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Abstract
The effects of endogenous and synthetic glucocorticoids on fetal lung maturation are well-

established, although the role of leptin in lung development before birth is unclear. This study

examinedmRNA and protein levels of the signalling long-form leptin receptor (Ob-Rb) in fetal

ovine lungs towards term, and after experimental manipulation of glucocorticoid levels in
utero by fetal cortisol infusion or maternal dexamethasone treatment. In fetal ovine lungs,

Ob-Rb protein was localised to bronchiolar epithelium, bronchial cartilage, vascular endothe-

lium, alveolar macrophages and type II pneumocytes. Pulmonary Ob-RbmRNA abundance

increased between 100 (0.69 fractional gestational age) and 144 days (0.99) of gestation,

and by 2–4-fold in response to fetal cortisol infusion and maternal dexamethasone treatment.

In contrast, pulmonary Ob-Rb protein levels decreased near term and were halved by gluco-

corticoid treatment, without any significant change in phosphorylated signal transducer and

activator of transcription-3 (pSTAT3) at Ser727, total STAT3 or the pulmonary pSTAT3:

STAT3 ratio. Leptin mRNAwas undetectable in fetal ovine lungs at the gestational ages

studied. These findings demonstrate differential control of pulmonary Ob-Rb transcript abun-

dance and protein translation, and/or post-translational processing, by glucocorticoids in
utero. Localisation of Ob-Rb in the fetal ovine lungs, including alveolar type II pneumocytes,

suggests a role for leptin signalling in the control of lung growth and maturation before birth.

Introduction
Since identification of the obese (ob) gene and its protein product in 1994, and the leptin recep-
tor (Ob-R) in the following year, the physiological functions of leptin in adult life have been
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extensively studied and well-characterised [1, 2, 3]. In adult animals, leptin is a polypeptide
hormone primarily synthesised and secreted by white adipocytes. It has a key role as a nutri-
tional signal in the regulation of energy intake and expenditure, and in the maintenance of
reproductive and immune function [1, 4]. Leptin acts on transmembrane receptors in target
cells and there are at least six splice variants of the leptin receptor gene [5]. The long-form lep-
tin receptor Ob-Rb, however, is the only receptor with the cytoplasmic signalling domain to
fully activate a variety of intracellular pathways, including the Janus kinase (JAK) and signal
transducers and activators of transcription (STAT) pathway [5].

In contrast to the adult, relatively little is known about the developmental regulation and
role of leptin in the fetus. In many animal species, including human and sheep, leptin is
detected in the fetal circulation from mid-gestation, and there is widespread expression of lep-
tin receptors in fetal and placental tissues [6]. In the sheep fetus, there is a rise in adipose leptin
mRNA and plasma leptin levels with gestational age, coincident with the pre-partum surges in
plasma cortisol and triiodothyronine (T3), and which can be abolished by fetal adrenalectomy
and stimulated prematurely in response to endogenous and synthetic glucocorticoid treatment
[7, 8, 9]. Furthermore, synthetic glucocorticoids such as dexamethasone, administered to preg-
nant women at risk of preterm delivery, cause an increase in umbilical cord blood leptin con-
centrations in the neonate [10].

The rise in cortisol in the fetal circulation near term is known to have maturational effects
in the fetus that are essential for the successful transition to the extrauterine environment at
birth [11]. In particular, cortisol promotes pulmonary maturation in utero and normal respi-
ratory function at delivery. Antenatal synthetic glucocorticoids aid fetal lung maturation,
prevent respiratory distress and improve survival and health outcomes of the premature
human infant [12]. Endogenous and synthetic glucocorticoids stimulate maturation of a
variety of structural aspects in the fetal lungs, including alveolarisation, thinning of the alve-
olar septae and increased pulmonary collagen and elastin content [13]. They also activate
synthesis of both the lipid and protein components of surfactant and its secretion from type
II pneumocytes in the alveoli [14]. Expression of leptin and leptin receptors has been dem-
onstrated in the fetal lungs of rodent and non-human primate species [15, 16, 17, 18]. How-
ever, the extent to which the maturational effects of glucocorticoids on the fetal lung may
be mediated, at least in part, by leptin is unknown. This study examined the mRNA and pro-
tein content of leptin and its long-form receptor (Ob-Rb), and the phosphorylation status
of STAT3, in fetal ovine lungs during late gestation, and after experimental manipulation
of glucocorticoids by fetal cortisol infusion or by maternal dexamethasone treatment. The
study hypothesised that pulmonary Ob-Rb mRNA and protein levels, and JAK/STAT signal-
ling, would increase in the sheep fetus towards term and in response to glucocorticoid expo-
sure in utero.

Materials and Methods

Animals
All surgical and experimental procedures were carried out in accordance with the UK Animals
(Scientific Procedures) Act 1986 and were approved by the animal ethics committee of the Uni-
versity of Cambridge. Time-dated pregnant Welsh Mountain ewes were housed in individual
pens in sight of other ewes, and fed concentrates (200 g/d; 18% protein and 10 MJ/kg; Sheep
Nuts #6; H&G Beart, Kings Lynn, UK) with hay, water and a salt-lick block ad libitum. Overall,
the animals consumed between 8–11 MJ/d of metabolisable energy.
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Surgical and experimental procedures
Developmental study. Twenty ovine fetuses were examined at 100, 115, 130 and 144 days

(d) of gestation (n = 5 per age group, term approximately 145d). Each group contained a mix-
ture of twin and singleton fetuses.

Fetal cortisol study. Under maternal halothane anaesthesia (1.5% in O2-N2O), catheters
were implanted into the femoral artery and vein of eleven singleton fetuses at approximately
116d of gestation using surgical methods described previously [19]. Food, but not water, was
withheld from the pregnant ewe for 18–24h before surgery. After surgery, fetal and maternal
blood samples (2 ml) were collected daily to monitor maternal and fetal blood gas status. At
least six days after catheterisation, the fetuses were infused intravenously with either cortisol
(2–3 mg/kg/d in 3.0 ml 0.9% saline; EF-Cortelan, GlaxoSmithKline, Brentford, UK; n = 5) or
saline vehicle (3.0 ml/d 0.9% wt/vol; n = 6) for five days from 125d of gestation. The cortisol
dose administered achieves plasma cortisol concentrations observed in fetal sheep near term
without inducing parturition [11]. Tissues were collected at 130d of gestation.

Maternal dexamethasone study. Eleven pregnant ewes carrying singleton fetuses were
injected twice intramuscularly with either dexamethasone (12 mg dexamethasone sodium
phosphate; Merck Sharpe and Dohme Ltd, Hoddesdon, UK; n = 5) in 2 ml saline or saline
(0.9% w/v NaCl; n = 5) at 24h intervals from 125d of gestation. Tissues were collected 10h after
the second maternal injection on 127d of gestation. The dose of dexamethasone administered
is similar to that recommended for clinical use in women threatening with premature delivery
[20].

Blood and tissue collection. The fetuses from all studies were delivered by Caesarean sec-
tion with the ewe under general anaesthesia (20 mg/kg sodium pentobarbitone i.v.). At deliv-
ery, an umbilical arterial blood sample (10 ml) was collected, and the fetus and ewe were
euthanized by barbiturate (200 mg/kg sodium pentobarbitone). The fetal lungs were weighed
and un-inflated samples were fixed in 4% paraformaldehyde (with 0.2% gluteraldehyde in
0.1M phosphate buffer, pH 7.4) and embedded in paraffin wax for histological analysis. Sam-
ples of fetal lung were also frozen in liquid nitrogen and stored at -80°C for biochemical and
molecular analyses. All blood samples collected in the studies were placed into EDTA-contain-
ing tubes and centrifuged at 1000xg and 4°C for 5 min. The plasma samples were stored at
-20°C until analysis.

Biochemical and molecular analyses
Plasma hormone analyses. All radioimmunoassay (RIA) methods were validated for use

with ovine plasma. Plasma leptin concentrations were measured by in-house RIA using ovine
leptin standards as previously described [7, 21]; the lower limit of detection was 0.09 ng/ml and
the inter-assay coefficient of variation was 5%. Plasma cortisol concentrations were measured
by in-house RIA [22] where the lower limit of detection was 1.0–1.5 ng/ml and the inter-assay
coefficient of variation was 12%. Total plasma T3 and thyroxine (T4) concentrations were also
measured by RIA using a commercial kit [23] (ICN Biomedicals, Thame, UK). The lower limits
of detection were 0.07 ng/ml for T3 and 7.6 ng/ml for T4, and the inter-assay coefficients of var-
iation were 10% for both assays.

Immunohistochemistry. Sections (5μm) of fetal lung were cut and mounted. Sections
were de-waxed and rehydrated in xylene and graded percentages of industrial methylated spirit
(100–50% IMS). The sections were incubated in 3% hydrogen peroxide for 15 min to remove
endogenous peroxidases. A heat-activated antigen retrieval stage was carried out by incubating
the slides in 10mM citric buffer (pH 6) in a microwave pressure cooker for 2 min at 800W.
This was followed by a 1h incubation in a humidity chamber with 5% goat serum in 2% bovine

Glucocorticoids and Lung Leptin Receptors In Utero

PLOSONE | DOI:10.1371/journal.pone.0136115 August 19, 2015 3 / 15



serum albumin and phosphate-buffered saline (0.01M PBS, pH 7.4; Sigma, Poole, UK) to
reduce non-specific antibody binding. The sections were incubated with a rabbit polyclonal
antibody to the C-terminus of the long-form ovine leptin receptor (1:500 dilution of 0.5 mg/ml;
orb6312, Biorbyt, Cambridge, UK) overnight in a humidity chamber at 4°C. Negative control
samples were incubated in the diluent (5% goat serum in PBS). Protein binding was detected
with a biotinylated goat anti-rabbit secondary antibody using the Vectastain Elite ABC system
(Vector Laboratories, Peterborough, UK) and diaminobenzidine (Sigma, Poole, UK) according
to the manufacturers’ instructions. The sections were counter-stained with methyl green (Vector
Laboratories, Peterborough, UK) at 60°C for 3 min. Slides were scanned using a NanoZoomer
system (Hamamatsu, Hamamatsu City, Japan), and viewed using Nanozoomer Digital Pathology
(NDP) view software.

Quantitative RT-PCR. Frozen samples of fetal lung tissue (15mg) were placed in Lysing
Matrix-D tubes (MP Biomedicals, Loughborough, UK) with 170 μl lysis/binding solution from
a MagMax96 Total RNA Isolation kit (Life Technologies, Paisley, UK) and 0.75 μl β-mercap-
toethanol, and homogenized using a FastPrep-24 (MP Biomedicals, Santa Ana, USA). After
homogenisation, 106 μl 100% isopropanol was added to each sample. Samples were placed into
a MagMAX96 system (Applied Biosystems, Paisley, UK) where RNA was isolated and DNase
treated (TURBO DNase) using the MagMAX96 Total RNA Isolation Kit (Life Technologies).
Sample RNA yields and purities were assessed by a Nanodrop (Thermo Fisher, Loughborough,
UK). Ratios of absorption (260/280nm) of all preparations were between 1.8 and 2.0.

Reverse transcription of mRNA was carried out using a PCR Express machine (Thermo
Fisher) and materials from Promega (Southampton, UK) and Invitrogen (Paisley, UK). For
each sample, 5 μl of DNAse-treated RNA was mixed with 1μl random primers, 1μl deoxyribo-
nucleotide triphosphate mix and 5 μl RNAse-free water, and incubated at 65°C for 2 min. A
master reverse transcription mix was made, consisting of 4 μl first strand buffer, 2 μl dithio-
threitol, 1 μl RNAseOUT and 1 μl Superscript II enzyme. The samples were incubated at room
temperature for 5 min, at 42°C for 50 min and at 70°C for 15 min.

TaqMan qRT-PCR was performed to measure mRNA abundance of target genes in lung
samples. Samples were analysed using a TaqMan 7900HT and data were acquired and pro-
cessed with Sequence Detector v.2.3 software (Applied Biosystems). TaqMan Master Mix
(5 μl), 0.5 μl target gene probe and primer set, and 3.5 μl water, were added to each well of a
96-well HT plate (Applied Biosystems). In addition, 1 μl lung cDNA at 1:20 dilution was added
to each well apart from the non-template controls, where 1 μl of water was added. The
sequences of the TaqMan qRT-PCR probes for leptin, all forms of the leptin receptor (Ob-R)
and the functional long form of the leptin receptor (Ob-Rb) are listed in Table 1. Each sample
was measured in triplicate and normalised to the geometric mean of two housekeeping genes,
GAPDH and cyclophilin A (Table 1) [24, 25]. For each plate, a negative control without cDNA
was used to ensure that no amplicon contamination had occurred in the reaction. In addition,
one cDNA sample was measured on each plate across all assays as a quality control. In order to

Table 1. Primer and reporter sequences used for TaqMan qRT-PCR in the sheep.

Gene Forward Primer Sequence Reverse Primer Sequence Reporter Sequence Reporter dye

Leptin CAAGACGATTGTCACCAGGATCAA CCAGTGACCCTCTGTTTGGA TCACACACGCAGTCCGT FAM

Ob-Rb (long-form) GGAGACAGCCCTCTGTTAAATATGC TGAGCTGTTTATAAGCCCTTGCT CCTCCTCGGCTTCACC FAM

Ob-R (all isoforms) GAGCGCCCTTCTTACCTTTACTA CCAACCGCTGTCAGAATTTTAGGT CACAAGATGTCATATATTTTC FAM

GAPDH GCTACACTGAGGACCAGGTT AGCATCGAAGGTAGAAGAGTGAGT CTCCTGCGACTTCAAC FAM

Cyclophilin A GGTTCCTGCTTTCACAGAATAATTCC GTACCATTATGGCGTGTGAAGTCA CACCCTGGCACATAAA FAM

doi:10.1371/journal.pone.0136115.t001
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compare mRNA abundance of target genes, cycle thresholds (Ct) determined by qRT-PCR
were analysed via the ddCt method as all standard curves were linear and parallel.

Western blotting. Frozen samples of fetal lung (100 mg) were homogenised in 1 ml ice-
cold lysis buffer containing 20 mM Tris, pH 7.4, 1 mM EGTA, 0.01% Triton X-100, 1 mM
sodium pyrophosphate, 1 mM sodium orthovanadate, 10 mM β-glycerol phosphate, 50 mM
sodium fluoride and protease inhibitor cocktail (Roche Diagnostics, Burgess Hill, UK). Samples
were centrifuged at 15,000xg for 10 min at 4°C. The protein concentration of the lysates was
measured by a bicinchoninic acid protein assay (Sigma, Poole, UK). The samples were mixed
with SDS-PAGE gel loading buffer (50 mM Tris-HCl, pH 6.8, 100 mM dithiothreitol, 2% SDS,
10% glycerol, bromophenol blue) and boiled for 5 min.

Equal amounts of sample protein (50 μg) were separated using 7.5% Mini-PROTEAN pre-
cast gels for 40 min at 200V and according to the manufacturer’s instructions (Bio-Rad Labora-
tories Inc., Hemel Hempstead, UK) and transferred for 1.5h at 10V onto nitrocellulose
membrane (Invitrogen, Paisley, UK). The membrane was incubated with 5% non-fat dried
milk in Tris-buffered saline and 0.1% Tween-20 for 1h at room temperature, followed by incu-
bation overnight at 4°C with rabbit polyclonal primary antibodies to (a) the ovine long-form
leptin receptor (Ob-Rb; 2 μg/ml orb6312, Biorbyt, Cambridge, UK), or (b) the mouse phos-
phorylated STAT3 containing Ser727 (0.5 μg/ml sc-8001-R, Insight Biotechnology Ltd, Wem-
bley, UK) or (c) the human STAT3 (1:500, 07–2173, Millipore, Watford, UK). Each membrane
was incubated with a horseradish peroxidase-conjugated anti-rabbit secondary antibody
(1:5,000; Amersham Biosciences, Amersham, UK) for 1h at room temperature. Protein expres-
sion was visualised using the ECL Plus chemiluminescence system according to the manufac-
turer’s instructions (Amersham Biosciences, Amersham, UK) and quantified using ImageJ
software (National Institutes of Health, MD, USA; http://rsb.info.nih.gov/ij/) after normalisa-
tion to Ponceau S staining [26]. Ratios of protein expression were arcsine-transformed before
statistical analysis. The immunoblots showed bands at the expected sizes of around 103kDa
(Ob-Rb) and 90kDa (pSTAT3 and STAT3). All samples from the fetal cortisol study, and the
maternal dexamethasone study, were analysed on a single gel while the samples from the devel-
opmental study were analysed on two gels with a single sample assessed on each. The data
from the developmental study were normalised to the quality control sample in the two gels.

Statistical analysis
All data (S1 File) were analysed for normality, and parametric tests were performed on nor-
mally-distributed data while non-parametric tests were carried out on data that were not nor-
mally distributed (SPSS, Richmond, USA). Developmental data were assessed by one-way
ANOVA followed by the Tukey post-hoc test, whilst data obtained from the fetal cortisol and
maternal dexamethasone studies were compared by the unpaired Student’s t-test with their
respective saline control groups. Pearson correlation analysis was used to determine relation-
ships between plasma hormone (log10 concentration) and leptin receptor levels. Fold changes
from the group mean at 100 d (developmental study) or from the control group mean (fetal
cortisol and maternal dexamethasone studies) are presented as mean ± SEM. Differences
where P<0.05 were regarded as significant.

Results

Fetal body and lung weights
Fetal body weight (100d: 0.76 ± 0.03 kg; 115d: 1.42 ± 0.08 kg; 130d: 2.36 ± 0.23 kg; 144d:
3.50 ± 0.22 kg; P<0.05) and lung wet weight (100d: 33.7 ± 2.9 g; 115d: 60.3 ± 1.4 g; 130d:
73.4 ± 10.0 g; 144d: 84.1 ± 13.0 g; P<0.05) increased, and the relative lung wet weight
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(expressed as a percentage of the body weight; 100d: 4.45 ±0.36%; 115d: 4.30 ± 0.18%; 130d:
3.07 ± 0.17%; 144d: 2.42 ±0.32%; P<0.05) decreased with advancing gestational age. Fetal cor-
tisol infusion and maternal dexamethasone treatment did not affect fetal body weight, or abso-
lute or relative lung weights (data not shown).

Plasma hormone concentrations
Fetal plasma concentrations of cortisol and T3 increased in the untreated fetuses of the devel-
opmental study with advancing gestation (P<0.001); plasma cortisol and T3 were significantly
greater at both 130d and 144d compared to 100d of gestation (P<0.05; Table 2). Plasma leptin
concentration showed an increasing trend between 100d and 144d of gestation, but this failed
to reach significance (P = 0.085; Table 2). Plasma T4 concentration remained unaltered over
the gestational ages studied (Table 2).

Five days of fetal cortisol infusion significantly increased plasma concentrations of cortisol,
T3 and leptin (P<0.05) compared with fetal saline infusion, but had no effect on plasma T4

concentration (Table 2). Maternal dexamethasone administration increased plasma T3 and lep-
tin (P<0.05), and decreased plasma cortisol (P<0.05), in the fetus compared with maternal
saline treatment, but did not affect plasma T4 concentration (Table 2).

Pulmonary localisation of Ob-Rb protein
In the fetal ovine lungs, Ob-Rb protein was present from 100d of gestation throughout the
developing pulmonary tissue, including bronchiolar epithelium (Fig 1A). By 130d of gestation,
Ob-Rb protein was localised to the cells of the bronchial and bronchiolar epithelium, the chon-
drocytes in bronchial cartilage and the vascular endothelium (Fig 1C), and by 144d of gesta-
tion, leptin receptor staining was clearly localised to the type II pneumocytes and macrophages
of the alveoli (Fig 1E and 1F).

Pulmonary mRNA and protein levels of Ob-Rb, and JAK/STAT signalling
Pulmonary leptin Ob-Rb mRNA levels showed a significant increase with gestational age
(P<0.05) and was increased at 115d, 130d and 144d of gestation compared to 100d (P<0.001),

Table 2. Mean (± SEM) plasma hormone concentrations in untreated ovine fetuses between 100 and 144d of gestation, and in glucocorticoid-
treated ovine fetuses at 127–130d of gestation (n = 5–6 in each group). For the developmental study, values in each column with different superscripts
are significantly different from each other (P<0.05; one-way ANOVA followed by Tukey test).

Cortisol (ng/ml) T3 (ng/ml) T4 (ng/ml) Leptin (ng/ml)

Developmental study

100d (n = 5) 3.0 ± 0.6 a 0.12 ± 0.02 a 73.8 ± 5.0 0.78 ± 0.06

115d (n = 5) 4.4 ± 0.3 a 0.15 ± 0.02 a 99.6 ± 2.9 0.89 ± 0.06

130d (n = 5) 9.9 ± 1.4 b 0.21 ± 0.02 b 96.8 ± 10.0 0.85 ± 0.08

144d (n = 5) 59.6 ± 17.3 c 0.36 ± 0.04 c 72.4 ± 8.5 1.07 ± 0.11

Fetal cortisol study

Saline 127–130d (n = 6) 13.4 ± 2.3 0.22 ± 0.02 98.7 ± 16.1 0.69 ± 0.03

Cortisol 127–130d (n = 5) 91.2 ± 20.9* 0.67 ± 0.07* 113.6 ± 12.2 1.06 ± 0.11*

Maternal dexamethasone study

Saline 127–130d (n = 5) 16.1 ± 2.8 0.28 ± 0.06 132.5 ± 11.7 0.72 ± 0.05

Dexamethasone 127–130d (n = 5) 8.6 ± 0.7* 0.77 ± 0.05* 126.3 ± 22.0 1.04 ± 0.06*

* significantly different from respective saline control fetuses, P<0.05, unpaired t-test.

doi:10.1371/journal.pone.0136115.t002
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Fig 1. Immunohistochemical localisation of Ob-Rb in fetal ovine lungs during late gestation. Fetal lungs at 100d (A), 115d (B), 130d (C) and 144d (E,
F); negative control at 130d (D). Arrowheads show leptin staining in fetal bronchial and bronchiolar epithelium, and cartilage chondrocytes (C), type II
pneumocytes (F, black) and alveolar macrophages (F, red).

doi:10.1371/journal.pone.0136115.g001
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and at 144d compared with 115d of gestation (P<0.05; Fig 2A). Pulmonary Ob-R (all forms)
mRNA abundance also increased with advancing gestation (P<0.05) and was increased at
144d of gestation compared to 100d and 115d of gestation (P<0.05; Fig 2B). In contrast, Ob-
Rb protein content significantly decreased towards term (P<0.05) and was reduced at 144d
compared to 100d and 115d of gestation (P<0.05, Fig 3A).

Pulmonary Ob-Rb mRNA levels in the cortisol-infused fetuses were significantly greater
than those in the saline-infused fetuses (2.3 fold, P<0.05, Fig 4A), but mRNA abundance of

Fig 2. Mean (± SEM) relative mRNA abundance, normalised to 100d of gestation, of leptin receptors
Ob-Rb (A) and Ob-R (B) in the lungs of sheep fetuses from 100 to 144d of gestation (n = 5 at each age).
Values with different superscripts are significantly different from each other (P<0.05; one-way ANOVA
followed by Tukey test).

doi:10.1371/journal.pone.0136115.g002

Fig 3. Mean (± SEM) pulmonary Ob-Rb protein levels in sheep fetuses (A) from 100 to 144d of
gestation and after glucocorticoids exposure by (B) fetal cortisol infusion and (C) maternal
dexamethasone treatment. For the developmental study, values with different superscripts are significantly
different from each other (P<0.05; one-way ANOVA followed by Tukey test; n = 5 for each age). * significantly
different from respective control saline group, P<0.05, unpaired t-test (n = 5–6 for each group).

doi:10.1371/journal.pone.0136115.g003
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Ob-R (all forms) remained unchanged (Fig 4B). Maternal dexamethasone treatment caused
significant increases in both pulmonary Ob-Rb (4.3 fold, P<0.005, Fig 4C) and Ob-R tran-
scripts (all forms; 2.3 fold, P<0.005, Fig 4D). Lung Ob-Rb protein content was significantly
reduced by both fetal cortisol infusion and maternal dexamethasone administration (P<0.05,
Figs 3B and 4C).

No significant changes in pulmonary protein levels of pSTAT3, STAT3 or pSTAT3:STAT3
ratio were observed with increasing gestational age or glucocorticoid treatment (Table 3). Lep-
tin mRNA was not detected in the fetal ovine lungs at any of the gestational ages studied or
after glucocorticoid treatment.

Relationships between pulmonary Ob-Rb mRNA and protein levels, and
plasma hormone concentrations
In the untreated fetuses studied from 100 to 144d of gestation, significant positive correlations
were observed between plasma leptin and plasma concentrations of cortisol (r = 0.54, n = 20,
P<0.005) and T3 (r = 0.61, n = 20, P<0.005), but not T4. Significant positive relationships were
identified between pulmonary Ob-Rb mRNA abundance and plasma concentrations of cortisol
(r = 0.78, n = 19, P<0.05) and T3 (r = 0.63, n = 19, P<0.05), but not plasma leptin or T4.

Fig 4. Mean (± SEM) relative mRNA abundance, normalised to respective control saline group, of leptin receptors (Ob-Rb and Ob-R) in the lungs of
sheep fetuses exposed to glucocorticoids by fetal cortisol infusion (A, B) andmaternal dexamethasone treatment (C, D; n = 5–6 for each group). *
significantly different from respective control saline group, P<0.05, unpaired t-test.

doi:10.1371/journal.pone.0136115.g004

Table 3. Mean (± SEM) relative protein levels of pulmonary pSTAT3, STAT3 and pSTAT3:STAT3 ratio in untreated ovine fetuses between 100 and
144d of gestation, and in glucocorticoid-treated ovine fetuses at 127–130d of gestation (n = 5–6 in each group). Data are normalised to 100d gesta-
tional age group or respective saline control group, as appropriate. Au, arbitrary units.

pSTAT3 (au) STAT3 (au) pSTAT3:STAT3 (au)

Developmental study

100d (n = 5) 1.00 ± 0.12 1.00 ± 0.10 1.00 ± 0.04

115d (n = 5) 0.91 ± 0.12 0.81 ± 0.15 1.21 ± 0.13

130d (n = 5) 1.01 ± 0.12 0.94 ± 0.09 1.09 ± 0.10

144d (n = 5) 0.67 ± 0.10 0.73 ± 0.12 0.94 ± 0.09

Fetal cortisol study

Saline 127–130d (n = 6) 1.00 ± 0.17 1.00 ± 0.11 1.00 ± 0.09

Cortisol 127–130d (n = 5) 0.86 ± 0.18 0.92 ± 0.11 0.94 ± 0.14

Maternal dexamethasone study

Saline 127–130d (n = 5) 1.00 ± 0.10 1.00 ± 0.10 1.00 ± 0.07

Dexamethasone 127–130d (n = 5) 1.09 ± 0.28 1.01 ± 0.15 0.99 ± 0.16

doi:10.1371/journal.pone.0136115.t003
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Pulmonary leptin Ob-R mRNA (all forms) was significantly related to plasma concentrations
of cortisol (r = 0.65, n = 20, P<0.05) and T3 (r = 0.55, n = 20, P<0.05), but not T4. Significant
negative correlations were observed between mRNA abundance and protein levels of Ob-Rb in
the fetal lungs (r = 0.60, n = 19, P<0.05). Pulmonary Ob-Rb protein levels were inversely
related to plasma concentrations of cortisol (r = -0.65, n = 20, P<0.05) and T3 (r = -0.46,
n = 20, P<0.05), but not plasma leptin or T4 concentrations.

Discussion
This study is the first to report changes in the leptin receptor and its transcript, specifically the
fully active long-form receptor Ob-Rb, in the fetal ovine lung during late gestation and in
response to increased glucocorticoid exposure in utero. With advancing gestational age and
treatment with endogenous and synthetic glucocorticoids, pulmonary Ob-Rb mRNA levels
increased, and yet Ob-Rb protein content decreased, in the sheep fetus. These findings support,
in part, those observed in the baboon fetus where pulmonary Ob-Rb mRNA abundance
increased from 0.34 to 0.89 fraction of gestational age (equivalent to 50d to 130d of gestation in
the sheep fetus) and Ob-R protein was detected only at the late stage of gestation [15]. In addi-
tion, a rise in Ob-Rb mRNA levels has been shown to occur between embryonic days 17 (0.79)
and 20 (0.93) in the lungs of fetal rats [27]. The differential effects of glucocorticoids in utero
on the Ob-Rb transcript and protein in the fetal ovine lungs suggest regulation of transcript
level, translation, and/or post-translational processing. Indeed, a lack of correlation between
mRNA and protein levels for Ob-Rb has been reported previously in the uterus of pigs during
the oestrous cycle and early pregnancy [28]. Furthermore, an increase in Ob-Rb mRNA abun-
dance is observed without any change in Ob-Rb protein content in cultured adrenocortical
cells taken from adult sheep exposed to the synthetic glucocorticoid betamethasone in utero
[29].

The mechanisms responsible for the developmental and glucocorticoid-control of pulmo-
nary Ob-Rb content may be direct and/or indirectly involve other endocrine systems. In the
present study, the changes in Ob-Rb and its transcript seen in the fetal lungs were associated
with increased glucocorticoid activity and elevated plasma concentrations of T3 and leptin [8,
14, 30]. Maternal dexamethasone treatment has also been shown previously to increase plasma
insulin concentration in these sheep fetuses [31]. Putative glucocorticoid and thyroid hormone
response elements have been identified in 2,000-bp upstream of the 5’-region of exon 1 in the
chicken leptin receptor gene [32], and glucocorticoids, T3 and insulin upregulate Ob-Rb
mRNA levels independently in a variety of cell types in vitro [33, 34, 35, 36]. Furthermore, in
rats, elevating fetal corticosterone concentration by maternal nicotine or caffeine treatment is
associated with dose-dependent increments in Ob-Rb mRNA in the fetal liver [37, 38]. Leptin
itself is also able to modulate Ob-Rb expression in a negative feedback mechanism. In common
with hormones and other ligands that bind to cell surface receptors, leptin binding to the leptin
receptor causes internalisation and lysosomal degradation of the hormone, and down-regula-
tion of the receptor [39]. Therefore, high circulating leptin concentration may contribute to the
lower pulmonary Ob-Rb protein levels, and, in turn, maintenance of the pSTAT3:STAT3 ratio
and JAK/STAT signalling, seen in the sheep fetuses exposed to glucocorticoids. Ontogenic and
glucocorticoid-induced changes in the internalisation and trafficking of the leptin receptor in
the developing lungs or other tissues, however, are unknown.

In addition to the Ob-Rb, leptin can bind to at least five other leptin receptor isoforms [5].
These receptors, including the soluble leptin receptor Ob-Re, buffer free leptin concentrations
and facilitate leptin transport in the circulation and within tissues [5]. In the present study, pul-
monary Ob-R mRNA levels, detected with the probe that recognises all forms of the leptin
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receptor, increase towards term in fetal sheep and in response to maternal dexamethasone
treatment, but not fetal cortisol infusion. The developmental and glucocorticoid-induced
changes in pulmonary Ob-Rb mRNA abundance contribute, in part, to these findings, but it is
possible that there may be coincident effects on the other isoforms of leptin receptor, with
important consequences for the bioavailability of leptin in utero. For example, there may be a
reduction in the gene expression of other Ob-R isoforms in the sheep fetuses infused with corti-
sol. Furthermore, the functionality of the Ob-Rb depends upon the components of the intracel-
lular signalling pathways, which may show developmental and glucocorticoid-sensitive
changes in the lungs of the sheep fetus. Indeed, in the present study, the phosphorylation status
of STAT3 in the ovine fetal lungs appeared to be unaffected by gestational age and glucocorti-
coid treatment, despite reductions in pulmonary Ob-Rb protein content. The JAK/STAT path-
way is known to be influenced by growth factors and cytokines other than leptin, and in a
human lung adenocarcinoma cell line, dexamethasone has been shown to enhance interleukin-
6 activation of JAK/STAT signalling without any direct effect on pSTAT3 (Ser727 or Tyr705)
or STAT3 protein concentration [40].

The cellular localisation of Ob-Rb protein in the fetal ovine lungs is similar to that previ-
ously reported in other species both before and after birth [15, 41]. The widespread presence of
Ob-Rb protein in the pulmonary epithelium of the sheep fetus from at least 100d of gestation
suggests that leptin may have a role in promoting lung growth in utero. Previous studies have
demonstrated that treatment of pregnant mice with leptin causes an increase in the lung weight
of the fetus [27, 42]. In addition, leptin stimulates cell proliferation in a human lung squamous
cell line, and in a primary cell culture of tracheal epithelial cells from wild-type mice but not
db/dbmice with mutated leptin receptors [43]. The ontogenic decrease in Ob-Rb protein levels
in the fetal ovine lungs coincides with progression from the canalicular (80–120d) to saccular
(120d to term) and alveolar (120d to postnatal life) stages of lung development [44]. During
these stages, the pulmonary epithelium becomes thinner and differentiates into distinct popu-
lations of type I and II pneumocytes [44]. Near term, maturational changes in the structure
and function of the fetal pulmonary epithelium are stimulated by the prepartum cortisol surge
[13]. It is possible, therefore, that leptin acts as a stimulus for general lung growth before birth
and that the developmental and glucocorticoid-induced suppression of pulmonary Ob-Rb con-
tributes to the maturational shift towards alveolar thinning and pneumocyte differentiation.
Alternatively, localisation of Ob-Rb protein to type II pneumocytes in the pulmonary epithe-
lium and an overall reduction in lung Ob-Rb protein content seen in the fetuses exposed to
endogenous and exogenous glucocorticoids may be a consequence, rather than cause, of pneu-
mocyte differentiation. Furthermore, maintenance of pulmonary pSTAT3:STAT ratio in
fetuses with lower Ob-Rb protein may indicate an increase in cell-specific leptin signalling dur-
ing lung maturation.

Localisation of Ob-Rb protein to type II pneumocytes in fetal ovine lungs, especially in the
fetuses at 144d of gestation, supports a role for leptin in the activation of surfactant production
near term. In fetal rat lung explants, physiological concentrations of leptin increase mRNA
abundance of surfactant proteins A, B and C and protein levels of surfactant proteins A and B
[18, 42]. Leptin also increases the synthesis of surfactant phospholipids in fetal rat lung
explants and in isolated pneumocytes from fetal rabbits [18, 41]. In addition, antenatal treat-
ment of pregnant rats with leptin increases type II pneumocyte number and surfactant protein
expression in the fetal lungs [27, 42]. In contrast, leptin had no effect on lung compliance,
phospholipid content or surfactant protein expression in a study using fetal sheep in vivo [45].
However, this study used ultrasound-guided intramuscular leptin injection and circulating
concentrations of leptin in utero were not determined. Intravenous leptin infusion for five days
in fetal sheep promotes aspects of lung maturation, including increased pulmonary surfactant
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protein B mRNA abundance [46]. Leptin receptor protein was also evident in alveolar macro-
phages in the fetal ovine lungs near term and leptin may play a role in the development of pul-
monary immune defence mechanisms. Alveolar macrophages taken from leptin-deficient adult
mice show impaired phagocytosis and leukotriene synthesis in vitro which can be restored to
normal by exogenous leptin treatment [47]. Physiological doses of leptin can also stimulate leu-
kotriene synthesis in alveolar macrophages obtained from normal adult rat lungs [48].

Leptin receptor protein was also localised to the chondrocytes of bronchial cartilage in the
fetal ovine lungs. Previous studies have demonstrated the presence of leptin receptor mRNA
and protein in developing cartilage-bone in the mouse fetus [16]. In cell culture of human artic-
ular chondrocytes, leptin has been shown to stimulate chondrocyte proliferation and differenti-
ation, and synthesis of collagen and proteoglycans in the extracellular matrix [49]. Therefore,
leptin may be involved in the growth and development of pulmonary epithelium, type II pneu-
mocytes, macrophages and bronchial cartilage in utero. The absence of leptin mRNA in the
fetal ovine lungs at the gestational ages studied, however, suggests that the developmental and
glucocorticoid-induced actions of leptin via Ob-Rb are likely to be endocrine rather than by
local synthesis and paracrine actions of leptin. There appear to be species differences in pulmo-
nary leptin synthesis before birth as leptin mRNA abundance has been detected in the lungs of
fetal rats which increases with gestational age, and other studies have proposed paracrine inter-
actions between leptin and parathyroid-hormone related protein in the control of surfactant
production in the rat fetus [18, 27]. The presence of leptin receptors in the fetal lungs and their
potential roles in pulmonary growth and maturation may also have consequences for respira-
tory function that extend into neonatal and adult life. Alveolar development is impaired in lep-
tin-deficient ob/obmice from the earliest time point studied at two weeks of postnatal life [50].
The contribution that leptin makes to glucocorticoid-induced lung maturation and the extent
to which respiratory disorders in neonatal and adult life have their origins in leptin dysfunction
before birth remains to be established.

Supporting Information
S1 File. Primary Data.
(XLSX)

Acknowledgments
The authors would like to thank all the members of the Department of Physiology, Develop-
ment and Neuroscience, University of Cambridge, UK who assisted in this study and Margaret
Blackberry, at the University of Western Australia, who measured the plasma leptin
concentrations.

Author Contributions
Conceived and designed the experiments: MJD DAG ALF AJF. Performed the experiments:
MJD MB ORV BSB KLD AP SLK DB FBPWDAG ALF AJF. Analyzed the data: MJD MB
ORV BSB KLD AP SLK AJF. Contributed reagents/materials/analysis tools: SLK GCSS DSC
DB DAG ALF AJF. Wrote the paper: MJD AJF.

References
1. Dardeno TA, Chou SH, Moon H-S, Chamberland JP, Fiorenza CG, Mantzoros CS. Leptin in human

physiology and therapeutics. Front Neuroendocrinol 2010; 31: 377–393. doi: 10.1016/j.yfrne.2010.06.
002 PMID: 20600241

Glucocorticoids and Lung Leptin Receptors In Utero

PLOSONE | DOI:10.1371/journal.pone.0136115 August 19, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136115.s001
http://dx.doi.org/10.1016/j.yfrne.2010.06.002
http://dx.doi.org/10.1016/j.yfrne.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20600241


2. Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R et al. Identification and expression
cloning of a leptin receptor, OB-R. Cell 1995; 83: 1263–1271. PMID: 8548812

3. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of the mouse
obese gene and its human homologue. Nature 1994; 372: 425–432. PMID: 7984236

4. Margetic S, Gazzola C, Pegg GG, Hill RA. Leptin: a review of its peripheral actions and interactions. Int
J Obes 2002; 26: 1407–1433.

5. Frühbeck G. Intracellular signalling pathways activated by leptin. Biochem J 2006; 393: 7–20. PMID:
16336196

6. Forhead AJ, Fowden AL. The hungry fetus? Role of leptin as a nutritional signal before birth. J Physiol
2009; 587: 1145–1152. doi: 10.1113/jphysiol.2008.167072 PMID: 19188249

7. Forhead AJ, Thomas L, Crabtree J, Hoggard N, Gardner DS, Giussani DA et al. Plasma leptin concen-
tration in fetal sheep during late gestation: ontogeny and effect of glucocorticoids. Endocrinology 2002;
143: 1166–1173. PMID: 11897668

8. O'Connor DM, Blache D, Hoggard N, Brookes E, Wooding FBP, Fowden AL et al. Developmental con-
trol of plasma leptin and adipose leptin messenger ribonucleic acid in the ovine fetus during late gesta-
tion: role of glucocorticoids and thyroid hormones. Endocrinology 2007; 148: 3750–3757. PMID:
17495000

9. Yuen BS, McMillen IC, Symonds ME, Owens PC. Abundance of leptin mRNA in fetal adipose tissue is
related to fetal body weight. J Endocrinol 1999; 163: R11–R14. PMID: 10588830

10. Shekhawat PS, Garland JS, Shivpuri C, Mick GJ, Sasidharan P, Pelz CJ et al. Neonatal cord blood lep-
tin: its relationship to birth weight, body mass index, maternal diabetes, and steroids. Pediatr Res 1998;
43: 338–343. PMID: 9505271

11. Fowden AL, Li J, Forhead AJ. Glucocorticoids and the preparation for life after birth: are there long-term
consequences of the life insurance? Proc Nutr Soc 1998; 57: 113–122. PMID: 9571716

12. Roberts D, Dalziel SR. Antenatal corticosteroids for accelerating fetal lung maturation for women at risk
of preterm birth. Cochrane Database Syst Rev 2006; Issue 3: . Art. No. CD004454. doi: 10.1002/
14651858.CD004454.pub2

13. Bolt RJ, vanWeissenbruch MM, Lafeber HN, Delemarre-van deWaal HA. Glucocorticoids and lung
development in the fetus and preterm infant. Pediatr Pulmonol 2001; 32: 76–91. PMID: 11416880

14. Forhead AJ, Jellyman JK, Gardner DS, Giussani DA, Kaptein E, Visser TJ et al. Differential effects of
maternal dexamethasone treatment on circulating thyroid hormone concentrations and tissue deiodi-
nase activity in the pregnant ewe and fetus. Endocrinology 2007; 148: 800–805. PMID: 17110425

15. Henson MC, Swan KF, Edwards DE, Hoyle GW, Purcell J, Castracane VD. Leptin receptor expression
in fetal lung increases in late gestation in the baboon: a model for human pregnancy. Reproduction
2004; 127: 87–94. PMID: 15056773

16. Hoggard N, Hunter L, Duncan JS, Williams LM, Trayhurn P, Mercer JG. Leptin and leptin receptor
mRNA and protein expression in the murine fetus and placenta. Proc Natl Acad Sci USA 1997; 94:
11073–11078. PMID: 9380761

17. Löllmann B, Grüninger S, Stricker-Krongrad A, Chiesi M. Detection and quantification of the leptin
receptor splice variants Ob-Ra, b, and, e in different mouse tissues. Biochem Biophys Res Commun
1997; 238: 648–652. PMID: 9299568

18. Torday JS, Sun H, Wang L, Torres E, Sunday ME, Rubin LP. Leptin mediates the parathyroid hormone-
related protein paracrine stimulation of fetal lung maturation. Am J Physiol 2002; 282: L405–L410.

19. Comline RS, Silver M. The composition of foetal and maternal blood during parturition in the ewe. J
Physiol 1972; 222: 233–256. PMID: 5037074

20. Royal College of Obstetricians and Gynaecologists. Antenatal corticosteroids to prevent neonatal mor-
bidity and mortality. Green-top guideline 2010; No.7.

21. Blache D, Tellam RL, Chagas LM, Blackberry MA, Vercoe PE, Martin GB. Level of nutrition affects lep-
tin concentrations in plasma and cerebrospinal fluid in sheep. J Endocrinol 2000; 165: 625–637. PMID:
10828846

22. Robinson PM, Comline RS, Fowden AL, Silver M. Adrenal cortex of fetal lamb: Changes after hypophy-
sectomy and effects of synacthen on cytoarchitecture and secretory activity. Q J Exp Physiol 1983; 68:
15–27. PMID: 6298852

23. Fowden AL, Silver M. The effects of thyroid hormones on oxygen and glucose metabolism in the sheep
fetus during late gestation. J Physiol 1995; 482: 203–213. PMID: 7730983

24. Garcia-Crespo D, Juste R, Hurtado A. Selection of ovine housekeeping genes for normalisation by
real-time RT-PCR; analysis of PrP gene expression and genetic susceptibility to scrapie. BMC Vet Res
2005; 1: 3. PMID: 16188044

Glucocorticoids and Lung Leptin Receptors In Utero

PLOSONE | DOI:10.1371/journal.pone.0136115 August 19, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/8548812
http://www.ncbi.nlm.nih.gov/pubmed/7984236
http://www.ncbi.nlm.nih.gov/pubmed/16336196
http://dx.doi.org/10.1113/jphysiol.2008.167072
http://www.ncbi.nlm.nih.gov/pubmed/19188249
http://www.ncbi.nlm.nih.gov/pubmed/11897668
http://www.ncbi.nlm.nih.gov/pubmed/17495000
http://www.ncbi.nlm.nih.gov/pubmed/10588830
http://www.ncbi.nlm.nih.gov/pubmed/9505271
http://www.ncbi.nlm.nih.gov/pubmed/9571716
http://dx.doi.org/10.1002/14651858.CD004454.pub2
http://dx.doi.org/10.1002/14651858.CD004454.pub2
http://www.ncbi.nlm.nih.gov/pubmed/11416880
http://www.ncbi.nlm.nih.gov/pubmed/17110425
http://www.ncbi.nlm.nih.gov/pubmed/15056773
http://www.ncbi.nlm.nih.gov/pubmed/9380761
http://www.ncbi.nlm.nih.gov/pubmed/9299568
http://www.ncbi.nlm.nih.gov/pubmed/5037074
http://www.ncbi.nlm.nih.gov/pubmed/10828846
http://www.ncbi.nlm.nih.gov/pubmed/6298852
http://www.ncbi.nlm.nih.gov/pubmed/7730983
http://www.ncbi.nlm.nih.gov/pubmed/16188044


25. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A et al. Accurate normaliza-
tion of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes.
Genome Biol 2002; 3: 1–11.

26. Romero-Calvo I, Ocon B, Martinez-Moya P, Suarez MD, Zarzuelo A, Martinez-Augustin O et al. Revers-
ible Ponceau staining as a loading control alternative to actin in Western blots. Anal Biochem 2010;
401: 318–320. doi: 10.1016/j.ab.2010.02.036 PMID: 20206115

27. Chen H, Zhang J-P, Huang H, Wang Z-H, Cheng R, Cai W-B. Leptin promotes fetal lung maturity and
upregulates SP-A expression in pulmonary alveoli type-II epithelial cells involving TTF-1 activation.
PLoS One 2013; 8: e69297. doi: 10.1371/journal.pone.0069297 PMID: 23894445

28. Smolinska N, Kaminski T, Siawrys G, Przala J. Long form of leptin receptor gene and protein expres-
sion in the porcine trophoblast and uterine tissues during early pregnancy and the oestrous cycle. Anim
Reprod Sci 2009; 113: 125–136. doi: 10.1016/j.anireprosci.2008.06.001 PMID: 18619745

29. Su Y, Carey LC, Rose JC, Pulgar VM. Antenatal glucocorticoid exposure enhances the inhibition of
adrenal steroidogenesis by leptin in a sex-specific fashion. Am J Physiol 2013; 304: E1404–E1411.

30. Forhead AJ, Curtis K, Kaptein E, Visser TJ, Fowden AL. Developmental control of iodothyronine deiodi-
nases by cortisol in the ovine fetus and placenta near term. Endocrinology 2006; 147: 5988–5994.
PMID: 16959839

31. Franko KL, Giussani DA, Forhead AJ, Fowden AL. Effects of dexamethasone on the glucogenic capac-
ity of fetal, pregnant, and non-pregnant adult sheep. J Endocrinol 2007; 192: 67–73. PMID: 17210743

32. Byerly MS, Simon J, Lebihan-Duval E, Duclos MJ, Cogburn LA, Porter TE. Effects of BDNF, T3, and
corticosterone on expression of the hypothalamic obesity gene network in vivo and in vitro. Am J Phy-
siol 2009; 296: R1180–R1189.

33. Caperna TJ, Shannon AE, Poch SM, Garrett WM, Richards MP. Hormonal regulation of leptin receptor
expression in primary cultures of porcine hepatocytes. Domest Anim Endocrinol 2005; 29: 582–592.
PMID: 16213991

34. Hikita M, Bujo H, Hirayama S, Takahashi K, Morisaki N, Saito Y. Differential regulation of leptin receptor
expression by insulin and leptin in neuroblastoma cells. Biochem Biophys Res Commun 2000; 271:
703–709. PMID: 10814526

35. Liu Z-J, Endoh A, Li R, Ohzeki T. Effects of leptin and dexamethasone on long and short leptin receptor
mRNA. Pediatr Int 2004; 46: 561–564. PMID: 15491384

36. Wyrwoll CS, Mark PJ, Waddell BJ. Directional secretion and transport of leptin and expression of leptin
receptor isoforms in human placental BeWo cells. Mol Cell Endocrinol 2005; 241: 73–79. PMID:
15955620

37. Liu Y, Xu D, Feng J, Kou H, Liang G, Yu H et al. Fetal rat metabonome alteration by prenatal caffeine
ingestion probably due to the increased circulatory glucocorticoid level and altered peripheral glucose
and lipid metabolic pathways. Toxicol Appl Pharmacol 2012; 262: 205–216. doi: 10.1016/j.taap.2012.
05.002 PMID: 22583948

38. Xu D, Liang G, Yan YE, HeWW, Liu YS, Chen LB et al. Nicotine-induced over-exposure to maternal
glucocorticoid and activated glucocorticoid metabolism causes hypothalamic–pituitary–adrenal axis-
associated neuroendocrine metabolic alterations in fetal rats. Toxicol Lett 2012; 209: 282–290. doi: 10.
1016/j.toxlet.2012.01.006 PMID: 22265867

39. Uotani S, Bjørbaek C, Tornøe J, Flier JS. Functional properties of leptin receptor isoforms: internaliza-
tion and degradation of leptin and ligand-induced receptor downregulation. Diabetes 1999; 48: 279–
286. PMID: 10334302

40. Ladenburger A, Seehase M, Kramer BW, ThomasW, Wirbelauer J, Speer CP et al. Glucocorticoids
potentiate IL-6-induced SP-B expression in H441 cells by enhancing the JAK-STAT signaling pathway.
Am J Physiol 2010; 299: L578–L584.

41. Bergen HT, Cherlet TC, Manuel P, Scott JE. Identification of leptin receptors in lung and isolated fetal
type II cells. Am J Respir Cell Mol Biol 2002; 27: 71–77. PMID: 12091248

42. Kirwin SM, Bhandari V, DiMatteo D, Barone C, Johnson L, Paul S et al. Leptin enhances lung maturity
in the fetal rat. Pediatr Res 2006; 60: 200–204. PMID: 16864704

43. Tsuchiya T, Shimizu H, Horie T, Mori M. Expression of leptin receptor in lung: leptin as a growth factor.
Eur J Pharmacol 1999; 365: 273–279. PMID: 9988112

44. Hooper SB, Harding R. Respiratory system. In: Harding R, Bocking AD, editors. Fetal Growth and
Development. Cambridge University Press; 2001. pp. 114.

45. Sato A, Schehr A, Ikegami M. Leptin does not influence surfactant synthesis in fetal sheep and mice
lungs. Am J Physiol 2011; 300: L498–L505.

Glucocorticoids and Lung Leptin Receptors In Utero

PLOSONE | DOI:10.1371/journal.pone.0136115 August 19, 2015 14 / 15

http://dx.doi.org/10.1016/j.ab.2010.02.036
http://www.ncbi.nlm.nih.gov/pubmed/20206115
http://dx.doi.org/10.1371/journal.pone.0069297
http://www.ncbi.nlm.nih.gov/pubmed/23894445
http://dx.doi.org/10.1016/j.anireprosci.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18619745
http://www.ncbi.nlm.nih.gov/pubmed/16959839
http://www.ncbi.nlm.nih.gov/pubmed/17210743
http://www.ncbi.nlm.nih.gov/pubmed/16213991
http://www.ncbi.nlm.nih.gov/pubmed/10814526
http://www.ncbi.nlm.nih.gov/pubmed/15491384
http://www.ncbi.nlm.nih.gov/pubmed/15955620
http://dx.doi.org/10.1016/j.taap.2012.05.002
http://dx.doi.org/10.1016/j.taap.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22583948
http://dx.doi.org/10.1016/j.toxlet.2012.01.006
http://dx.doi.org/10.1016/j.toxlet.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22265867
http://www.ncbi.nlm.nih.gov/pubmed/10334302
http://www.ncbi.nlm.nih.gov/pubmed/12091248
http://www.ncbi.nlm.nih.gov/pubmed/16864704
http://www.ncbi.nlm.nih.gov/pubmed/9988112


46. De Blasio MJ, Kempster SL, Smith GCS, Wooding FPB, Blache D, Fowden AL et al. Fetal leptin admin-
istration improves aspects of lung function and maturation in fetal sheep during late gestation. J Dev
Orig Health Dis 2013; 4: S51–S339 (DOHaD313-1268).

47. Mancuso P, Gottschalk A, Phare SM, Peters-Golden M, Lukacs NW, Huffnagle GB. Leptin-deficient
mice exhibit impaired host defense in gram-negative pneumonia. J Immunol 2002; 168: 4018–4024.
PMID: 11937559

48. Mancuso P, Canetti C, Gottschalk A, Tithof PK, Peters-Golden M. Leptin augments alveolar macro-
phage leukotriene synthesis by increasing phospholipase activity and enhancing group IVC iPLA2
(cPLA2gamma) protein expression. Am J Physiol 2004; 287: L497–L502.

49. Figenschau Y, Knutsen G, Shahazeydi S, Johansen O, Sveinbjornsson B. Human articular chondro-
cytes express functional leptin receptors. Biochem Biophys Res Commun 2001; 287: 190–197. PMID:
11549273

50. Huang K, Rabold R, Abston E, Schofield B, Misra V, Galdzicka E et al. Effects of leptin deficiency on
postnatal lung development in mice. J Appl Physiol 2008; 105: 249–259. doi: 10.1152/japplphysiol.
00052.2007 PMID: 18467551

Glucocorticoids and Lung Leptin Receptors In Utero

PLOSONE | DOI:10.1371/journal.pone.0136115 August 19, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/11937559
http://www.ncbi.nlm.nih.gov/pubmed/11549273
http://dx.doi.org/10.1152/japplphysiol.00052.2007
http://dx.doi.org/10.1152/japplphysiol.00052.2007
http://www.ncbi.nlm.nih.gov/pubmed/18467551

