most frequently used animal
species for modeling FGR are mice, rats, and lambs.

In a model of lamb FGR by the removal of endometrial caruncles, there is a reduction in fetal
lung weight, lung liquid volume, and phospholipid concentration in liquid of alveolar lavage [102].
In this model, the lung weight is reduced by a similar rate to fetal body weight reduction, but carrying
structural alterations that reveal a retarded maturation [103]. FGR reduces alveolar number and
vascular density, but increases septal thickness [104,105]. These alterations become more pronounced
during postnatal lung development [104], which leads to a smaller number of large alveoli, alveolar
fenestrations, and increased number of mast cells in the lungs of adult animals, anticipating a premature
lung aging [106]. At least part of these changes in lung architecture could be explained by a marked
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reduction in elastin synthesis and deposition [107]. FGR also promotes the reduction of the mRNA
and protein expression of the SFTPs [108]. SFTP expression is higher after the delivery in FGR ewes
due to the activation of the hypoxia-signaling pathway by increasing HIF-2oc mRNA expression [109].

FGR alters normal structure of the lamellar bodies of ATII cells involved in surfactant synthesis
and secretion, in the saccular stage before birth in rodents [110]. This alteration also reduces mRNA
expression of SFIPs [111]. However, after birth, there is a reduction in lung surfactant lipid levels, just
in the early postnatal period, without modifying the expression of surfactant-associated proteins in the
remaining postnatal period [112]. As described in lambs, FGR also disrupts normal lung architecture
in rodents, and it decreases alveolar number and increases septal thickness [113] from postnatal day 1
through adulthood. Moreover, this is accompanied by a decline in synthesis and secretion of elastin,
and an increase in static lung compliance [114].

In humans, fetal undernutrition can be caused by at least five situations:

(1) Severe nausea and vomiting period that persists more than the first trimester [115];

(2) The “Maternal Depletion Syndrome,” a product of a short inter-pregnancy interval, not allowing
sufficient time to replenish energy reserves and recovery of mothers, which promotes a depletion
of both macro- and micronutrients [116];

(3) Teenager pregnancy, where the mother, who may still be growing, competes with the fetus for
resources [117];

(4) Use and abuse of tobacco [118]; and

(5) Alcohol/drugs [119], which may promote placenta under-function and reduced nutrient supply
to fetus and/or maternal undernutrition.

There are few studies linking FGR, fetal lung development, and neonatal lung pathology in humans.
In fact, there are some conflicting results about the effect of FGR over respiratory distress syndrome
(RDS). Several studies have concluded that FGR reduces the incidence of RDS and increases the ratio
of lecithin/sphingomyelin in amniotic fluid, a marker of lung maturation [120,121]. They explain
this accelerated lung maturation as a consequence of the chronic intrauterine stress that increases
fetal glucocorticoid levels. Nevertheless, other studies have concluded that FGR increases the risk of
developing RDS and the risk of respiratory failure and death [122], and yet others did not find this
relation [123]. On the other hand, there is an association between perinatal growth restriction and an
increased risk of developing bronchopulmonary dysplasia in preterm infants [124]. Moreover, low
birth weight, but not prematurity, decreases lung size and bronchial airflow, and conversely increases
bronchial hyperreactivity in children [125].

In the mature lung, there is a clear relationship between the early fetal nutritional environment
and adult pulmonary diseases—despite the mechanistic basis of this relationship being unknown [126].
In the adult lung, there is a suggestive, not fully consistent, association between FGR and pulmonary
function in adulthood [127]. There are some evidences that FGR can decrease adult lung function [128],
whereas other studies did not find any effect over lung function [129]. Another study shows that
prenatal exposure to famine did not modify the lung function, but increased the prevalence of
COPD [130]. This risk is greater when severe famine exposure occurs during infancy [131]. Asthma is
another lung pathology that is related with FGR. There are some studies that link FGR with an increased
risk of developing adult asthma [132], whereas other studies conclude that environmental factors
during childhood rather than fetal undernutrition are responsible for the increased risk of developing
asthma in adult life [133].

4. Undernutrition and Hormones in Lung Development

Undernutrition in pregnancy promotes several changes in metabolic control and hormone levels,
which are needed to adapt the energy demands to reduced supplies. It is easy to link a caloric deficit
with reduced availability of precursor for hormones that are obtained in diet, such as retinoids and
carotenoids [134,135]. However, these precursors may be stored in some amounts in the liver and fat
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depots. In such a way, nutritional deficits of these hormones must be set up likely before pregnancy,
for reducing the reserves enough to affect fetus development during gestation. In developed countries,
the follow-up of every pregnant women and nutritional advice should be enough to prevent this
kind of deficit. A large part of the population is in the lower range or outside the normal range for
cholecalciferols (VitD), which may be especially critical in some susceptible populations: Low sun
exposure, low intake of fish and dairy products, obesity, or undernutrition.

The effect in the modulation on gene transcription by the activation of the retinoid hormone
system is so important that it might be a source of teratogeny when in elevated levels during pregnancy.
In addition, on the other hand, a deficit of retinoids promotes alterations in reproduction, placentation,
and organ development. However, there is not a recommendation to supplement nutrition with retinoid
precursors in pregnancy apart from in known deficient populations. In some African countries, this
deficit may be present in the 21-48% of all pregnant women [135]. On the other hand, some hormones
are involved in the short-term availability of energy resources, and may eventually be relevant in the
case of reduced food intake during pregnancy. In this context, and as described above, leptin seems
to be a relevant hormone in lung development. This hormone is mainly secreted by adipose tissue
in proportion to total fat storage. During starving, even partial, fat depots and, consequently, leptin
circulating levels are reduced [136]. Leptin is also produced by the placenta, where it plays a local
role in protein synthesis and proliferation of placental cells. It has been also postulated that leptin is
very important for maternal-fetal exchanges, regulating the growth and development of many organs,
including the lung. In fact, dysregulation of leptin mechanisms is link to several disorders occurring in
pregnancy, such as gestational diabetes and intrauterine growth restriction [137]. In FGR neonates,
there is a reduction in circulating leptin levels, due to a reduction in fetal fat mass and placental
production [138,139] The fetal reduction in leptin levels may compromise correct lung development.
The reduction in fetal circulating leptin levels is usually compensated by a postnatal increase when
enough energy supply is set up, which explains the catch-up lung growth in FGR offspring [140];
however, it may also be related to the augmented incidence of childhood asthma in FGR offspring [141].

Another hormone that has a relevant role in metabolic and food intake control is ghrelin. Ghrelin
is a peptide with orexigenic, adipogenic, and GH-releasing properties [142]. Regarding all described
effects for ghrelin, it is important in the regulation of metabolism and it has been suggested that
it contributes to energy resource distribution, linking nutrients to growth and development of the
organs. Ghrelin levels vary during pregnancy, reaching the highest peak at mid-gestation, and then
declining up to term [143]. Ghrelin is present in the cord blood and inversely correlates with fetal
growth. Moreover, intrauterine ghrelin levels have been linked to programming body weight in the
postnatal period [144]. FGR fetuses present high ghrelin levels in response to intrauterine malnutrition,
which might contribute to increase neonate appetite, which suggests a role of ghrelin in catch-up
growth [145,146]. Nevertheless, more recently, others have shown that ghrelin levels are reduced in
“small for gestational age” fetuses [146], and this is in accordance with increased levels of cortisol in
FGR fetuses due to the stress in the intrauterine environment. It has been shown that there is a negative
correlation between cortisol and ghrelin levels [147]. Despite there being few studies about ghrelin’s
involvement in lung function and development, the reported results suggest it has a relevant role.
The action mechanisms underlying the effects of ghrelin in the lungs will need some more studies to
be revealed.

GLP-1 is the least studied metabolic hormone, here presented in relation with pregnancy. GLP-1
could compensate pregnancy-related alterations in metabolism, such as an increase in glycaemia and
the development of insulin resistance, based on the increase of fasted active GLP-1 levels in the third
trimester of gestation [148]. This increase in GLP-1 secretion is a product of gastrointestinal tissue
expansion, rather than satiety [149]. GLP-1 circulating levels are reduced in pregnant mothers with
gestational diabetes [150,151]. However, we have no data about changes in GLP-1 levels during normal
pregnancy. It is important to emphasize that GLP-1 half-life is very short, lower than 2 min. Therefore,
GLP-1 levels may change very fast after meals, and so to study GLP-1 variations will demand to do
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repeated short-interval blood sampling in every individual. In a recent study;, it has been reported that
GLP-1 and GIP circulating levels in mothers and cord blood negatively correlate with 250HD, and,
surprisingly, GLP-1, GIP, and ghrelin positively correlate with glycated albumin maternal/cord ratio,
highlighting the relevance of these hormones and their interplay in the complex control of metabolism,
especially in pregnancy.

Ghrelin and GLP-1 are secreted in relation to meals and, since they may serve as a link between
maternal food intake and metabolism, may possibly modulate the exchange of nutrients through
the placenta. However, and as described above, both hormones have direct and important effects
in lung development. It must be highlighted that GLP-1 modulates many different functions of the
lung, including key processes such as the production of surfactant components, or the modulation
of vascular tone of pulmonary vessels by controlling the renin—angiotensin system local activation.
In addition, it should of the greatest interest to study whether the placenta, as the maternal/fetal
interchange organ, is a target for GLP-1 modulatory actions, as we have no data in this respect.

Finally, clinicians dedicated to pregnancy must be conscious of the delay in lung maturity in all of
the five clinical situations mentioned above, which include: Persistent severe vomiting beyond first
trimester; “Maternal Depletion Syndrome”, especially in susceptible populations; teenager pregnancy;
use of tobacco and abuse of alcohol and drugs [119]; but also in obese and diabetic mothers. In all of
these cases, a complete, well balanced, and eventually supplemented diet of mothers will guarantee
normal lung development of fetuses and newborns, contributing to prevent lung pathology in infancy
and adult life. This diet should provide enough, but not an excessive amount of, calories and calcitriol
and retinoid sources, in addition to other known nutrients needed for organogenesis, such as good
quality protein, iodine, and iron. Although, correct attention to the diet of pregnant women is included
in current gestational protocols in occidental medicine, it appears that this is not so general in many
countries, and thus should be regarded as a priority objective of preventive health policies.

In conclusion, the reduction of food intake during pregnancy may not just directly affect tissue
development because insufficient resources, but also undernutrition modifies the hormonal milieu,
which is critical for many organs, including lung. Retinol and cholecalciferol are hormones synthetized
from precursors obtained from diet; therefore, reductions in food intake limit the availability of these
hormones. In fact, the deficit in cholecalciferol is one of the most frequent in pregnancy, especially
in susceptible populations. Gestational undernutrition also reduces fat storage, as well as leptin
circulating levels in the medium-term; and daily-reduced caloric intake may affect the levels of
hormones regulated in the short-term, linked to meals such as ghrelin and GLP-1. The mentioned
hormones have key roles in lung development and maturity, including morphogenesis and structure
development, cell proliferation and apoptosis, and many functional processes such as production of
surfactant components, activity of the local renin—angiotensin system, and vascular tone of pulmonary
vessels (see Table 1). Moreover, undernutrition in pregnancy affects all of these hormonal systems at
once, in addition to others also relevant such as insulin and IGFs, thyroid hormones, and glucocorticoids.
Therefore, the correction of known specific deficits with diet supplementation during gestation is
mandatory and should be included in clinical protocols. The disruption of the hormonal environment
during pregnancy becomes especially important when the mothers present metabolic diseases such as
diabetes and obesity, despite that caloric intake may be preserved. The dysregulation in hormonal
control in altered metabolism in mothers may affect lung development and maturity of the fetus to
different degrees, also conditioning higher risk to lung pathology in adult life. In this case, the correction
during pregnancy of diet and food intake, in proper amounts and composition, is so important to lung
development, like it might be in caloric restriction and undernutrition.
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Table 1. Summary of the effects of the different hormones over lung development.

Hormone Action in Lung Development References
Ghrelin Fetal lung branching [15,16]
Upregulating RA receptors/ sensitizing RA action [17]
Enhance lung maturity [28,31-34]
Leptin . . . .
In vitro phosphatidylcholine secretion [28]
In vitro SFTPs expression [28,32-34]
In vitro phosphatidylcholine secretion [43,44]
GLP-1 In vivo SFTPs expression [42,46,47]
Increase ACE2/Ang (1-7)/MasR branch of the [46,47]
renin-angiotensin system ’
Formation of bronchial tubules during [57]
pseudoglandular phase
Retinoic acid Lung maturation [62,69,70,72,77-79]
In vitro Proliferation of ATII cells and differentiation [62,81]
to ATI cells !
In vitro and in vivo SFTPs expression [62,63]
Branching morphogenesis [91]
Cholecalciferol In vitro proliferation of ATII cells [96]
In vitro surfactant phospholipids secretion [96]
In vitro SFTPs expression [96]
Lung maturation [95,96]

Abbreviations: RA, retinoic acid; SFTPs, surfactant-associated proteins; ACE2, angiotensin-converting enzyme 2;
Ang (1-7), angiotensin 1-7; MAS1, Mas proto-oncogene, G protein-coupled receptor; ATII cells, alveolar type II cells;
ATI cells, alveolar type I cells.

Author Contributions: Conceptualization, L.C.G.-M. and EM.; writing, J.E, L.T.,, Y.D.-C., and FM.; figure

designing, J.F. and L.T.; review and editing, ].F, Y.D.-C., L.C.G.-M., and EM.
Funding: This research received no external funding.

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

References

1. Kelly, RW. Nutrition and placental development. Proc. Nutr. Soc. Aust. 1992, 17,203-211.

2. McCance, R.A.; Widdowson, E.M. The determinants of growth and form. Proc. R. Soc. Lond. B Biol. Sci. 1974,
185, 1-17. [CrossRef] [PubMed]

3. Barker, D.J.; Clark, PM. Fetal undernutrition and disease in later life. Rev. Reprod. 1997, 2, 105-112. [CrossRef]
[PubMed]

4. Sharma, D,; Shastri, S.; Sharma, P. Intrauterine Growth Restriction: Antenatal and Postnatal Aspects. Clin.
Med. Insights Pediatr. 2016, 10, 67-83. [CrossRef] [PubMed]

5. DiFiore, ].W.; Wilson, ].W. Lung development. Semin. Pediatr. Surg. 1994, 3, 221-232. [PubMed]

6.  Burri, PH. Structural aspects of postnatal lung development — alveolar formation and growth. Biol. Neonate
2006, 89, 313-322. [CrossRef] [PubMed]

7. Chen, L.; Zosky, G.R. Lung development. Photochem. Photobiol. Sci. 2017, 16, 339-346. [CrossRef] [PubMed]

8 Stocks, J.; Hislop, A.; Sonnappa, S. Early lung development: Lifelong effect on respiratory health and disease.
Lancet Respir. Med. 2013, 9, 728-742. [CrossRef]

9. Kojima, M.; Hosoda, H. Date, Y.; Nakazato, M., Matsuo, H.; Kangawa, K. Ghrelin is a

growth-hormone-releasing acylated peptide from stomach. Nature 1999, 402, 656-660. [CrossRef]


http://dx.doi.org/10.1098/rspb.1974.0001
http://www.ncbi.nlm.nih.gov/pubmed/4149051
http://dx.doi.org/10.1530/ror.0.0020105
http://www.ncbi.nlm.nih.gov/pubmed/9414472
http://dx.doi.org/10.4137/CMPed.S40070
http://www.ncbi.nlm.nih.gov/pubmed/27441006
http://www.ncbi.nlm.nih.gov/pubmed/7850362
http://dx.doi.org/10.1159/000092868
http://www.ncbi.nlm.nih.gov/pubmed/16770071
http://dx.doi.org/10.1039/C6PP00278A
http://www.ncbi.nlm.nih.gov/pubmed/27849096
http://dx.doi.org/10.1016/S2213-2600(13)70118-8
http://dx.doi.org/10.1038/45230

Nutrients 2019, 11, 2870 11 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wang, G.; Lee, HM.; Englander, E.; Greeley, G.H., Jr. Ghrelin—not just another stomach hormone. Regul.
Pept. 2002, 105, 75-81. [CrossRef]

Wren, A.M.; Small, C.J.; Ward, H.L.; Murphy, K.G.; Dakin, C.L.; Taheri, S.; Kennedy, A.R.; Roberts, G.H.;
Morgan, D.G.; Ghatei, M.A_; et al. The novel hypothalamic peptide ghrelin stimulates food intake and
growth hormone secretion. Endocrinology 2000, 141, 4325-4328. [CrossRef] [PubMed]

Cortelazzi, D.; Cappiello, V.; Morpurgo, P.S.; Ronzoni, S.; Nobile De Santis, M.S.; Cetin, L.; Beck-Peccoz, P.;
Spada, A. Circulating levels of ghrelin in human fetuses. Eur. J. Endocrinol. 2003, 149, 111-116. [CrossRef]
Volante, M.; Fulcheri, E.; Allia, E.; Cerrato, M.; Pucci, A.; Papotti, M. Ghrelin expression in fetal, infant and
adult human lung. J. Histochem. Cytochem. 2002, 50, 1013-1021. [CrossRef] [PubMed]

Nakahara, K.; Nakagawa, M.; Baba, Y.; Sato, M.; Toshinai, K.; Date, Y.; Nakazato, M.; Kojima, M.; Miyazato, M.;
Kaiya, H.; et al. Maternal ghrelin plays an important role in rat fetal development during pregnancy.
Endocrinology 2006, 147, 1333-1342. [CrossRef]

Nunes, S.; Nogueira-Silva, C.; Dias, E.; Moura, R.S.; Correia-Pinto, J. Ghrelin and obestatin: Different role in
fetal lung development? Peptides 2008, 29, 2150-2158. [CrossRef]

Santos, M.; Bastos, P; Gonzaga, S.; Roriz, ].M.; Baptista, M.].; Nogueira-Silva, C.; Melo-Rocha, G.;
Henriques-Coelho, T.; Roncon-Albuquerque, R., Jr.; Leite-Moreira, A.F,; et al. Ghrelin expression in human
and rat fetal lungs and the effect of ghrelin administration in nitrofen-induced congenital diaphragmatic
hernia. Pediatr. Res. 2006, 59, 531-537. [CrossRef]

Pereira-Terra, P.; Moura, R.S.; Nogueira-Silva, C.; Correia-Pinto, J. Neuroendocrine factors regulate retinoic
acid receptors in normal and hypoplastic lung development. J. Physiol. 2015, 593, 3301-3311. [CrossRef]
Xu, Y.P; Zhu, ].J.; Cheng, F; Jiang, KW.; Gu, W.Z,; Shen, Z.; Wu, Y.D.; Liang, L.; Du, L.Z. Ghrelin ameliorates
hypoxia-induced pulmonary hypertension via phosphor-GSK3 (3/f-catenin signalling in neonatal rats. . Mol.
Endocrinol. 2011, 47, 33-43. [CrossRef]

Zhang, Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.; Friedman, ].M. Positional cloning of the mouse
obese gene and its human homologue. Nature 1994, 372, 425-432. [CrossRef]

Friedman, ].M.; Halaas, ].L. Leptin and the regulation of body weight in mammals. Nature 1998, 395, 763-770.
[CrossRef]

Malli, F; Papaiopannou, A.L.; Gourgoulianis, K.L.; Daniil, Z. The role of leptin in the respiratory system: An
overview. Respir. Res. 2010, 11, 152. [CrossRef] [PubMed]

Tartaglia, L.A.; Dembski, M.; Weng, X.; Deng, N.; Culpepper, J.; Devos, R.; Richards, G.J.; Campfield, L.A.;
Clarck, ET.; Deeds, J.; et al. Identification and expression cloning of a leptin receptor, OB-R. Cell 1995, 83,
1263-1271. [CrossRef]

Gorska, E.; Popko, K.; Stelmaszczyk-Emmel, A.; Ciepiela, O.; Kucharska, A.; Wasik, M. Leptin receptors.
Eur. ]. Med. Res. 2010, 15, 50-54. [CrossRef] [PubMed]

Hoggard, N.; Mercer, ].G.; Rayner, D.V.; Moar, K.; Trayhurn, P.; Williams, L.M. Localization of leptin receptor
mRNA splice variants in murine peripheral tissues by RT-PCR and in situ hybridization. Biochem. Biophys.
Res. Commun. 1997, 232, 383-387. [CrossRef]

Masuzaki, H.; Ogawa, Y.; Sagawa, N.; Hosoda, K.; Matsumoto, T.; Mise, H.; Nishimura, H.; Yoshimasa, Y.;
Tanaka, I.; Mori, T,; et al. Nonadipose tissue production of leptin: Leptin as a novel placenta-derived
hormone in humans. Nat. Med. 1997, 3, 1023-1033. [CrossRef]

Vernooy, J.H.; Drummen, N.E.; van Suylen, R.J.; Cloots, R H.; Méller, G.M.; Bracke, K.R.; Zuyderduyn, S.;
Dentener, M.A; Brusselle, G.G.; Hiemstra, P.S.; et al. Enhanced pulmonary leptin expression in patients with
severe COPD and asymptomatic smokers. Thorax 2009, 64, 26-32. [CrossRef]

Belmeyer, A.; Martino, ].M.; Chandel, N.S.; Scott Budinger, G.R.; Dean, D.A.; Mutlu, G.M. Leptin resistance
protects mice from hyperoxia-induced acute lung injury. Am. . Respir. Crit. Care Med. 2007, 175, 587-594.
[CrossRef]

Torday, J.S.; Sun, H.; Wang, L.; Torres, E.; Sunday, M.E.; Rubin, L.P. Leptin mediates the parathyroid
hormone-related protein paracrine stimulation of fetal lung maturation. Am. J. Physiol. Lung Cell Mol. Physiol.
2002, 282, 1.405-1L410. [CrossRef]

Hoggard, N.; Hunter, L.; Duncan, J.S.; Williams, L.M.; Trayhurn, P.; Mercer, ].G. Leptin and leptin receptor
mRNA and protein expression in the murine fetus and placenta. Proc. Natl. Acad. Sci. USA 1997, 94,
11073-11078. [CrossRef]


http://dx.doi.org/10.1016/S0167-0115(02)00012-5
http://dx.doi.org/10.1210/endo.141.11.7873
http://www.ncbi.nlm.nih.gov/pubmed/11089570
http://dx.doi.org/10.1530/eje.0.1490111
http://dx.doi.org/10.1177/002215540205000803
http://www.ncbi.nlm.nih.gov/pubmed/12133904
http://dx.doi.org/10.1210/en.2005-0708
http://dx.doi.org/10.1016/j.peptides.2008.08.012
http://dx.doi.org/10.1203/01.pdr.0000202748.66359.a9
http://dx.doi.org/10.1113/JP270477
http://dx.doi.org/10.1530/JME-10-0143
http://dx.doi.org/10.1038/372425a0
http://dx.doi.org/10.1038/27376
http://dx.doi.org/10.1186/1465-9921-11-152
http://www.ncbi.nlm.nih.gov/pubmed/21040518
http://dx.doi.org/10.1016/0092-8674(95)90151-5
http://dx.doi.org/10.1186/2047-783x-15-s2-50
http://www.ncbi.nlm.nih.gov/pubmed/21147620
http://dx.doi.org/10.1006/bbrc.1997.6245
http://dx.doi.org/10.1038/nm0997-1029
http://dx.doi.org/10.1136/thx.2007.085423
http://dx.doi.org/10.1164/rccm.200603-312OC
http://dx.doi.org/10.1152/ajplung.2002.282.3.L405
http://dx.doi.org/10.1073/pnas.94.20.11073

Nutrients 2019, 11, 2870 12 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bergen, H.T.; Cherlet, T.C.; Manuel, P; Scott, J.E. Identification of leptin receptors in lung and isolated fetal
type II cells. Am. J. Respir. Cell Mol. Biol. 2002, 27, 71-77. [CrossRef]

Henson, M.C.; Swan, K.F,; Edwards, D.E.; Hoyle, G.W.; Purcell, J.; Castracane, V.D. Leptin receptor expression
in fetal lung increases in late gestation in the baboon: A model for human pregnancy. Reproduction 2004, 127,
87-94. [CrossRef] [PubMed]

Chen, H.; Zhang, ].P,; Huang, H.; Wang, Z.H.; Cheng, R.; Cai, W.B. Leptin promotes fetal lung maturity
and upregulats SP-A expression in pulmonary alveoli type-II epithelial cells involving TTF-1 activation.
PLoS ONE 2013, 8, €69297. [CrossRef]

Kirwin, S.M.; Bhandari, V.; Dimatteo, D.; Barone, C.; Johnson, L.; Paul, S.; Spitzer, A.R.; Chander, A;
Hassink, S.G.; Funanage, V.L. Leptin enhances lung maturity in the fetal rat. Pediatr. Res. 2006, 60, 200-204.
[CrossRef] [PubMed]

Sato, A.; Schehr, A.; Ikegami, M. Leptin does not influence surfactant synthesis in fetal sheep and mice lungs.
Am. |. Physiol. Lung Cell Mol. Physiol. 2011, 300, L498-L505. [CrossRef] [PubMed]

De Blasio, M.].; Boije, M.; Kempster, S.L.; Smith, G.C.; Charnock-Jones, D.S.; Denyer, A.; Hughes, A;
Wooding, EB.; Blache, D.; Fowden, A.L.; et al. Leptin Matures Aspects of Lung Structure and Function in the
Ovine Fetus. Endocrinology 2016, 157, 395-404. [CrossRef]

Ingalls, A.M.; Dickie, M.M.; Snell, G.D. Obese, a new mutation in the house mouse. |. Hered. 1950, 41,
317-318. [CrossRef]

Huang, K.; Rabold, R.; Abston, E.; Schofield, B.; Misra, V.; Galdzicka, E.; Lee, H.; Biswal, S.; Mitzner, W.;
Tankersley, C.G. Effects of leptin deficiency on postnatal lung development in mice. J. Appl. Physiol. 2008,
105, 249-259. [CrossRef]

Song, Y.; Yu, Y.; Wang, D.; Chai, S.; Liu, D.; Xiao, X.; Huang, Y. Maternal high-fat diet feeding during
pregnancy and lactation augments lung inflammation and remodelling in offspring. Respir. Physiol. Neurobiol.
2015, 207, 1-6. [CrossRef]

Khrisanapant, W.; Sengmeuang, P.; Kukongviriyapan, U.; Pasurivong, O.; Pakdeechotel, P. Plasma leptin
levels and a restrictive lung in obese thai children and adolescents. Southeast Asian . Trop. Med. Public Health
2015, 46, 116-124.

Holst, ].J. From the Incretin Concept and the Discovery of GLP-1 to Today’s Diabetes Therapy. Front.
Endocrinol. 2019, 10, 260. [CrossRef]

Bullock, B.P.;; Heller, R.S.; Habener, J.F. Tissue distribution of messenger ribonucleic acid encoding the rat
glucagon-like peptide-1 receptor. Endocrinology 1996, 137, 2968-2978. [CrossRef] [PubMed]

Romani-Pérez, M.; Outeirifio-Iglesias, V.; Gil-Lozano, M.; Gonzalez-Matias, L.C.; Mallo, F.; Vigo, E. Pulmonary
GLP-1 receptor increases at birth and exogenous GLP-1 Receptor agonists augmented surfactant-protein
levels in litters from normal and nitrofen-treated pregnant rats. Endocrinology 2013, 154, 1144-1155. [CrossRef]
[PubMed]

Benito, E.; Blazquez, E.; Bosch, M.A. Glucagon-like peptide-1-(7-36) amide increases pulmonary surfactant
secretion through a cyclic adenosine 3’, 5-monophosphate-dependent protein kinase mechanism in rat type
II pneumocytes. Endocrinology 1998, 139, 2363-2368. [CrossRef] [PubMed]

Vara, E.; Arias-Diaz, |.; Garcia, C.; Balibrea, J.L.; Blazquez, E. Glucagon-like peptide-1 (7-36) amide stimulates
surfactant secretion in human type II pneumocytes. Am. ]. Respir. Crit. Care Med. 2001, 163, 840-846.
[CrossRef] [PubMed]

Eastwood, M.P.; Kampmeijer, A.; Jimenez, J.; Zia, S.; Vanbree, R.; Verbist, G.; Toelen, J.; Deprest, ].A. The
Effect of Transplacental Administration of Glucagon-Like Peptide-1 on Fetal Lung Development in the Rabbit
Model of Congenital Diaphragmatic Hernia. Fetal Diagn. Ther. 2016, 39, 125-133. [CrossRef]

Fandifio, J.; Vaz, A.A.; Toba, L.; Romani-Pérez, M.; Gonzalez-Matias, L.C.; Mallo, F.; Diz-Chaves, Y.
Liraglutide Enhances the Activity of the ACE/Ang(1-7)/Mas Receptor Pathway in Lungs of Male Pups
from Food-Restricted Mothers and Prevents the Reduction of SP-A. Int. ]. Endocrinol. 2018, 2018, 6920620.
[CrossRef]

Romani-Pérez, M.; Outeirifio-Iglesias, V.; Moya, C.M.; Santisteban, P.; Gonzalez-Matias, L.C.; Vigo, E.;
Mallo, F. Activation of the GLP-1 Receptor by Liraglutide Increases ACE2 Expression, Reversing Right
Ventricle Hypertrophy, and Improving the Production of SP-A and SP-B in the Lungs of Type 1 Diabetes
Rats. Endocrinology 2015, 156, 3559-3569. [CrossRef]


http://dx.doi.org/10.1165/ajrcmb.27.1.4540
http://dx.doi.org/10.1530/rep.1.00037
http://www.ncbi.nlm.nih.gov/pubmed/15056773
http://dx.doi.org/10.1371/journal.pone.0069297
http://dx.doi.org/10.1203/01.pdr.0000227478.29271.52
http://www.ncbi.nlm.nih.gov/pubmed/16864704
http://dx.doi.org/10.1152/ajplung.00418.2010
http://www.ncbi.nlm.nih.gov/pubmed/21216976
http://dx.doi.org/10.1210/en.2015-1729
http://dx.doi.org/10.1093/oxfordjournals.jhered.a106073
http://dx.doi.org/10.1152/japplphysiol.00052.2007
http://dx.doi.org/10.1016/j.resp.2014.12.003
http://dx.doi.org/10.3389/fendo.2019.00260
http://dx.doi.org/10.1210/endo.137.7.8770921
http://www.ncbi.nlm.nih.gov/pubmed/8770921
http://dx.doi.org/10.1210/en.2012-1786
http://www.ncbi.nlm.nih.gov/pubmed/23354098
http://dx.doi.org/10.1210/endo.139.5.5998
http://www.ncbi.nlm.nih.gov/pubmed/9564846
http://dx.doi.org/10.1164/ajrccm.163.4.9912132
http://www.ncbi.nlm.nih.gov/pubmed/11282754
http://dx.doi.org/10.1159/000436962
http://dx.doi.org/10.1155/2018/6920620
http://dx.doi.org/10.1210/en.2014-1685

Nutrients 2019, 11, 2870 13 of 18

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ross, A.C.; Ternus, MLE. Vitamin A as a hormone: Recent advances in understanding the actions of retinol,
retinoic acid, and beta carotene. J. Am. Diet. Assoc. 1993, 93, 1285-1290. [CrossRef]

Conaway, H.H.; Henning, P.; Lerner, U.H. Vitamin a metabolism, action, and role in skeletal homeostasis.
Endocr. Rev. 2013, 34, 766-797. [CrossRef]

Marill, J.; Idres, N.; Capron, C.C.; Nguyen, E.; Chabot, G.G. Retinoica cid metabolism and mechanism of
action: A review. Curr. Drug Metab. 2003, 4, 1-10. [CrossRef]

Bastien, J.; Rochette-Egly, C. Nuclear retinoid receptors and the reanscription of retinoid-target genes. Gene
2004, 328, 1-17. [CrossRef] [PubMed]

Ross, S.A.; McCaffery, PJ.; Drager, U.C.; De Luca, L.M. Retinoids in embryonal development. Physiol. Rev.
2000, 80, 1021-1054. [CrossRef] [PubMed]

Wilson, J.G.; Roth, C.B.; Warkany, J. An analysis of the syndrome of malformations induced by maternal
vitamin a deficiency. Effects of restoration of vitamin A at various times during gestation. Am. J. Anat. 1953,
92,189-217. [CrossRef]

Lammer, EJ.; Chen, D.T.; Hoar, RM.; Agnish, N.D.; Benke, PJ.; Braun, J.T.; Curry, C.T.; Fernhoff, PM.;
Grix, AW., Jr,; Lott, LT,; et al. Retinoid acid embryopathy. N. Engl. |. Med. 1985, 313, 837-841. [CrossRef]
[PubMed]

Mollard, R.; Viville, S.; Ward, S.J.; Décimo, D.; Chambon, P; Dollé, P. Tissue-specific expression of retinoic
acid receptor isoform transcripts in the mouse embryo. Mech. Dev. 2000, 94, 223-232. [CrossRef]

Malpel, S.; Mendelsohn, C.; Cardoso, W.V. Regulation of retinoic acid signalling during lung morphogenesis.
Development 2000, 127, 3057-3067.

Chazaud, C.; Doll¢, P,; Rossant, J.; Mollard, R. Retinoic acid signalling regulates murine bronchial tubule.
Mech. Dev. 2003, 120, 691-700. [CrossRef]

Timoneda, J.; Rodriguez-Fernandez, L.; Zaragoza, R.; Marin, M.P.; Cabezuelo, M.T,; Torres, L.; Vifia, J.R.;
Barber, T. Vitamin A Deficiency and the Lung. Nutrients 2018, 10, 1132. [CrossRef]

Mendelsohn, C.; Lohnes, D.; Décimo, D.; Lufkin, T.; LeMeur, M.; Chambon, P.; Mark, M. Function of
the retinoic acid receptors (RARs) during development (II). Multiple abnormalities at various stages of
organogenesis in RAR double mutants. Development 1994, 120, 2749-2771.

Geevarghese, S K.; Chytil, F. Depletion of retinyl esters in the lungs coincides with lung prenatal morphological
maturation. Biochem. Biophys. Res. Commun. 1994, 200, 529-535. [CrossRef]

Hind, M.; Corcoran, J.; Maden, M. Temporal/spatial expression of retinoid binding proteins and RAR isoforms
in the postnatal lung. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 282, L468-L476. [CrossRef] [PubMed]
Gao, RW.; Kong, X.Y.; Zhu, X.X,; Zhu, G.Q.; Ma, ].S.; Liu, X.X. Retinoic acid promotes primary fetal alveolar
epithelial type II cell proliferation and differentiation to alveolar epithelial type I cells. In Vitro Cell. Dev. Biol.
Anim. 2015, 51, 479-487. [CrossRef] [PubMed]

Grubor, B.; Meyerholtz, D.K.; Lazic, T.; DeMacedo, M.M.; Derscheid, R.J.; Hostetter, ].M.; Gallup, ].M.;
DeMartini, J.C.; Ackermann, M.R. Regulation of surfactant protein and defensin mRNA expression in
cultured ovine type II pneumocytes by all-trans retinoic acid and VEGE. Int. ]. Exp. Pathol. 2006, 87, 393—403.
[CrossRef] [PubMed]

Bohn, D.; Tamura, M.; Perrin, D.; Barker, G.; Rabinovitch, M. Ventilatory predictors of pulmonary hypoplasia
in congenital diaphragmatic hernia, confirmed by morphologic assessment. |. Pediatr. 1987, 11, 423-431.
[CrossRef]

Greer, ].].; Babiuk, R.P; Thebaud, B. Etiology of congenital diaphragmatic hernia: The retinoid hypothesis.
Pediatr. Res. 2003, 53, 726-730. [CrossRef] [PubMed]

Andersen, D.H. Incidence of congenital diaphragmatic hernia in the young of rats bred on a diet deficient in
Vitamin A. Am. ]. Dis. Child. 1941, 62, 888-889.

Major, D.; Cadenas, M.; Fournier, L.; Leclerc, S.; Lefebvre, M.; Cloutier, R. Retinol status of newborn infants
with congenital diaphragmatic hernia. Pediatr. Surg. Int. 1998, 13, 547-549. [CrossRef]

Nardiello, C.; Mizikova, I; Silva, D.M.; Ruiz-Camp, J.; Mayer, K.; Vadasz, I.; Herold, S.; Seeger, W.; Morty, R.E.
Standardisation of oxygen exposure in the development of mouse models for brochopulmonary dysplasia.
Dis. Model. Mech. 2017, 10, 185-196. [CrossRef]

Veness-Meehan, K.A.; Botone, EG., Jr.; Stiles, A.D. Effects of retinoic acid on airspace development and lung
collagen in hyperoxia-exposed newborn rats. Pediatr. Res. 2000, 48, 434—444. [CrossRef]


http://dx.doi.org/10.1016/0002-8223(93)91956-Q
http://dx.doi.org/10.1210/er.2012-1071
http://dx.doi.org/10.2174/1389200033336900
http://dx.doi.org/10.1016/j.gene.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15019979
http://dx.doi.org/10.1152/physrev.2000.80.3.1021
http://www.ncbi.nlm.nih.gov/pubmed/10893430
http://dx.doi.org/10.1002/aja.1000920202
http://dx.doi.org/10.1056/NEJM198510033131401
http://www.ncbi.nlm.nih.gov/pubmed/3162101
http://dx.doi.org/10.1016/S0925-4773(00)00303-8
http://dx.doi.org/10.1016/S0925-4773(03)00048-0
http://dx.doi.org/10.3390/nu10091132
http://dx.doi.org/10.1006/bbrc.1994.1480
http://dx.doi.org/10.1152/ajplung.00196.2001
http://www.ncbi.nlm.nih.gov/pubmed/11839540
http://dx.doi.org/10.1007/s11626-014-9850-2
http://www.ncbi.nlm.nih.gov/pubmed/25515249
http://dx.doi.org/10.1111/j.1365-2613.2006.00494.x
http://www.ncbi.nlm.nih.gov/pubmed/16965567
http://dx.doi.org/10.1016/S0022-3476(87)80474-2
http://dx.doi.org/10.1203/01.PDR.0000062660.12769.E6
http://www.ncbi.nlm.nih.gov/pubmed/12621107
http://dx.doi.org/10.1007/s003830050399
http://dx.doi.org/10.1242/dmm.027086
http://dx.doi.org/10.1203/00006450-200010000-00004

Nutrients 2019, 11, 2870 14 of 18

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Veness-Meehan, K.A.; Pierce, R.A.; Moats-Staats, B.M.; Stiles, A.D. Retinoic acid attenuates O2-induced
inhibition of lung septation. Am. |. Physiol. Lung Cell. Mol. Physiol. 2002, 283, 1.971-L980. [CrossRef]

Ozer, E.A.; Kumral, A.; Ozer, E.; Duman, N.; Yilmaz, O.; Ozkal, S.; Ozkan, H. Effect of retinoic acid on
oxygen-induced lung injury in the newborn rat. Pediatr. Pulmonol. 2005, 39, 35-40. [CrossRef] [PubMed]
Londhe, V.A.; Maisonet, TM.; Lopez, B.; Shin, B.C.; Huynh, J.; Devaskar, S.U. Retinoic acid rescues alveolar
hypoplasia in the calorie-restricted developing rat lung. Am. J. Respir. Cell. Mol. Biol. 2013, 48, 179-187.
[CrossRef] [PubMed]

Van Loenhout, R.B.; Tibboel, D.; Post, M.; Keijzer, R. Congenital diaphragmatic hernia: Comparisons of
animal models and relevance to the human situation. Neonatology 2009, 96, 137-149. [CrossRef] [PubMed]
Mey, J.; Babiuk, R.P; Clugston, R.; Zhang, W.; Greer, ].]. Retinal dehydrogenase-2 is inhibited by compounds
that induce congenital diaphragmatic hernias in rodents. Am. J. Pathol. 2003, 162, 673—-679. [CrossRef]
Chen, M.H.; MacGowan, A.; Ward, S.; Bavik, C.; Greer, J.J. The activation of the retinoic acid response
element is inhibited in an animal model of congenital diaphragmatic hernia. Biol. Neonate 2003, 83, 157-161.
[CrossRef] [PubMed]

Nakazawa, N.; Montedonico, S.; Takayasu, H.; Paradisi, F; Puri, P. Disturbance of retinol transportation
causes nitrofen-induced hypoplastic lung. J. Pediatr. Surg. 2007, 42, 345-349. [CrossRef] [PubMed]
Montedonico, S.; Nakazawa, N.; Puri, P. Retinoic acid rescues lung hypoplasia in nitrofen-induced hypoplastic
foetal rat lung explants. Pediatr. Surg. Int. 2006, 22, 2-8. [CrossRef]

Thébaud, B.; Tibboel, D.; Rambaud, C.; Mercier, ].C.; Bourbon, J.R.; Dinh-Xuan, A.T.; Archer, S.L. Vitamin A
decreases the incidence and severity of nitrofen-induced congenital diaphragmatic hernia in rats. Am. J.
Physiol. 1999, 277, 1L.423-L429. [CrossRef]

Thébaud, B.; Barlier-Mur, A.M.; Chailley-Heu, B.; Henrion-Caude, A.; Tibboel, D.; Dinh-Xuan, A.T,;
Bourbon, J.R. Restoring effects of vitamin A on surfactant synthesis in nitrofen-induced congenital
diaphragmatic hernia in rats. Am. J. Respir. Crit. Care Med. 2001, 164, 1083-1089. [CrossRef]

Montedonico, S.; Sugimoto, K.; Felle, P.; Bannigan, ].; Puri, P. Prenatal treatment with retinoic acid promotes
pulmonary alveologenesis in the nitrofen model of congenital diaphragmatic hernia. J. Pediatr. Surg. 2008,
43, 500-507. [CrossRef]

Sugimoto, K.; Takayasu, H.; Nakazawa, N.; Montedonico, S.; Puri, P. Prenatal treatment with retinoic acid
accelerates type 1 alveolar cell proliferation of the hypoplastic lung in the nitrofen model of congenital
diaphragmatic hernia. J. Pediatr. Surg. 2008, 43, 367-372. [CrossRef]

Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21,
319-329. [CrossRef] [PubMed]

Haussler, M.R.; Whitfield, G.K.; Haussler, C.A.; Hsieh, ].C.; Thompson, P.D.; Selznick, S.H.; Dominguez, C.E.;
Jurutka, PW. The nuclear vitamin D receptor: Biological and molecular regulatory properties revealed.
J. Bone Miner. Res. 1998, 13, 325-349. [CrossRef] [PubMed]

Bouillon, R.; Carmeliet, G.; Verlinden, L.; van Etten, E.; Verstuyf, A.; Luderer, H.F; Lieben, L.; Mathieu, C.;
Demay, M. Vitamin D and human health: Lessons from vitamin D receptor null mice. Endocr. Rev. 2008, 29,
726-776. [CrossRef] [PubMed]

Nguyen, M.; Guillozo, H.; Garabédian, M.; Balsan, S. Lung as a possible additional target organ for vitamin
D during fetal life in the rat. Biol. Neonate 1987, 52, 232-240. [CrossRef]

Marin, L.; Dufour, M.E,; Tordet, C.; Nguyen, M. 1, 25(OH) 2D3 stimulates phospholipid biosynthesis and
surfactant release in fetal rat lung explants. Biol. Neonate 1990, 57, 257-260. [CrossRef]

Edelson, J.D.; Chan, S.; Jassal, D.; Post, M.; Tanswell, A K. Vitamin D stimulates DNA synthesis in alveolar
type-II cells. Biochim. Biophys. Acta 1994, 1221, 159-166. [CrossRef]

Nguyen, T.M.; Guillozo, H.; Marin, L.; Tordet, C.; Koite, S.; Garabedian, M. Evidence for a vitamin D paracrine
system regulating maturation of developing rat lung epithelium. Am. J. Physiol. 1996, 271, L392-L399.
[CrossRef]

Nguyen, M.; Trubert, C.L.; Rizk-Rabin, M.; Rehan, V.K.; Besancon, F; Cayre, Y.E.; Garabédian, M.
1, 25-Dihydroxyvitamin D3 and fetal lung maturation: Immunogold detection of VDR expression in
pneumocytes type II cells and effect on fructose 1, 6 bisphosphatase. J. Steroid. Biochem. Mol. Biol. 2004,
89-90, 93-97. [CrossRef]


http://dx.doi.org/10.1152/ajplung.00266.2001
http://dx.doi.org/10.1002/ppul.20131
http://www.ncbi.nlm.nih.gov/pubmed/15532102
http://dx.doi.org/10.1165/rcmb.2012-0229OC
http://www.ncbi.nlm.nih.gov/pubmed/23087051
http://dx.doi.org/10.1159/000209850
http://www.ncbi.nlm.nih.gov/pubmed/19325248
http://dx.doi.org/10.1016/S0002-9440(10)63861-8
http://dx.doi.org/10.1159/000068932
http://www.ncbi.nlm.nih.gov/pubmed/12660430
http://dx.doi.org/10.1016/j.jpedsurg.2006.10.028
http://www.ncbi.nlm.nih.gov/pubmed/17270546
http://dx.doi.org/10.1007/s00383-005-1571-x
http://dx.doi.org/10.1152/ajplung.1999.277.2.L423
http://dx.doi.org/10.1164/ajrccm.164.6.2010115
http://dx.doi.org/10.1016/j.jpedsurg.2007.10.030
http://dx.doi.org/10.1016/j.jpedsurg.2007.10.050
http://dx.doi.org/10.1016/j.chembiol.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24529992
http://dx.doi.org/10.1359/jbmr.1998.13.3.325
http://www.ncbi.nlm.nih.gov/pubmed/9525333
http://dx.doi.org/10.1210/er.2008-0004
http://www.ncbi.nlm.nih.gov/pubmed/18694980
http://dx.doi.org/10.1159/000242714
http://dx.doi.org/10.1159/000243200
http://dx.doi.org/10.1016/0167-4889(94)90008-6
http://dx.doi.org/10.1152/ajplung.1996.271.3.L392
http://dx.doi.org/10.1016/j.jsbmb.2004.03.054

Nutrients 2019, 11, 2870 15 of 18

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Phokela, S.S.; Peleg, S.; Moya, ER.; Alcorn, J.L. Regulation of human pulmonart surfactant protein gene
expression by lalpha, 25-dihydroxyvitamin D3. Am. J. Physiol. Lung Cell Mol. Physiol. 2005, 289, L617-L626.
[CrossRef]

Foong, R.E.; Bosco, A.; Jones, A.C.; Gout, A.; Gorman, S.; Hart, PH.; Zosky, G.R. The effects of in utero
vitamin D deficiency on airway smooth muscle mass and lung function. Am. J. Respir. Cell Mol. Biol. 2015,
53, 664—675. [CrossRef] [PubMed]

Zosky, G.R; Berry, L.].; Elliot, ].G.; James, A.L.; Gorman, S.; Hart, PH. Vitamin D deficiency causes deficits
in lung function and alters lung structure. Am. J. Respir. Crit. Care Med. 2011, 183, 1336-1343. [CrossRef]
[PubMed]

Lykkedegn, S.; Sorensen, G.L.; Beck-Nielsen, S.S.; Pilecki, B.; Duelund, L.; Marcussen, N.; Christesen, H.T.
Vitamin D Depletion in Pregnancy Decreases Survival Time, Oxygen Saturation, Lung Weight and Body
Weight in Preterm Rat Offspring. PLoS ONE 2016, 11, e0155203. [CrossRef] [PubMed]

Wagner, C.L.; Hollis, B.W. The Implications of Vitamin D Status during Pregnancy on Mother and her
Developing Child. Front. Endocrinol. 2018, 9, 500. [CrossRef] [PubMed]

Saadoon, A.; Ambalavanan, N.; Zink, K.; Ashraf, A.P; MacEwen, M.; Nicola, T.; Fanucchi, M.V.; Harris, W.T.
Effect of Prenatal versus Postnatal Vitamin D Deficiency on Pulmonary Structure and Function in Mice. Am.
J. Respir. Cell Mol. Biol. 2017, 56, 383-392. [CrossRef]

Taylor, S.K,; Sakurai, R.; Sakurai, T.; Rehan, V.K. Inhaled Vitamin D: A Novel Strategy to Enhance Neonatal
Lung Maturation. Lung 2016, 194, 931-943. [CrossRef]

Zosky, G.R.; Hart, PH.; Whitehouse, A J.; Kusel, M.M.; Ang, W.; Foong, R.E.; Chen, L.; Holt, P.G.; Sly, P.D.;
Hall, G.L. Vitamin D deficiency at 16 to 20 weeks’ gestation is associated with impaired lung function and
asthma at 6 years of age. Ann. Am. Thorac. Soc. 2014, 11, 571-577. [CrossRef]

Ataseven, F,; Aygtin, C.; Okuyucu, A.; Bedir, A.; Kiictk, Y.; Kiiciikodiik, S. Is vitamin d deficiency a risk
factor for respiratory distress syndrome? Int. J. Vitam. Nutr. Res. 2013, 83, 232-237. [CrossRef]

Backstrom, M.C.; Miki, R.; Kuusela, A.L.; Sievianen, H.; Koivisto, A.M.; Ikonen, R.S.; Kouri, T.; Maki, M.
Randomised controlled trial of vitamin D supplementation on bone density and biochemical indices in
preterm infants. Arch. Dis. Child. Fetal Neonatal Ed. 1999, 80, F161-F166. [CrossRef]

Yurt, M; Liu, J.; Sakurai, R.; Gong, M.; Husain, S.M.; Siddiqui, M.A.; Husain, M.; Villareal, P.; Akcay, F.;
Torday, J.S.; et al. Vitamin D supplementation blocks pulmonary structural and functional changes in a
rat model of perinatal vitamin D deficiency. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 307, L859-L867.
[CrossRef]

Swanson, A.M.; David, A.L. Animal models of fetal growth restriction: Considerations for translational
medicine. Placenta 2015, 36, 623-630. [CrossRef] [PubMed]

Rees, S.; Ng, J.; Dickson, K.; Nicholas, T.; Harding, R. Growth retardation and the development of the
respiratory system in fetal sheep. Early Hum. Dev. 1991, 26, 13-27. [CrossRef]

Cock, M.L.; Albuquerque, C.A; Joyce, B.J.; Hooper, S.B.; Harding, R. Effects of intrauterine growth restriction
on lung liquid dynamics and lung development in fetal sheep. Am. . Obstet. Gynecol. 2001, 184, 209-216.
[CrossRef] [PubMed]

Maritz, G.S.; Cock, M.L.; Louey, S.; Joyce, B.J.; Albuquerque, C.A.; Harding, R. Effects of fetal growth
restriction on lung development before and after birth: A morphometric analysis. Pediatr. Pulmonol. 2001, 32,
201-210. [CrossRef]

Rozance, PJ.; Seedorf, G.J.; Brown, A.; Roe, G.; O'Meara, M.C.; Gien, J.; Tang, ].R.; Abman, S.H. Intrauterine
growth restriction decreases pulmonary alveolar and vessel growth and causes pulmonary artery endothelial
cell dysfunction in vitro in fetal sheep. Am. J. Physiol. Lung Cell Mol. Physiol. 2011, 301, L860-L871. [CrossRef]
Maritz, G.S.; Cock, M.L.; Louey, S.; Suzuki, K.; Harding, R. Fetal growth restriction has long-term effects on
postnatal lung structure in sheep. Pediatr. Res. 2004, 55, 287-295. [CrossRef]

Cock, M.L,; Joyce, B.J.; Hooper, S.B.; Wallace, M.].; Gagnon, R.; Brace, R.A.; Louey, S.; Harding, R. Pulmonary
elastin synthesis and deposition in developing and mature sheep: Effects of intrauterine growth restriction.
Exp. Lung Res. 2004, 30, 405-418. [CrossRef]

Orgeig, S.; Crittenden, T.A.; Marchant, C.; McMillen, 1.C.; Morrison, J.L. Intrauterine growth restriction
delays surfactant protein maturation in the sheep fetus. Am. J. Physiol. Lung Cell. Mol. Physiol. 2010, 298,
L575-1.583. [CrossRef]


http://dx.doi.org/10.1152/ajplung.00129.2004
http://dx.doi.org/10.1165/rcmb.2014-0356OC
http://www.ncbi.nlm.nih.gov/pubmed/25867172
http://dx.doi.org/10.1164/rccm.201010-1596OC
http://www.ncbi.nlm.nih.gov/pubmed/21297070
http://dx.doi.org/10.1371/journal.pone.0155203
http://www.ncbi.nlm.nih.gov/pubmed/27571350
http://dx.doi.org/10.3389/fendo.2018.00500
http://www.ncbi.nlm.nih.gov/pubmed/30233496
http://dx.doi.org/10.1165/rcmb.2014-0482OC
http://dx.doi.org/10.1007/s00408-016-9939-3
http://dx.doi.org/10.1513/AnnalsATS.201312-423OC
http://dx.doi.org/10.1024/0300-9831/a000165
http://dx.doi.org/10.1136/fn.80.3.F161
http://dx.doi.org/10.1152/ajplung.00032.2014
http://dx.doi.org/10.1016/j.placenta.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25819810
http://dx.doi.org/10.1016/0378-3782(91)90039-6
http://dx.doi.org/10.1067/mob.2001.108858
http://www.ncbi.nlm.nih.gov/pubmed/11174504
http://dx.doi.org/10.1002/ppul.1109
http://dx.doi.org/10.1152/ajplung.00197.2011
http://dx.doi.org/10.1203/01.PDR.0000106314.99930.65
http://dx.doi.org/10.1080/01902140490451244
http://dx.doi.org/10.1152/ajplung.00226.2009

Nutrients 2019, 11, 2870 16 of 18

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Soo, ].Y.; Orgeig, S.; McGillick, E.V.; Zhang, S.; McMillen, I.C.; Morrison, J.L. Normalisation of surfactant
protein —A and -B expression in the lungs of low birth weight lambs by 21 days old. PLoS ONE 2017, 12,
e0181185. [CrossRef]

Deng, ET.; Ouyang, W.X.; Ge, L.F;; Zhang, L.; Chai, X.Q. Expression of lung surfactant proteins SP-B and
SP-C and their modulating factors in fetal lung of FGT rats. |. Huazhong Univ. Sci. Technol. Med. Sci. 2015, 35,
122-128. [CrossRef]

Gortner, L.; Hilhendorff, A.; Bahner, T.; Ensen, M.; Reiss, L.; Rudloff, S. Hypoxia-induced intrauterine growth
retardation: Effects on pulmonary development and surfactant protein transcription. Biol. Neonate 2005, 88,
129-135. [CrossRef] [PubMed]

Chen, C.M.; Wang, L.E; Su, B. Effects of maternal undernutrition during late gestation on the lung surfactant
system and morphometry in rats. Pediatr. Res. 2004, 56, 329-335. [CrossRef] [PubMed]

Karadag, A.; Sakurai, R.; Wang, Y.; Guo, P.; Desai, M.; Ross, M.G.; Torday, ].S.; Rehan, V.K. Effect of maternal
food restriction on fetal rat lung lipid differentiation program. Pediatr. Pulmonol. 2009, 44, 635-644. [CrossRef]
[PubMed]

Joss-Moore, L.A.; Wang, Y.; Yu, X.; Campbell, M.S.; Callaway, C.W.; McKnight, R.A.; Wint, A.; Dahl, M.],;
Dull, R.O.; Albertine, K.H.; et al. IUGR decreases elastin mRNA expression in the developing rat lung
and alters elastin content and lung compliance in the mature rat lung. Physiol. Genomics 2011, 43, 499-505.
[CrossRef]

Snell, L.H.; Haughey, B.P,; Buck, G.; Marecki, M.A. Metabolic crisis: Hyperemesis gravidarum. J. Perinat.
Neonatal Nurs. 1998, 12, 26-37. [CrossRef]

Wendt, A.; Gibbs, C.M.; Peters, S.; Hogue, C.J. Impact of increasing inter-pregnancy interval on maternal and
infant health. Paediatr. Perinat. Epidemiol. 2012, 26, 239-258. [CrossRef]

Scholl, T.O.; Hediger, M.L. A review of the epidemiology of nutrition and adolescent pregnancy: Maternal
growth during pregnancy and its effect on the fetus. . Am. Coll. Nutr. 1993, 12, 101-107. [CrossRef]
McEwoy, C.T.; Spindel, E.R. Pulmonary Effects of Maternal Smoking on the Fetus and Child: Effects on Lund
Development, Respiratory Morbidities, and Life Long Lung Health. Paediatr. Respir. Rev. 2017, 21, 27-33.
[CrossRef]

Sebastiani, G.; Borras-Novell, C.; Casanova, M.A.; Pascual Tutusaus, M.; Ferrero Martinez, S.; Gomez
Roig, M.D.; Garcia-Algar, O. The Effects of Alcohol and Drugs of Abuse on Maternal Nutritional Profile
during Pregnancy. Nutrients 2018, 10, 1008. [CrossRef]

Sharma, P.; McKay, K.; Rosenkrantz, T.S.; Hussain, N. Comparisons of mortality and pre-discharge respiratory
outcomes in small-for-gestational-age and appropriate-for-gestational-age premature infants. BMC Pediatr.
2004, 8, 4-9. [CrossRef]

Torrance, H.L.; Voorbij, H.A.; Wijnberger, L.D.; van Bel, F; Visser, G.H. Lung maturation in small for
gestational age foetuses from pregnancies complicated by placental insufficiency or maternal hypertension.
Early Hum. Dev. 2008, 84, 465-469. [CrossRef] [PubMed]

Tyson, J.E.; Kennedy, K.; Broyles, S.; Rosenfeld, C.R. The small for gestational age infant: Accelerated or
delayed pulmonary maturation? Increased or decreased survival? Pediatrics 1995, 95, 534-538. [PubMed]
Giapros, V.; Drougia, A.; Krallis, V.; Theocharis, P.; Andronikou, S. Morbidity and mortality patterns in
small-for-gestational age infants born preterm. J. Maternal. Fetal Neonatal Med. 2012, 25, 153-157. [CrossRef]
[PubMed]

Eriksson, L.; Haglund, B.; Odlind, V.; Altman, M.; Ewald, U.; Kieler, H. Perinatal conditions related to growth
restriction and inflammation are associated with an increased risk of bronchopulmonary dysplasia. Acta
Paediatr. 2015, 104, 259-263. [CrossRef]

Wist, M.; Popescu, M.; Trepka, M.J.; Heinrich, J.; Wichmann, H.E. Pulmonary function in children with initial
low birth weight. Pediatr. Allergy Immunol. 1998, 9, 80-90. [CrossRef]

Matharu, K.; Ozanne, S.E. The Fetal Origins of Disease and Associations with Low Birthweight. NeoReviews
2004, 5, e522-e526. [CrossRef]

Briana, D.D.; Malamitsi-Puchner, A. Small for gestational age birth weight: Impact on lung structure and
function. Paediatr. Respir. Rev. 2013, 14, 256-262. [CrossRef]

Saad, N.J.; Patel, J.; Burney, P.; Minelli, C. Birth Weight and Lung Function in Adulthood: A Systematic
Review and Meta-analysis. Ann. Am. Thorac. Soc. 2017, 14, 994-1004. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0181185
http://dx.doi.org/10.1007/s11596-015-1400-y
http://dx.doi.org/10.1159/000085895
http://www.ncbi.nlm.nih.gov/pubmed/15908743
http://dx.doi.org/10.1203/01.PDR.0000134254.83113.8E
http://www.ncbi.nlm.nih.gov/pubmed/15201404
http://dx.doi.org/10.1002/ppul.21030
http://www.ncbi.nlm.nih.gov/pubmed/19514059
http://dx.doi.org/10.1152/physiolgenomics.00183.2010
http://dx.doi.org/10.1097/00005237-199809000-00004
http://dx.doi.org/10.1111/j.1365-3016.2012.01285.x
http://dx.doi.org/10.1080/07315724.1993.10718289
http://dx.doi.org/10.1016/j.prrv.2016.08.005
http://dx.doi.org/10.3390/nu10081008
http://dx.doi.org/10.1186/1471-2431-4-9
http://dx.doi.org/10.1016/j.earlhumdev.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18249076
http://www.ncbi.nlm.nih.gov/pubmed/7700754
http://dx.doi.org/10.3109/14767058.2011.565837
http://www.ncbi.nlm.nih.gov/pubmed/21463210
http://dx.doi.org/10.1111/apa.12888
http://dx.doi.org/10.1111/j.1399-3038.1998.tb00308.x
http://dx.doi.org/10.1542/neo.5-12-e522
http://dx.doi.org/10.1016/j.prrv.2012.10.001
http://dx.doi.org/10.1513/AnnalsATS.201609-746SR

Nutrients 2019, 11, 2870 17 of 18

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Lelijveld, N.; Kerac, M.; Seal, A.; Chimwezi, E.; Wells, ].C.; Heyderman, R.S.; Nyirenda, M.].; Stocks, J.;
Kirkby, J. Long-term effect of severe acute malnutrition on lung function in Malawian children: A cohort
study. Eur. Respir. ]. 2017, 49, 1601301. [CrossRef]

Lopuhad, C.E.; Roseboom, T.J.; Osmond, C.; Barker, D.J.; Ravelli, A.C.; Bleker, O.P.; van der Zee, ].S.; van der
Meulen, ].H. Atopy, lung function, and obstructive airways disease after prenatal exposure to famine. Thorax
2000, 55, 555-561. [CrossRef]

Wang, Z.; Zou, Z.; Yang, Z.; Dong, Y.; Ma, J. Association between exposure to the Chinese famine during
infancy and the risk of self-reported chronic lung diseases in adulthood: A cross-sectional study. BM] Open
2017, 7, e015476. [CrossRef] [PubMed]

Shaheen, S.O; Sterne, ]J.A.; Montgomery, S.M.; Azima, H. Birth weight, body mass index and asthma in
young adults. Thorax 1999, 54, 396-402. [CrossRef] [PubMed]

Hagstrom, B.; Nyberg, P.; Nilsson, PM. Asthma in adult life—is there an association with birth weight?
Scand. ]. Prim. Health Care 1998, 16, 117-120. [CrossRef] [PubMed]

Black, R.E.; Allen, L.H.; Bhutta, Z.A.; Caulfield, L.E.; de Onis, M.; Ezzati, M.; Mathers, C.; Rivera, ]. Maternal
and child undernutrition: Global and regional exposures and health consequences. Lancet 2008, 371, 243-260.
[CrossRef]

Bastos Maia, S.; Rolland Souza, A.S.; Costa Caminha, M.F,; Lins da Silva, S.; Callou Cruz, R.S.B.L.; Carvalho
Dos Santos, C.; Batista Filho, M. Vitamin A and Pregnancy: A Narrative Review. Nutrients 2019, 11, 681.
[CrossRef]

Ahima, R.S,; Prabakaran, D.; Mantzoros, C.; Qu, D.; Lowell, B.; Maratos-Flier, E.; Flier, ].S. Role of leptin in
the neuroendocrine response to fasting. Nature 1996, 382, 250-252. [CrossRef]

Pérez-Pérez, A.; Toro, A.; Vilarifio-Garcia, T.; Maymo, J.; Guadix, P.; Duefas, J.L.; Fernandez-Sanchez, M.;
Varone, C.; Sanchez-Margalet, V. Leptin action in normal and pathological pregnancies. J. Cell. Mol. Med.
2018, 22, 716-727. [CrossRef]

Catov, ].M.; Patrick, TE.; Powers, RW.; Ness, R.B.; Harger, G.; Roberts, ]. M. Maternal leptin across pregnancy
in women with small-for-gestational-age-infants. Am. J. Obstet. Gynecol. 2007, 196, 558-el. [CrossRef]
Laivuori, H.; Gallaher, M.].; Collura, L.; Crombleholme, W.R.; Markovic, N.; Rajakumar, A.; Hubel, C.A;
Roberts, J.M.; Powers, R.W. Relationships between maternal plasma leptin, placental leptin mRNA and
protein in normal pregnancy, pre-eclampsia and intrauterine growth restriction without pre-eclampsia.
Mol. Hum. Reprod. 2006, 12, 551-556. [CrossRef]

Jaquet, D.; Leger, J.; Tabone, M.D.; Czernichow, P.; Levy-Marchal, C. High serum leptin concentrations during
catch-up growth of children born with intrauterine growth retardation. J. Clin. Endocrinol. Metab. 1999, 84,
1949-1953. [CrossRef]

Guler, N; Kirerleri, E.; Ones, U.; Tamay, Z.; Salmayenli, N.; Darendeliler, F. Leptin: Does it have any role in
childhood asthma? J. Allergy Clin. Immunol. 2004, 114, 254-259. [CrossRef] [PubMed]

Muccioli, G.; Tschop, M.; Papotti, M.; Deghenghi, R.; Heiman, M.; Ghigo, E. Neuroendocrine and peripheral
activities of ghrelin: Implications in metabolism and obesity. Eur. ]. Pharmacol. 2002, 440, 235-254. [CrossRef]
Fuglsang, J. Ghrelin in pregnancy and lactation. Vitam. Horm. 2008, 77, 259-284. [CrossRef] [PubMed]
Torres, PJ.; Luque, EM.; Ponzio, M.E,; Cantarelli, V.; Diez, M.; Figueroa, S.; Vicenti, L.M.; Carlini, V.P;
Martini, A.C. The role of intragestational ghrelin on postnatal development and reproductive programming
in mice. Reproduction 2018, 156, 331-341. [CrossRef] [PubMed]

Onal, E.E,; Cinaz, P; Atalay, Y.; Tuirkyilmaz, C.; Bideci, A.; Aktiirk, A.; Okumus, N.; Unal, S.; Kog, E.;
Ergenekon, E. Umbilical cord ghrelin concentrations in small- and appropriate-for-gestational age newborns
infants: Relationship to anthropometric markers. J. Endocrinol. 2004, 180, 267-271. [CrossRef] [PubMed]
Yalinbas, E.E.; Binay, C.; Simsek, E.; Aksit, M.A. The Role of Umbilical Cord Blood Concentration of IGF-I,
IGF-1I, Leptin, Adiponectin, Ghrelin, Resistin, and Visfatin in Fetal Growth. Am. ]. Perinatol. 2019, 36,
600-608. [CrossRef]

Otto, B.; Tschop, M.; Heldwein, W.; Pfeiffer, A.F,; Diederich, S. Endogenous and exogenous glucocorticoids
decrease plasma ghrelin in humans. Eur. |. Endocrinol. 2004, 151, 113-117. [CrossRef]

Valsamakis, G.; Margeli, A.; Vitoratos, N.; Boutsiadis, A.; Sakkas, E.G.; Papadimitriou, G.; Al-Daghri, N.M.;
Botsis, D.; Kumar, S.; Papassotiriou, L; et al. The role of maternal gut hormones in normal pregnancy: Fasting
plasma active glucagon-like peptide 1 level is a negative predictor of fetal abdomen circumference and
maternal weight change. Eur. ]. Endocrinol. 2010, 162, 897-903. [CrossRef]


http://dx.doi.org/10.1183/13993003.01301-2016
http://dx.doi.org/10.1136/thorax.55.7.555
http://dx.doi.org/10.1136/bmjopen-2016-015476
http://www.ncbi.nlm.nih.gov/pubmed/28576899
http://dx.doi.org/10.1136/thx.54.5.396
http://www.ncbi.nlm.nih.gov/pubmed/10212102
http://dx.doi.org/10.1080/028134398750003287
http://www.ncbi.nlm.nih.gov/pubmed/9689691
http://dx.doi.org/10.1016/S0140-6736(07)61690-0
http://dx.doi.org/10.3390/nu11030681
http://dx.doi.org/10.1038/382250a0
http://dx.doi.org/10.1111/jcmm.13369
http://dx.doi.org/10.1016/j.ajog.2007.01.032
http://dx.doi.org/10.1093/molehr/gal064
http://dx.doi.org/10.1210/jc.84.6.1949
http://dx.doi.org/10.1016/j.jaci.2004.03.053
http://www.ncbi.nlm.nih.gov/pubmed/15316499
http://dx.doi.org/10.1016/S0014-2999(02)01432-2
http://dx.doi.org/10.1016/S0083-6729(06)77011-X
http://www.ncbi.nlm.nih.gov/pubmed/17983860
http://dx.doi.org/10.1530/REP-18-0192
http://www.ncbi.nlm.nih.gov/pubmed/30306766
http://dx.doi.org/10.1677/joe.0.1800267
http://www.ncbi.nlm.nih.gov/pubmed/14765978
http://dx.doi.org/10.1055/s-0038-1672141
http://dx.doi.org/10.1530/eje.0.1510113
http://dx.doi.org/10.1530/EJE-10-0047

Nutrients 2019, 11, 2870 18 of 18

149. Johnson, M.L.; Saffrey, M.].; Taylor, VJ. Gastrointestinal capacity, gut hormones and appetite change during
rat pregnancy and lactation. Reproduction 2019, 157, 431-443. [CrossRef]

150. Bonde, L.; Vilsboll, T.; Nielsen, T.; Bagger, J.I.; Svare, ].A.; Holst, J.].; Larsen, S.; Knop, EK. Reduced
postprandial GLP-1 responses in women with gestational diabetes mellitus. Diabetes Obes. Metab. 2013, 15,
713-720. [CrossRef]

151. Sukumar, N.; Bagias, C.; Goljan, I.; Weldeselassie, Y.; Gharanei, S.; Tan, B.K.; Holst, J.].; Saravanan, P. Reduced
GLP-1 Secretion at 30 Minutes After a 75-g Oral Glucose Load Is Observed in Gestational Diabetes Mellitus:
A Prospective Cohort Study. Diabetes 2018, 67, 2650-2656. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1530/REP-18-0414
http://dx.doi.org/10.1111/dom.12082
http://dx.doi.org/10.2337/db18-0254
http://www.ncbi.nlm.nih.gov/pubmed/30232211
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Effect of Metabolic Hormones in Lung Development 
	Ghrelin 
	Leptin 
	GLP-1 
	Retinoids 
	Cholecalciferol 

	Effect of Undernutrition on Lung Development and Adult Lung Function 
	Undernutrition and Hormones in Lung Development 
	References

