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Abstract

Maternal food restriction (MFR) causes intrauterine growth restriction, a known risk factor for developing chronic lung disease.
However, it is unknown whether this negative outcome is gender specific or preventable by blocking the MFR-induced hypergluco-
corticoidism. Using a well-established rat model, we used metyrapone (MTP), an inhibitor of glucocorticoid synthesis, to study the
MFR-induced lung changes on postnatal day (p) 21 in a gender-specific manner. From embryonic day 10 until delivery, pregnant dams
were fed either an ad libitum diet or a 50% caloric restricted diet with or without MTP supplementation. Postnatally, the offspring
were fed ad libitum from healthy dams until p21. Morphometric, Western blot, and immunohistochemical analysis of the lungs
demonstrated that MTP mitigated the MFR-mediated decrease in alveolar count, decrease in adipogenic protein peroxisome
proliferator-activated receptor v, increase in myogenic proteins (fibronectin, a-smooth muscle actin, and calponin), increase in Wnt
signaling intermediates (lymphoid enhancer-binding factor | and B-catenin), and increase in glucocorticoid receptor (GR) levels. The
MFR-induced lung phenotype and the effects of MTP were similar in both genders. To elucidate the mechanism of MFR-induced shift
of the adipogenic-to-myogenic phenotype, lung fibroblasts were used to independently study the effects of (1) nutrient restriction
and (2) excess steroid exposure. Nutrient deprivation increased myogenic proteins, Whnt signaling intermediates, and GR, all changes
blocked by protein supplementation. MTP also blocked, likely by normalizing nicotinamide adenine dinucleotide phosphate levels, the
corticosterone-induced increase in myogenic proteins, but had no effect on GR levels. In summary, protein restriction and increased
glucocorticoid levels appear to be the key players in MFR-induced lung disease, affecting both genders.
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Physiologic fetal glucocorticoid levels are essential for normal
lung maturation,'> and a short therapeutic course may acceler-
ate lung maturity'®; however, chronically elevated glucocorti-
coid levels inhibit normal lung maturation.'” A rat model of

Introduction

Intrauterine growth restriction (IUGR) is a known risk factor for
bronchopulmonary dysplasia (BPD),' a negative outcome of pre-
maturity that increases the risk of oxygen requirement,” pulmon-
ary infections,3 reactive airway disease,4 and chronic obstructive

pulmonary disease.’ Despite extensive research, current preven-
tive options such as postnatal glucocorticoids,® exogenous sur-
factant,’ and caffeine®™'® may ameliorate acute respiratory
symptoms but do not significantly impact the development of
BPD." Avoiding invasive ventilation appears to be the primary
method that may possibly reduce the incidence of BPD,'? yet this
approach is overly simplistic since the oxygen requirement of the
infant is ultimately constrained.'> Therefore, further work is
required to discover other management strategies.

The Barker hypothesis for “fetal programming” suggests
that the intrauterine environment may regulate genomic
expression over the course of the individual’s lifetime.'*
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maternal food restriction (MFR) causes IUGR and increased
circulating corticosterone levels in the offspring, resulting in
altered lung structure with reduced alveolar number, increased
alveolar septal thickness, and reduced surfactant content, both
at birth and in the adults.'®! Thus, we reasoned that in the
IUGR offspring resulting from MFR, chronically elevated glu-
cocorticoid levels would be the unifying mechanism for BPD,
and thus, limiting excessive glucocorticoid production would
alleviate this negative effect. To inhibit elevated circulating
glucocorticoid levels in IUGR offspring, we used metyrapone
(MTP), an inhibitor of 11B-hydroxylase, which is essential for
glucocorticoid biological activity.

Using a well-established rat model of MFR to induce
IUGR,"'®?° this study analyzes the effect of MTP on the lungs
of MFR offspring at postnatal day (p) 21 separately in males
and females. To gain mechanistic insight to the effects of
MFR on the developing lung and its normalization with MTP,
in vitro studies were conducted using cultured fetal lung fibro-
blasts. Based on the premise that MFR results in excess glu-
cocorticoid levels that ultimately dysregulate normal
pulmonary maturation, we hypothesize that “normalization”
of the glucocorticoid levels with MTP would mitigate these
abnormal changes.

Materials and Methods

Antenatal Food Restriction Animal Model

The Animal Research Committee of the Los Angeles Biome-
dical Research Institute at Harbor-UCLA Medical Center
approved all studies, in compliance with the American Asso-
ciation for the Accreditation of Laboratory Animal Care and
National Institutes of Health guidelines. First-time pregnant
Sprague-Dawley rat dams (Charles River Laboratories, Inc,
Hollister, California) were housed in a facility with a 12-
hour light—12-hour dark cycle and constant temperature and
humidity. From gestational day 10 until delivery (embryonic
day 22), the dams were provided an ad libitum diet (AA, con-
trol) of standard laboratory rat chow: protein 23%, fat 4.5%,
and metabolizable energy = 3030 kcal/kg; LabDiet 5001;
Brentwood, Missouri) or a 50% food-restricted diet (FA),
which was calculated based on the normal food intake of the
ad libitum group every 24 hours. From gestational day 10
until delivery, the food-restricted dams were water supple-
mented either without (FA) or with MTP (FA + M; 0.5 mg/
mL 2-methyl-1,2-di-3-pyridyl-1-propanone; Sigma-Aldrich,
St Louis, Missouri).

After delivery, all pups were provided an ad libitum diet.
Pups that were food-restricted in utero were cross-fostered to
dams fed ad libitum during pregnancy. At day 1 after birth, the
litters were separated by gender and the body weights of indi-
vidual pups were recorded. To minimize bias toward selecting
either heavier or lighter pups, on pl, all pups from each litter
were weighed and 6 pups (3 females and 3 males) closest to the
median body weight (according to gender) were included in the
study, and the other pups were culled to keep the number of

pups/litter for experimentation purposes at 6. All studies main-
tained a similar number of pups per dam between the control
and experimental groups.

Pups were killed with Euthasol (pentobarbitol and pheny-
toin; Virbac, Fort Worth, Texas) on p21, and lungs were har-
vested for further analysis.

Western Analysis

Liquid nitrogen flash-frozen lung tissue samples were sus-
pended in radioimmunoprecipitation assay buffer containing
1 mmol/L EDTA and ethylene glycol-bis(2-aminoethy-
lether)-N,N,N’,N'-tetraacetic acid (EGTA; Boston BioPro-
ducts, Ashland, Massachusetts) supplemented with 1 mmol/L
phenylmethylsulfonyl fluoride (PMSF) and a complete pro-
tease inhibitor mixture (Roche Diagnostics, Indianapolis, Indi-
ana), homogenized with a tissue grinder, sonicated, and
centrifuged at 4°C for 10 minutes at 14 000 rpm. The concen-
tration of protein was determined using the BCA Protein
Assay Kit (Thermo Scientific Pierce, Rockford, Illinois). Equal
aliquots (50 pg) of total protein for each sample were dena-
tured with sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis sample buffer and separated by electrophoresis
on an SDS—polyacrylamide gel. After transferring the samples
to a nitrocellulose membrane, the membrane was blocked with
Tris-buffered saline (TBS)-Tween + 5% milk and probed with
the following primary antibodies (peroxisome proliferator-
activated receptor Yy [PPARY], 1:500; fibronectin, 1:500; gluco-
corticoid receptor [GR], 1:200; B-catenin, 1:500; all from
Santa Cruz Biotechnology, Santa Cruz, California; o smooth
muscle actin (¢-SMA), 1:50 000; calponin, 1:3000; both from
Sigma-Aldrich; glyceraldehyde 3-phosphate dehydrogenase
[GAPDH], 1:5000; from Millipore, New Bedford, Massachu-
setts] and the corresponding secondary antibodies (antirabbit
antibody and antimouse antibody; both from GE Healthcare,
United Kingdom). The membranes were washed with TBS
containing 0.1% Tween-20 wash buffer after each antibody
incubation cycle. SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific Pierce) was used for detection,
and photographic emulsion was used to identify the protein
bands, which were subsequently quantified by densitometry.
Protein band intensities were normalized for loading using the
corresponding GAPDH and expressed as arbitrary units. The
densities of the specific protein bands were quantified with a
scanning densitometer (Bio-Rad GS-800, Hercules, California),
and the results are expressed as means + standard error nor-
malized to GAPDH.

Triglyceride Uptake Assay

Triolein uptake, a key marker for alveolar lipofibroblast
(LIF) function, was used to quantitate the rate of triglycer-
ide uptake by fetal rat lung explants using a previously
described method.?' Briefly, culture medium was replaced
with Dulbecco modified Eagle medium containing 20%
adult rat serum mixed with [*H]triolein (5 pCi/mL). The
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Figure |. Metyrapone (MTP) ameliorates the effect of maternal food restriction (MFR) on offspring body weight from birth to postnatal day 21
(p21). In both males (A) and females (B), antenatal MTP treatment blocked the effect of MFR-induced intrauterine growth restriction (IUGR) at
birth and on subsequent growth up to p21.* = P <.05 FA versus AA and # = P < .05 FA + M versus FA; N = 6. AA indicates ad libitum diet;

FA 4+ M, food-restricted diet with MTP.

explants were incubated at 37°C in 5% CO;-air balance for
4 hours. At the termination of the incubation, the medium
was decanted, the explants were rinsed twice with 1 mL
of ice-cold phosphate-buffered saline (PBS), and the tissue
thoroughly homogenized. An aliquot of the tissue homoge-
nate was taken for protein assay, and the remaining tissue
homogenate was extracted to determine its radiolabeled neu-
tral lipid content.

Preparation of Lung for Histological Analysis

After euthanasia, the lungs were fixed in situ by perfusing them
with 4% (wt/vol) paraformaldehyde (PFA) in PBS solution. Dur-
ing the perfusion, a tracheal catheter was used to maintain a stan-
dard inflation pressure of 20 cm H,O. An Ethicon surgical suture
(Ethicon, Inc, Somerville, New Jersey) was used to ligate the tra-
chea, and fresh 4% PFA-PBS solution was used to incubate the
lungs at 4°C for about 4 hours. Next, the PFA-PBS solution was
rapidly replaced with 2 changes of cold PBS to eliminate luminal
debris. Finally, the lungs were transferred to a filter-sterilized
30% sucrose-PBS solution and fully equilibrated at 4°C. The
lungs were subsequently paraffin embedded. Cross-sections of
5 um were prepared, transferred to Superfrost microscope glass
slides (Fisher Scientific, Pittsburgh, PA), and processed using
standard procedures.'® Processed paraffin sections were stained
with either hematoxylin—ecosin to assess tissue morphology and
measure morphometric parameters or treat with antibodies for
immunohistochemical analysis.

Lung Morphometry

Lung morphometric analysis was conducted by an investigator
who was unaware of the treatment group assignment for each

animal sample. Fifty randomly selected nonoverlapping fields
from sections obtained from 12 blocks from each treatment group
were included for measurement. Using a microscope at X 5 mag-
nification, each field was digitally visualized with an AxioVision
microscope (Carl Zeiss, Thornwood, New York), and the number
of alveoli were counted, as described previously.'®

Lung Immunohistochemistry

Immunohistochemistry (IHC) was conducted to assess in situ
protein expression. Paraffin sections of 5 um were deparaffi-
nized in xylene and rehydrated with a graded series of ethanol
solutions. Nonspecific binding was blocked with 5% normal
goat serum (NGS). The sections were incubated with the spec-
ified monoclonal primary antibodies at room temperature for
1 hour as follows: for B-catenin staining, mouse monoclonal
anti-B-catenin antibody (1:500; Santa Cruz Biotechnology);
for calponin, mouse anti-calponin antibody (1:500; Sigma-
Aldrich); and for o-SMA, mouse anti-o-SMA antibody
(1:500; Sigma-Aldrich) were used as the primary antibodies.
After several PBS washes at room temperature, the tissues
were incubated sequentially with appropriate Alexa Fluor sec-
ondary antibodies (Alexa Fluor 568 Red, 1:100; Alexa Fluor
488 Green, 1:300; Invitrogen, Eugene, Oregon) in a humidi-
fied, darkened chamber. Sections were gently rinsed with PBS
and mounted with ProLong Gold antifade reagent with 4’-6-
diamidino-2-phenylindole (DAPI; Invitrogen) for fluorescent
microscopic analysis.

Lipofibroblast Culture and In Vitro Studies

Embryonic day 19 (el9) pulmonary LIFs were isolated
according to previously described methods.*® At 80% to
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Figure 2. Metyrapone (MTP) ameliorates the effect of maternal food restriction (MFR) on lung cytoarchitecture. At postnatal day 21 (p21),
MTP blocked the MFR-induced decrease in alveolar number and simplification of the lung structure in both males (A) and females (B).
* = P < .05 FA versus AA and # = P < .05 FA + M versus FA; N = 10. AA indicates ad libitum diet; FA+ M, food-restricted diet with MTP.
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Figure 3. Metyrapone (MTP) blocks the effects of maternal food restriction (MFR) on key pulmonary lipogenic and myogenic differentiation
markers. At postnatal day 21 (p21), in both males and females, MTP normalized the MFR-induced decrease in peroxisome proliferator-activated
receptor ¥ (PPARy; A) and MFR-induced increase in fibronectin (B), o smooth muscle actin (¢-SMA; C), calponin (D), GR (E), and B-catenin (F)
protein levels, as determined by Western blotting. * = P < .05 FA versus AA and # = P < .05 FA + M versus FA; N = 6. AA indicates ad libitum
diet; FA+ M, food-restricted diet with MTP.
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Figure 3. (continued)



Paek et al

213

a-SMA

Calponin

p-Catenin

LEF-1

Figure 4. Metyrapone (MTP) blocks the effect of maternal food restriction (MFR)-induced increase in pulmonary myogenic proteins and Wnt
signaling intermediates. Immunohistochemistry of postnatal day 21 (p21) lungs shows that MFR-induced increase in protein levels of o smooth
muscle actin (a-SMA; A), calponin (B), B-catenin (C), and lymphoid enhancer-binding factor | (LEF-I; D) is blocked by MTP.

90% confluence, cells were cultured in Dulbecco minimal
essential medium containing graded concentrations of either
fetal bovine serum (FBS; 10%, 5%, 1%, or 0%) or bovine
serum albumin (BSA; 0%, 1%, 2.5%, or 5%) for 24 hours,
as previously described.?” At the termination of the experi-
mental conditions, cell extracts were prepared in lysis buffer
(20 mmol/L HEPES, 2 mol/L EGTA, 50 mmol/L B-glycer-
ophosphate, 10% glycerol, 1% Triton X-100, 1 mmol/L
dithiothreitol, 1 mmol/L vanadate, and 0.04 mmol/L PMSF)

containing a mixture of protease inhibitors (Sigma-Aldrich)
and subjected to Western analysis as described previously,
using the appropriate primary antibodies (GR, 1:200;
11B-hydroxysteroid dehydrogenase 1 [11B-HSD1], 1:200;
B-catenin, 1:500; lymphoid enhancer-binding factor 1
[LEF-1], 1:200; fibronectin, 1:500; calponin, 1:3000; all
from Santa Cruz Biotechnology;, GAPDH, 1:5000; from
Millipore) and the secondary antibodies (antirabbit antibody
and antimouse antibody; both from GE Healthcare).
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Figure 5. Maternal food restriction (MFR)-induced decrease in triolein uptake, a functional marker for lipofibroblasts, is blocked by metyrapone
(MTP). Both male (A) and female (B) postnatal day 21 (p21) lung explants showed significant decrease in triolein uptake; MTP treatment not only
blocked the MFR-induced decrease in triolein uptake but also in fact increased it. * = P < .05 FA versus AA and # = P < .05 FA + M versus FA;
N = 6. AA indicates ad libitum diet; FA + M, food-restricted diet with MTP.
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Figure 6. Fetal bovine serum (FBS) restriction and bovine serum albumin (BSA) supplementation affect the expression of key myogenic proteins
by cultured el 9 fetal rat lung lipofibroblasts (LIFs). In e19 LIFs, FBS restriction increased the expression of fibronectin, calponin, -catenin, and
LEF-1 (A); BSA supplementation blocked these effects (B-E). After a 24-hour incubation period, FBS-restricted cells demonstrated increased f3-
catenin levels along with its increased nuclear translocation, increased LEF-1 levels, and decreased lipid content; all of these effects were blocked
by BSA supplementation (F). * = P < .05 versus 10% FBS and # = P < .05 versus 0% FBS; N = 4. e|9 indicates embryonic day 19; LEF-1, lymphoid
enhancer-binding factor I.

These cell experiments were also performed to assess the effect  10~° mol/L alone or with MTP 10~ mol/L for 24 hours. The spe-
of corticosterone exposure with and without MTP. At 80% to 90% cific protein levels were determined by Western analysis with the
confluence, cells were cultured in Dulbecco minimal essential —antibodies as described previously with the exception of normal-
medium + 0.1% FBS containing either corticosterone (CORT)  ization to mouse [3-actin (1:5000; Santa Cruz Biotechnology).
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Figure 6. (continued)

Determination of Nicotinamide Adenine Dinucleotide
Phosphate/Reduced Form of Nicotinamide Adenine
Dinucleotide Phosphate Levels

The nicotinamide adenine dinucleotide phosphate/reduced form
of nicotinamide adenine dinucleotide phosphate (NADP/
NADPH) assay kit was utilized to determine the levels of NADP
and NADPH in the cell cultures (ab65349; Abcam, Cambridge,
Massachusetts) following manufacturers’ instructions.

Immunocytochemistry

Embryonic day 19 LIFs were grown under different culture
conditions on slide-backed chambers (Lab-Tek; Electron
Microscopy Sciences, Hatfield, Pennsylvania). These cells
were blocked with 5% NGS and subsequently incubated with
primary and secondary antibodies. For [B-catenin staining,
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mouse monoclonal anti-B-catenin antibody (1:50; Santa Cruz
Biotechnology) was used as the primary antibody. For double-
staining, rabbit polyclonal anti-LEF-1 antibody (1:50; Santa
Cruz Biotechnology) and boron-dipyrromethene (BODIPY)
3922 (Invitrogen) were used to visualize changes in cellular
fat content. After several PBS washes at room temperature,
the cells were incubated with the appropriate Alexa Fluor sec-
ondary antibody (antimouse Alexa Fluor 488 Green and anti-
rabbit Alexa Fluor 568 Red; both from Invitrogen) in a
humidified, darkened chamber. Slides were gently rinsed with
PBS and mounted with ProLong Gold antifade reagent with
DAPI (Invitrogen) for fluorescent microscopic analysis.

Statistical Analysis

Experimental data were analyzed using 2-way analysis of var-
iance, and as indicated, followed by Tukey post hoc test. A P
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value of <.05 was considered to indicate statistically significant
differences between the experimental and control groups.
Results are expressed as mean + standard error of the mean.
A minimum of 4 animals per group taken from 4 separate litters
were used for data analysis.

Results

Weight and Growth of Pups

At pl, FA pups (males = 4.8 + 0.4 g and females = 5.3 +
0.5 g) demonstrated significantly (P <.05) lower birth weights
than that of AA pups (males = 7.7 + 0.6 g and females =
7.6 + 0.7 g) for both genders (Figure 1A [males] and B
[females]). Metyrapone (males = 6.6 + 0.9 g and females =
6.0 + 0.0 g, P <.05 vs FA pups) alleviated this weight discre-
pancy due to MFR. At p21, FA pups (males =46.5 + 1.1 gand
females = 46.5 + 1.3 g) still had lower weights than that of AA
pups (males = 54.0 + 3.0 g and females = 52.3 + 2.5g, P<
.05 for both groups). With MTP therapy, FA + M pups (males
=58.0 + 4.0 gand females = 51.7 + 0.6) had weights greater
than FA pups (P <.05 FA + M vs FA) and similar to the control
group (P > .05 FA + M vs AA).

Effect of MTP on MFR-induced changes in lung
morphometry

At p21, for both genders (Figure 2A [males] and B [females]),
MTP decreased the MFR-induced significant reduction in alveo-
lar number (males AA =358 + 47 vs FA =183 + 14 vs FA +
M =299 + 20, females AA =320 + 39 vs FA =184 + 12 vs
FA +M =275 + 17; all expressed as /mm?, and for both gen-
ders P < .05 for FA vs AA and FA + M vs FA) and blocked the
resultant simplification of the alveolar cytoarchitecture.

Effect of MTP on MFR-Induced Changes in Key Proteins
of Alveolar Development and Injury/Repair

In the lungs of both genders at p21, MFR decreased the expression
of PPARY (Figure 3A), and increased the expression of fibronec-
tin (Figure 3B), a-SMA (Figure 3C), calponin (Figure 3D), GR
(Figure 3E), and B-catenin (Figure 3F; a key mediator of the Wnt
signaling pathway). Metyrapone therapy blocked these changes
caused by MFR in both males and females. Similar to the Western
blot data, IHC studies of male and female p21 lungs demonstrated
that MFR increased the expression of a-SMA (Figure 4A), calpo-
nin (Figure 4B), B-catenin (Figure 4C), and LEF-1 (Figure 4D; for
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Figure 7. The effect of fetal bovine serum (FBS) restriction and bovine serum albumin (BSA) supplementation on the expression of glucocor-
ticoid receptor (GR) and | | B-hydroxysteroid dehydrogenase type | (I 1B-HSD1) levels in embryonic day 19 (el9) fetal rat lung lipofibroblasts
(LIFs). The FBS restriction increased GR levels (A) but decreased HSD| levels (B) dose dependently. The BSA supplementation blocked the
effect of FBS restriction on GR levels (C) but not on HSD| levels (D). * = P < .05 versus 10% FBS and # = P < .05 versus 0% FBS; N = 4.

brevity only male data are shown). Blockage of these changes by
MTP was also corroborated by ITHC.

Metyrapone Blocks the MFR-Induced Functional
Decrease in Lung Mesenchymal Differentiation

In both genders, adverse effects of MFR were reflected by a sig-
nificant decrease in the rate of triolein uptake, a marker of LIF
function, by cultured lung explants of p21 lungs; MTP treatment
not only blocked the MFR-induced decrease in triolein uptake
but also in fact increased it (Figure 5; males AA = 11 951 +
305, FA = 7810 + 1708, and FA + M = 16 438 + 1673;
females AA = 4450 + 784, FA = 1801 + 803, and FA +
M = 9569 + 91; all values are expressed as cpm/mg protein).

Effect of Protein Supplementation on Nutrient Restriction
in Fetal Lung Fibroblast Differentiation

Lung fibroblast differentiation is the key to determining the
alveolar phenotype. In order to mimic the effect of MFR on
lung fibroblasts, mixed el9 male and female fetal rat lung
fibroblasts were grown in the presence or absence of FBS sup-
plementation. Analogous to the MFR in vivo data for p21
lungs, the absence of FBS resulted in increased protein levels
of fibronectin, calponin, B-catenin, and LEF-1 (Figure 6A)
indicating Wnt activation and differentiation of these fibro-
blasts to a myogenic phenotype. Bovine serum albumin supple-
mentation blocked all these effects of FBS-restriction on the
fibroblast phenotype (Figure 6B-E). Fluorescence staining of
cultured e19 fibroblasts showed that FBS restriction decreased
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Figure 8. The effect of corticosterone (CORT) and metyrapone (MTP) treatment of el 9 fetal rat lung lipofibroblasts (LIFs). In e19 LIFs, CORT
treatment increased the expression of fibronectin (A), calponin (B), lymphoid enhancer-binding factor | (LEF-1; C), and hydroxysteroid dehy-
drogenase type | (HSDI; E) but had no effect on GR levels (D). Metyrapone blocked these effects of corticosterone. * = P < .05 versus control
and # = P < .05 versus CORT; N = 4. el9 indicates embryonic day 9.

lipid (BODIPY) staining but increased the expression of the
Wnt signaling intermediates LEF-1 and B-catenin, indicating
lipo-to-myofibroblast trandifferentiation (Figure 6F). Translo-
cation of PB-catenin from the cytoplasm to the nucleus upon
FBS restriction further supports Wnt activation. Importantly,
all these FBS-restriction-induced changes were blocked by
BSA supplementation. In line with our in vivo data, FBS
restriction for cultured el9 fibroblasts resulted in increased
GR protein levels (Figure 7A), which was accompanied by
decreased 11B-HSD1 levels (Figure 7B). Bovine serum albu-
min supplementation reversed the effect of FBS restriction on
GR levels but had no effect on 113-HSD1 levels (Figure 7C
and D).

Effect of Glucocorticoids on el9 Fibroblasts and its
Inhibition by MTP

To study the effect of glucocorticoids directly on fetal lung
fibroblasts, mixed €19 male and female fetal rat lung fibro-
blasts were grown in the presence of CORT. Analogous to the
in vivo MFR and in vitro FBS restriction studies, CORT treat-
ment resulted in increased protein levels of fibronectin, calpo-
nin, and LEF-1, with these changes being blocked by MTP
(Figure 8A-C). In contrast to the nutrient restriction studies,
CORT had no effect on the level of GR but increased the level
of HSD1, an effect that was blocked by MTP (Figure 8D and
E). Further studies demonstrated that CORT resulted in an
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Figure 9. The effect of corticosterone (CORT) and metyrapone (MTP) treatment on NADPH/NADPt levels in el 9 fetal rat lung lipofibroblasts
(LIFs). In el9 LIFs, CORT treatment increased the levels of (A) NADPH and (B) NADPH/NADPt. Metyrapone blocked this effect of corticos-
terone. * = P < .05 versus control and # = P < .05 versus CORT; N = 4. el9 indicates embryonic day 19; NADPt, total NADP; NADPH, nico-

tinamide adenine dinucleotide phosphate.

increased NADPH level and an increased NADPH-total NADP
ratio, but MTP reversed these changes induced by CORT (Fig-
ure 9A and B).

Discussion

Chronic lung disease of prematurity is a complex, multifactor-
ial condition whose definition and pathological features have
evolved since its initial description in the 1960s**-* as a result
of the advancements in neonatal management. Although the
precise mechanisms are still being elucidated, the primary risk
factors include prematurity and exposure to insults such as
hyperoxia, volutrauma, infection, and I[UGR.

Intrauterine growth restriction can result from any con-
dition where the nutritional needs of the growing fetus
are not being met by the supply from the mother (eg,
nutrient restriction, uteroplacental insufficiency from any
cause). Our study used a well-established model of
MFR-induced IUGR in rats.'®?° To elucidate the role
of increased corticosterone levels in association with
IUGR in the developing offspring lung, we examined
how MTP, a glucocorticoid synthesis inhibitor, affects the
lung phenotype in IUGR offspring. We chose to study
offspring lungs at p21, the stage by which alveolarization
has by and large been completed.

We hypothesized that prolonged elevated circulating gluco-
corticoids would be the principal factor causing abnormal lung
development in the IUGR offspring. To test this hypothesis,
one can either inhibit glucocorticoid synthesis, or its local
bioactivation, or its binding site, or its downstream targets.
Metyrapone inhibits the final enzyme in the pathway for corti-
costerone synthesis>® and thus was a logical option to blunt the
effects of elevated glucocorticoid levels seen in MFR-induced
TUGR pups.

Consistent with our prior data,'® MFR caused TUGR
(Figure 1) and inhibited lung development, with a decreased
number of alveoli at p21 in both males and females (Figure
2). As hypothesized, MTP therapy blunted the MFR-induced
IUGR effect based on the birth weights (Figure 1) and
restored the normal lung cytoarchitecture in both males and
females (Figure 2). In addition to the direct receptor-
mediated cellular effects of elevated glucocorticoids on the
developing lung, these effects, at least in part, can also be
explained by protein restriction since exposure to prolonged
elevated glucocorticoids is known to increase protein cata-
bolism and decrease protein synthesis.”® This is supported
by our data, since both MTP and protein supplementation
blocked nutrient restriction-induced changes in the lung and
fibroblast phenotypes, respectively. We also analyzed the
expression of proteins that reflect adipogenic (homeostatic)
versus myogenic (dyshomeostatic) lung development.>’°
Consistent with our previous studies, MFR decreased the
amount of the adipogenic protein PPARY'S; however, MTP
therapy blocked this effect (Figure 3A). In contrast, MFR
increased the amount of various myogenic proteins—fibro-
nectin (Figure 3B), a-SMA (Figures 3C and 4A), and calpo-
nin (Figures 3D and 4B). Metyrapone therapy also blocked
these MFR-induced changes. Because the myogenic pheno-
type is determined by stimulation of the Wnt signaling path-
way, we also examined the expression of key Wnt signaling
pathway intermediates in the MFR offspring, and how MTP
supplementation affects this expression. Maternal food
restriction increased both B-catenin and LEF-1,%® 2 impor-
tant intermediates in the Wnt signaling pathway, both of
which were normalized by MTP administration (Figures
3F and 4C and D).

We also found that both MFR-offspring lungs (Figure
3E) and nutrient-restricted cultured LIFs (Figure 7A)
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Figure 10. In vivo (A) and in vitro models to show the effect of nutri-
ent restriction on fibroblast differentiation and how metyrapone
(MTP) might affect this process. Adepithelial alveolar fibroblasts can
either differentiate into the lipofibroblasts (LIF) by the adipogenic
pathway or myofibroblast by the myogenic pathway, under both in
vivo and in vitro conditions. Triglyceride (TG) uptake by LIFs and
transfer to alveolar type Il cells are the hallmarks of alveolar lipofibro-
blasts, an essential step for surfactant synthesis and alveolar homeos-
tasis. Chronically elevated CORT levels (as seen in intrauterine
growth restriction [IUGR] fetuses) shift the balance toward the myo-
fibroblast phenotype. Protein supplementation and MTP normalize the
CORT levels and allow the differentiation of fibroblasts to a lipofibro-
blastic phenotype, normalizing the MFR-induced lung phenotype.
CORT indicates corticosterone.

demonstrated elevated GR protein levels. Metyrapone
administration to the pups (Figure 3E) or protein (BSA)
supplementation of the fetal lung fibroblast (Figure 7C)
blocked these changes. This is in line with our previous
studies where we demonstrated increased circulating corti-
costerone levels in MFR dams, in association with increased
GR, HSDI1, and HSD2 levels in the lungs of the adult

offspring of MFR pregnancies.’! In contrast to these in vivo
data, in response to nutrient restriction to cultured fibro-
blasts, we observed decreased HSDI1 levels despite
increased GR levels. This is likely due to differences in
these 2 models despite nutritional restriction being a com-
mon denominator. For example, the in vivo response is
likely to be driven by increased circulating corticosterone
levels, as well as by paracrine influences. In line with the
findings of other systems, both chronically elevated gluco-
corticoids®*>* and elevated GR*>° are likely to stimulate
the Wnt signaling pathway, as also evidenced by increased
expression of LEF-1 (Figure 6E and F) and p-catenin
(Figure 6D and F), and its translocation to the nucleus
(Figure 6F), increasing the expression of myogenic proteins
such as fibronectin (Figure 6A and B) and calponin (Figure
6A and C). Nutrient-restriction stress also led to lipid deple-
tion from LIFs (BODIPY staining, Figure 6F), associated
with activated Wnt signaling, which is known to result in
increased myogenic differentiation®’** under both in vivo
and in vitro conditions.

Since MTP corrected both nutrition restriction and
corticosterone-induced changes in fibroblast differentiation, it
is logical that in addition to inhibition of systemic corticoster-
one synthesis, MTP’s effects might be mediated via its local
cellular action. Prior studies have shown that MTP inhibits the
local synthesis of glucocorticoids by depleting NADPH in the
endoplasmic reticulum, affecting adipocyte differentiation.>
Likewise, we observed that CORT-treated fetal rat lung fibro-
blasts demonstrated elevated NADPH levels, while MTP
blocked this CORT-induced effect (Figure 9A and B). There-
fore, it is logical that MTP inhibits corticosterone-induced acti-
vation of Wnt signaling and fibroblast differentiation to a
myogenic phenotype (Figure 8A-C). However, since both
maternal nutrient restriction and MTP administration during
pregnancy can affect fetal androgens and estrogen levels,***!
the precise mediators of increased Wnt signaling in alveolar
interstitial fibroblasts observed by us can only be speculated.
Additionally, although maternal Adrenocorticotropic hormone
at physiological concentrations does not cross the placenta,** at
pathologically higher levels, it has been shown to cross pla-
centa and affect fetal hypothalamic pituitary adrenal axis and
fetal androgens and estrogen levels.*® Unfortunately we didn’t
measure these hormones; and therefore, the contributions of
alterations in these hormones in our model can’t be ascertained.
Another important limitation of our study is the noninclusion of
an ad libitum fed and MTP-treated group, which would have
provided information on MTP’s effect on the developing lung
in the absence of hyperglucocorticoidism. It is important to
point out that we initially did conduct a pilot study with MTP
supplementation without MFR, but didn’t see any significant
differences in lung protein levels of a limited number of mar-
kers examined (fibronectin and «-SMA) in comparison to the
control (fed ad libitum, untreated) group; therefore, we didn’t
formally include this group in our study. Of note, parenteral
administration MTP at 45 mg/kg/dose twice daily during the
last 3 days of rat gestation has been shown delay fetal lung
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maturation and decrease postnatal survival.® Finally, as with
any model, the in vitro model cannot and does not account for
all the variables (complex interactions between different organ
systems) that exist in the in vivo model. Our in vitro models of
pulmonary LIFs were utilized to individually assess the effects
of nutrient (FBS) restriction and the resultant stress response
(ie, elevated corticosteroid levels). We used BSA to counteract
the effects of FBS restriction in these lung fibroblasts because
our prior data had shown the effective blockage of FBS
restriction-induced increased extracellular matrix elastin levels
with BSA supplementation. '

Regarding the effect of MTP on increased triolein uptake
(Figure 5), hypocorticoidism may have caused a net increase
in 11B-HSDI1 activity since it has been shown that corticoster-
oids inhibit 11B-HSD2 activity** causing net increase in reduc-
tase within the Iung, increasing local production of
corticosterone and increased triolein uptake. Alternatively, it
has been shown that during the pseudoglandular period of lung
development, cortisol stimulates lung fibroblast growth, poten-
tially increasing net 11B-HSD1 activity due to the presence of
more lung fibroblasts.*” It is also important to point out that
though both exogenous*® and endogenous®’ glucocorticoids are
known to affect the gender difference in lung development,
this effect is only known to occur antenatally.*® Therefore,
although our study was not designed to compare gender differ-
ences, it is not surprising that at p21 we didn’t observe any
gender differences in lung phenotype either as a result of MFR
or in response to MTP.

In summary, both in vivo and in vitro studies show that
nutrient restriction to the developing lung leads to elevated
GR levels, upregulating the Wnt signaling pathway, resulting
in the increased expression of myogenic proteins, and
decreased expression of the adipogenic nuclear transcription
factor PPARY, consistent with LIF-to-myofibroblast transdif-
ferentiation, an effect blocked by MTP (Figure 10A and B).
Our data suggest that the development of chronic lung disease
in the IUGR offspring of MFR pregnancies is likely to result
from at least 2 mechanisms—first, protein/nutrient restriction
stress not only limits the supply of essential materials for lung
development but also activates Wnt signaling and second,
increased circulating glucocorticoid levels impair the process
of lung development, also by activating Wnt signaling. The
ability of MTP to block the myogenic pulmonary phenotype
secondary to nutrient restriction highlights the importance of
chronically elevated systemic corticosteroid and local NADPH
levels in the development of chronic lung disease in the [IUGR
offspring and offers novel treatment targets.
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