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ABSTRACT: The degree of associated pulmonary hypoplasia and
persistent pulmonary hypertension are major determination factors
for survival in congenital diaphragmatic hernia (CDH) patients.
Glucocorticoids, thyroid hormone, and vitamin A have been shown
to be involved in human lung development. To determine their
therapeutic potential in hypoplastic lungs of CDH patients, the
temporal and spatial expression of glucocorticoid receptor, thyroid
hormone receptors, retinoic acid receptors, and retinoid X receptors
were evaluated in lungs of CDH patients, hypoplastic lungs from
other causes, and normal lungs. As a series of supportive experi-
ments, the expressions of these receptors were analyzed in lungs of
nitrofen-induced CDH rats. Immunohistochemistry (human and rat)
and in situ hybridization (rat) demonstrated no overt difference
between CDH, hypoplastic, and control lungs, either in the localiza-
tion nor the timing of the first expression of all analyzed receptors.
The mRNA expression of each receptor was detected in all human
CDH lungs by quantitative PCR. Our results suggest that, as far as
receptors are concerned, hypoplastic lungs of fetuses and newborns
with CDH are potentially as responsive to glucocorticoids, thyroid
hormone, and retinoic acid as the lungs of normal children. (Pediatr
Res 60: 693–698, 2006)

CDH occurs approximately 1 in 2500 live births. This
malformation, first described in 1848 by Vincent Boch-

dalek, is characterized by a diaphragmatic defect, herniation
of abdominal viscera into the thoracic cavity, a variable extent
of PH, and PPH. Despite the recent progress in new therapeu-
tic strategies such as inhaled nitric oxide, exogenous surfac-
tant therapy, or extracorporeal membrane oxygenation in se-
lected infants, newborns with CDH continue to experience a
high mortality (1,2). The major factors limiting survival of
CDH patients are respiratory insufficiency secondary to PH
and PPH. The lungs of newborns with CDH are characterized
by a variable amount of immature alveoli with thickened walls

and increased interstitial tissue, whereas surfactant deficiency
may occur mainly due to surfactant inactivation instead of a
primary surfactant deficiency (3).
With the increased use of prenatal ultrasound, more CDH

cases are being diagnosed prenatally. Failure of postnatal
therapies to significantly improve the prognosis of these in-
fants has led to new strategies to rescue or stimulate fetal lung
growth before delivery. For over two decades, pioneer efforts
have been made to repair the diaphragmatic defect prenatally
in fetuses with CDH but the outcome has been hampered by
technical difficulties and a high rate of preterm delivery (4).
The observation that infants with laryngeal atresia develop
hyperplastic lungs led to the concept of “PLUG” (plug the
lung until it grows) and fetal endoscopic temporary tracheal
occlusion (FETENDO) (5,6). A randomized clinical trial
sponsored by the National Institutes of Health demonstrated
no survival benefit compared with elective delivery in the
specialist centers with optimal postnatal care (4). However,
the trial continues in Europe with fetoscopic tracheal occlu-
sion (FETO), hoping that further technical refinement may
improve survival in high-risk patients (7,8).
Inasmuch as the benefit of fetal surgical interventions re-

mains unclear, pharmacological approaches to stimulate pre-
natal lung growth and maturation have been considered as
another strategy to improve lung development in case of CDH.
GC are used worldwide to accelerate pulmonary development
in threatened premature labor to decrease the incidence of
respiratory distress syndrome (9,10). Within this context, the
potential beneficial effects of prenatal GC treatment on lung
maturation have been studied in the nitrofen (2, 4-dichloro-
phenyl-p-nitrophenyl ether)–induced CDH rat model and the
surgical sheep model for CDH. The nitrofen model, based on
the teratogenic effects of the herbicide, lead to a condition in
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rodents very similar to that observed in human CDH, includ-
ing the features of PH and PPH (11). A disturbance in
maternal thyroid function as well as in fetal thyroid function
has been suggested to be involved in the teratogenic effect of
nitrofen. Firstly, there is a stereo-chemical similarity between
nitrofen and thyroid hormone. Secondly, nitrofen-treated dams
have less malformed fetuses if T4 is given during pregnancy; and,
thirdly, nitrofen-treated pregnant rats have lowered T4 and TSH
levels (12). In addition, our group has demonstrated that nitrofen
decreases the binding of T3 to the thyroid hormone receptor �1
and �1 in a noncompetitive way (13).
Recently, more attention has been drawn to vitamin A and

its active metabolite, RA. The classical data published by
Anderson (14) showed that 25% of rats born from dams with
a vitamin A–deficient diet have a defect in the diaphragm. The
incidence of a diaphragmatic defect reduced from 31% to 24%
when a single dose of vitamin A administrated to vitamin A–
deficient female rats on d 15 of pregnancy (15). Thebaud et al.
(16,17) have shown that antenatal treatment with vitamin A in
the nitrofen-induced CDH model reduces the incidence of
CDH at term as well as improving lung growth and matura-
tion. In humans, lower plasma vitamin A levels were found in
prematurely born infants, especially in patients with respira-
tory distress and in a selective number of term newborns with
pulmonary hypoplasia associated with congenital diaphrag-
matic hernia (18,19). Although exciting, the confirmation of
these findings awaits international collaboration, which is
ongoing at present.
The actions of glucocorticoids, thyroid hormone, and reti-

noic acid are mediated through their specific nuclear receptors
and the level of nuclear receptor expression determines cellu-
lar sensitivity to certain hormones (20). Since the optimal way
of prenatal modulation of CDH is still a matter of ongoing
debate, detailed information on the tissue distribution of these
receptors in case of abnormal pulmonary development is
warranted. Therefore, we examined the expression of GR-�,
TR, RAR, and RXR in human lungs with CDH, pulmonary
hypoplasia due to other causes and compared these data with
an ontogenic study of the same receptors during normal
human lung development published by our group (21). As a
series of supportive experiments, we examined the expression
of these receptors in the lungs of nitrofen-induced CDH rats.

MATERIALS AND METHODS

Human. Following approval of the experimental design and protocols by
the University Ethical Committee, lung tissues were retrieved from the
archives of the Department of Pathology, Erasmus MC, Rotterdam. There
were 18 CDH lung samples collected from either termination of pregnancy or
patients who died within 48 h after birth (gestational age, 18–41 wk; mean,
34.2 wk). Demographic information of CDH cases is shown in Table 1.
Immunohistochemical studies were performed in all CDH samples, whereas
PCR was performed in five samples (cases 1–5) of which frozen tissue was
available. Twenty paraffin-embedded lung samples from fetuses or newborns
with pulmonary hypoplasia due to other causes, including Pena-Shokeir
syndrome, hydrothorax, renal dysgenesis, and oligohydramnios (gestational
age, 18–40 wk; mean, 30.5 wk) were included for immunohistochemical
studies. None of the patients included in this study was subjected to prenatal
steroid or extracorporeal membrane oxygenation therapy. Lung tissue from 15
age-matched fetuses and newborns (from termination of pregnancy or autop-
sies) without pulmonary abnormalities served as control (gestational age,

18–41 wk; mean, 30.4 wk). All samples were harvested within 24 h after
death.

Nitrofen-induced rats. Adult Wistar rats were obtained from the HSD
animal farm in Zeist, the Netherlands. Animal experiments were performed in
accordance with the guidelines of the animal research committee. The positive
sperm plug day was designated as d 1 of gestation. To induce CDH and
pulmonary hypoplasia, 100 mg of nitrofen dissolved in 1 mL olive oil was
given to the dams by gavages on d 10 (11). Fetuses were delivered by
cesarean section at 15, 18, and 20 d of gestation, which corresponds to the
pseudoglandular, the canalicular, and the saccular stage of rat pulmonary
development respectively (term � 23 d). All tissues were fixed in 4% buffered
formaldehyde and embedded in Paraplast Plus (Monoject, Kildare, Ireland).
Seven-micrometer sections were cut and mounted onto RNase free 3-amin-
opropyltriethoxysilane coated slides (Sigma Chemical Co., St. Louis, MO).
There were three to five random fetuses in each experimental group. From the
group treated with nitrofen, only fetuses with a diaphragmatic hernia were
included in this study.

Immunohistochemistry. Immunohistochemistry was performed on human
and rat tissues for GR�, TR�, TR�, RAR (�,�,�), and RXR (�,�,�) using a
ChemMate DAKO EnVision Detection Kit, Peroxidase/DAB, Rabbit/Mouse
(DakoCytomation B.V., Heverlee, Belgium). Primary antibodies and immu-
nohistochemical processes were described in detail in our previous study (21).
Negative controls were performed by omission of the primary antibodies. No
quantification of the staining intensity was attempted because the immuno-
histochemical study was basically to demonstrate the cellular distribution of
the receptors.

In Situ hybridization. Rat tissues were analyzed for GR, TR�, TR�,
RXR�, and RXR�. GR cDNA (2.4 kb) was isolated from rat liver and
recloned in pBluescript SK� in the BamHI restriction site of the multiple
cloning site (kind gift from Dr. Paul Godowski) (22). Probes for the TR� and
TR� mRNA in EcoRI-HindIII cDNA fragments were obtained from H.C.
Towle (23). RXR� and RXR� mRNA were detected using an EcoRI-EcoRI
cDNA fragment (1850 bp) and EcoRI-HindIII cDNA fragment (1360 bp),
respectively. The hybridization conditions were as described elsewhere (24).
The sections of rat fetuses were digested with 0.1% (wt/vol) pepsin (Sigma
Chemical Co.) in 0.01 M HCl for 7 min (d 15 of gestation), 10 min (d 18 of
gestation), and 15 min (d 20 of gestation) at 37°C. The hybridization with
[�-35S] dUTP labeled anti-sense probes was 16–18 h at 54°C. The probe
concentration was approximately 50 pg/�L and the specific activity of the
anti-sense RNA probe was approximately 500 dpm/pg. After hybridization,
the sections were washed and treated with RNase A. After exposure to
photographic emulsion (Ilford Nuclear Research Emulsion G-5, Ilford,

Table 1. Clinical information of congenital diaphragmatic hernia
patients

Case
Gestational
age (wk)

Birth
weight (g)

Lung/body
weight ratio*

Time of death
after birth

1† 23 558 0.012 Termination of
pregnancy

2† 23.5 350 0.013 Termination of
pregnancy

3† 34.5 2800 0.008 �24 h
4† 38 2450 0.011 Minutes
5† 41 3510 0.006 48 h
6 18 161 0.012 Termination of

pregnancy
7 21 416 0.007 Termination of

pregnancy
8 28 830 0.003 2 h
9 34 1250 0.005 Minutes
10 36 2515 0.003 1 h
11 38 2870 0.005 30 min
12 38 2900 NA 24 h
13 39 2890 0.003 15 min
14 40 3225 �0.01 6 h
15 40 1220 NA 24 h
16 40 2050 0.005 Minutes
17 41 2765 0.005 1.5 h
18 42 3355 0.002 30 min

* Normal lung/body weight ratio: before 25 wk of gestation � 0.015; from
25 wk of gestation � 0.012.
† Frozen lung tissues available for quantitative PCR.
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Cheshire, UK), the sections were counterstained with nuclear fast red, dehy-
drated in a graded series of ethanol and xylol, and mounted in Malinol
(Chroma-Gesellschaft, Schmidt Gmbh�Co, Köngen, Germany).

Real-time quantitative PCR. Five CDH lungs and 15 control human lungs
were analyzed for mRNA expression of GR�, TR�1, TR�, RAR (�,�,�), and
RXR (�,�,�). Total RNA was extracted from frozen human lung tissues using
TRIzol reagent (Invitrogen, Breda, the Netherlands), according to the manu-
facturer’s instruction. Total RNA was quantified by measuring the absorbance
at 260 nm and the purity was checked with 260/280 nm absorbance ratio. Reverse
transcription and PCR conditions were carried out exactly as described before
(21). PCR was run in triplicate for each sample. Negative control samples and
reactions mixed without cDNA templates were run in parallel.

PCR results are shown as the relative expression level (2–��Ct) of normal-
ized samples (�Ct) in relation to the expression of the “calibrator” sample.
The Ct value refers to the cycle number at which the PCR plot crosses the
threshold line. �Ct is calculated by subtracting Ct value of the corresponding
GAPDH control (endogenous reference control) from the specific Ct value of
the target, and ��Ct is obtained by subtracting the �Ct of each experimental
sample from the �Ct of the “calibrator” sample. In this study, the control lung
of 18 wk of gestation were used as a calibrator, which was arbitrarily set at
100% (arbitrary value � 1).

RESULTS

Human. Five CDH lungs and 15 age-matched controls
were analyzed with quantitative PCR. The mRNA expression
for GR�, TR�1, TR�, RAR (�,�,�), and RXR (�,�,�) was
detected in all samples and the relative mRNA expression
level of each gene is illustrated in Figure 1. No statistic
analysis was done due to limited number of CDH samples.
The lungs of 18 CDH cases and 20 patients with pulmonary
hypoplasia secondary to causes other than CDH were included
for immunohistochemical studies. The expression of GR�,
TR�, TR�, RAR (�,�,�), and RXR (�,�,�) was detected in a
similar fashion in all control, CDH, and pulmonary hypoplasia
samples. GR� reactivity was detected mainly in epithelial
cells (results not shown). TR� was expressed in both mesen-
chymal and epithelial cells (Fig. 2, A–C), whereas TR� reac-

Figure 1. Relative mRNA expression of GR�, TR�1, TR�, RAR (�,�,�), and RXR (�,�,�) in human CDH and control lungs. All analyzed receptors were
expressed in five lungs from CDH cases (�) and 15 control lungs (Œ). The expression levels are shown as relative value in an arbitrary unit compare with control
lung of 18 wk of gestation (as outlined in “Materials and Methods”).

695HORMONE RECEPTORS IN CDH LUNGS



tivity was detected in the epithelial cells as well as in the
endothelial cells of arteries (results not shown). RAR (�,�,�)
and RXR (�,�,�) were expressed in virtually all epithelial and
mesenchymal cells (Fig. 2, F–H, for RXR�, for others results
not shown). The spatio-temporal expression patterns of all
receptors were similar in the CDH lungs, pulmonary hypo-
plasia due to other causes, and normal lungs.
Nitrofen-induced rat. In a series of supportive experiments,

the immunohistochemical studies demonstrated the expression
of GR�, TR�, TR�, RAR (�,�,�), and RXR (�,�,�) at the
protein level in both control and nitrofen-induced CDH rat
lungs. The staining pattern of each receptor was comparable to
that observed in human lungs as shown in Figure 2 for TR�
(Fig. 2, D and E) and RXR� (Fig. 2, I and J), for others the
results are data not shown. The results of the RNA in situ
hybridization studies at d 15 and d 18 of gestation are shown
in Figures 3 and 4, respectively. GR mRNA was observed in

the endodermal part of the developing lung (d 15 of gestation)
(Fig. 3, A and B). On d 18 of gestation, GR expression was
ubiquitous in both epithelium and mesenchyme, albeit more
pronounced in the epithelium (Fig. 4, A and B). The mRNA
expression of RXR� and RXR� was detected in both mesen-
chyme and epithelium from d 15 of gestation onward (Fig. 3,
C–F, and Fig. 4, C–F), which corroborates the immunohisto-
chemical findings. In contrast to the broad expression of TR�
in both epithelial and mesenchymal cells as shown by the
immunohistochemical studies (Fig. 2, A–E), the expression of
TR� mRNA in in situ hybridization studies was confined to
the pulmonary mesenchyme (Fig. 3, G and H, and Fig. 4, G
and H). The expression of TR� mRNA was detected predom-
inantly in the pulmonary epithelium of the distal conducting
airways (Fig. 3, I and J and Fig. 4, I and J). Expression of TR�
mRNA was observed at all time points in pulmonary arteries,
while expression of TR� mRNA was continuously observed
in pulmonary veins. An accurate description of the expression
patterns became more difficult near term (d 20 of gestation)
because the walls of the airways become very thin due to

Figure 2. TR� and RXR� expression pattern in human and rat lungs. TR�
(A–E) and RXR� (F–J) are seen in both epithelial and mesenchymal cells.
There is no difference in the localization of TR� or RXR� in the lungs of
human control; 23 wk (A, F), CDH: 34 wk (B, G), or pulmonary hypoplasia
due to other causes: 27 wk (C, H). Comparable patterns are observed in
control (D, I) and nitrofen-induced CDH (E, J) rat lungs (d 18 of gestation).
All pictures were taken at the same magnification; scale bar � 100 �m.

Figure 3. In situ hybridization studies of hormone receptors expression in
normal (A, C, E, G) and nitrofen-induced CDH rat lungs (B, D, F, H) at d 15
of gestation. GR mRNA is observed in the endoderm lining the branching
airways (A, B). RXR� mRNA (C, D) and RXR� mRNA (E, F) are observed in
both germ layers. TR� mRNA (G, H) is exclusively expressed in the mesen-
chyme in contrast to TR� mRNA (I, J), which is expressed in the epithelium. All
pictures were taken at the same magnification; scale bar � 500 �m.
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expansion of the gas-exchange surface (results not shown). In
nitrofen-induced rat lungs, the spatial and temporal expression
pattern was similar to that observed in control lungs for all
investigated receptors (Figs. 3 and 4).

DISCUSSION

In this present study, no obvious differences in the spatial
and temporal expression pattern of GR�, TR, RAR (�,�,�),
and RXR (�,�,�) were observed between human CDH lungs,
pulmonary hypoplasia from other causes and control lungs.
These results are supported by a series of experiments under-
taken in the nitrofen rat model for CDH. This study was
inspired by the promising results obtained by the administra-
tion of glucocorticoids, thyroid hormone or vitamin A to
nitrofen-treated rats (13,16,17,25–27). In our previous study,
we have shown the expression of the nuclear hormone recep-
tors in human lung from 13.5 wk until term with no change in
localization throughout development (21). However, there is

still limited information about the presence of these receptors
in both human and rat CDH lungs.
Antenatal corticosteroids are recommended by National

Institutes of Health consensus to all fetuses between 24 and
34 wk of gestation at risk of preterm delivery (10,18). This
will lead to an induction of surfactant production, an acceler-
ation of lung maturation and an increase in lung compliance.
In the present study, we demonstrate that the GR� is indeed
expressed in a similar fashion in both normal lung tissues as
well as in hypoplastic lungs of CDH cases or pulmonary
hypoplasia due to other causes. The same holds true for
control rat lungs and nitrofen-induced CDH lungs. At mRNA
level, using quantitative PCR, we found no significant differ-
ence in GR� expression between CDH and control lungs.
These findings are suggestive for a potential similar respon-
siveness to GC in lungs of CDH fetuses. There was one report
of three CDH patients that suggested the benefit of prenatal
GC for fetuses with CDH (28). But recently, the randomized
trial and cohort study by the CDH study group demonstrated
no significant benefit of late prenatal GC (after 34 wk of
gestation) to fetuses with CDH, although more cases have to
be included (29). With the paucity of human data, the side
effects of GC and the lack of information on dosage and
timing, antenatal GC are not recommended beyond 34 wk of
pregnancy (30,31).
The role of thyroid hormone in lung development is exerted

predominantly during the later phases of lung development, in
which the regulation of surfactant production takes place. In
rats, administration of T3 accelerates the process of septation,
resulting in a greater alveolar surface area (32). Our study
demonstrates that the localization of TR is not changed in
hypoplastic lungs of fetuses with nitrofen-induced CDH.
These results are compatible with the results from previous
study by Tovar et al. (33), which demonstrated that nitrofen
leads to decreased levels of T3 and T4 in the plasma but not at the
tissue level. This is an indication that induction of pulmonary
hypoplasia in nitrofen-induced CDH is not the result of an
alteration in the localization of TR. In contrast to this, we
observed lower mRNA expression of TR�1 in human CDH
lungs than in control lungs, which was in agreement with a
previous study in nitrofen-induced CDH rats (34). Although the
latter data are suggestive for a diminished TR�1 expression, we
are aware that far-reaching conclusions cannot be drawn due to
the limitations of our study, in particular the limited number of
CDH lung samples available for PCR analysis.
Vitamin A is important for lung development. All-trans-RA

acts via RAR, whereas 9-cis-RA exerts its effects via both
RAR and RXR. RXR can act as homodimers or heterodimers
with a variety of nuclear receptors, including RAR and TR
(35,36). In animal studies, the lack or the excess of vitamin A
during embryonic development results in congenital malfor-
mations such as infertility, anophthalmia, and lung hypoplasia
(18,37,38). Transgenic RAR�/RXR� and RAR�/� double
knockout mice were shown to have lung hypoplasia or agen-
esis (37–39). Our collaborative studies in the nitrofen rat
model for CDH demonstrated that prenatal administration of
vitamin A reduces the incidence of CDH and increases the
levels of surfactant protein A and C in the offspring (16,17). In

Figure 4. In situ hybridization studies of hormone receptor expression in
normal (A, C, E, G) and nitrofen-induced CDH rat lungs (B, D, F, H) at d 18
of gestation. At this stage, GR mRNA is faintly expressed in the entire lung
(A, B). RXR� mRNA (C, D) and RXR� mRNA (E, F) are expressed in
both mesenchyme and epithelium. TR� mRNA (G, H) is expressed in the
mesenchyme, whereas TR beta mRNA (I, J) is exclusively expressed in
the epithelium. All pictures were taken at the same magnification; scale
bar � 500 �m.
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human pneumocytes cultured experiments, vitamin A admin-
istered after nitrofen exposure significantly increased the ex-
pression of surfactant protein B (40). In our present study, we
showed that the expression pattern for all RAR and RXR is
not changed in hypoplastic lungs of nitrofen-induced CDH
rats. Similar findings are shown in human tissues for all RAR
and RXR by immunohistochemical studies. Owing to the
limited number of CDH samples, no statistical analysis was
done. Although we observed a low RXR� mRNA expression
in human CDH lungs, there is possibly a redundancy for most
functions of RXR� by the other receptors of the family. The
studies in RAR/RXR mutant mice revealed that there is a high
degree of functional redundancy among these receptors (36).
Our findings suggest that there is a potential for biologic

effects of exogenous glucocorticoids, thyroid hormone, and
retinoic acid in CDH lungs. Experimental studies have illus-
trated the potential benefits of antenatal corticosteroids and
vitamin A to overcome pulmonary hypoplasia in animal mod-
els of CDH. Our results indicate that there might be a potential
for similar effects in cases of human CDH patients as well. For
instance, the current evaluation of vitamin A levels in new-
born babies with CDH compared with age-matched controls
(19) and the experimental data obtained by Greer et al. (41)
potentially guide the use of prenatal modulation of pulmonary
growth in human CDH in the near future. Very recently, a
prospective international observational study on vitamin A
levels in cord blood obtained institutional review board ap-
proval in Canada (Greer JJ, personal communication). Further
advancement in therapies for CDH patients may arise from
improved understanding of the mechanism of abnormal lung
development (42).

Acknowledgments. The authors thank Dr. Paul J. Godowski
and Dr. Howard C. Towle for a gift of materials for in situ
hybridization.

REFERENCES

1. Doyle NM, Lally KP 2004 The CDH study group and advances in the clinical care
of the patient with congenital diaphragmatic hernia. Semin Perinatol 28:174–184

2. Smith NP, Jesudason EC, Featherstone NC, Corbett HJ, Losty PD 2005 Recent
advances in congenital diaphragmatic hernia. Arch Dis Child 90:426–428

3. Janssen DJ, Tibboel D, Carnielli VP, van Emmen E, Luijendijk IH, Darcos Watti-
mena JL, Zimmermann LJ 2003 Surfactant phosphatidylcholine pool size in human
neonates with congenital diaphragmatic hernia requiring ECMO. J Pediatr 142:247–
252

4. Harrison MR, Keller RL, Hawgood SB, Kitterman JA, Sandberg PL, Farmer DL,
Lee H, Filly RA, Farrell JA, Albanese CT 2003 A randomized trial of fetal
endoscopic tracheal occlusion for severe fetal congenital diaphragmatic hernia.
N Engl J Med 349:1916–1924

5. Hedrick MH, Estes JM, Sullivan KM, Bealer JF, Kitterman JA, Flake AW, Scott
Adzick N, Harrison MR 1994 Plug the lung until it grows (PLUG): a new method
to treat congenital diaphragmatic hernia in utero. J Pediatr Surg 29:612–617

6. VanderWall KJ, Bruch SW, Meuli M, Kohl T, Szabo Z, Adzick NS, Harrison MR
1996 Fetal endoscopic (‘Fetendo’) tracheal clip. J Pediatr Surg 31:1101–1104

7. Deprest J, Gratacos E, Nicolaides KH 2004 Fetoscopic tracheal occlusion (FETO)
for severe congenital diaphragmatic hernia: evolution of a technique and preliminary
results. Ultrasound Obstet Gynecol 24:121–126

8. Deprest J, Jani J, Gratacos E, Vandecruys H, Naulaers G, Delgado J, Greenough A,
Nicolaides K 2005 Fetal intervention for congenital diaphragmatic hernia: the
European experience. Semin Perinatol 29:94–103

9. Lyons CA, Garite TJ 2002 Corticosteroids and fetal pulmonary maturity. Clin Obstet
Gynecol 45:35–41

10. Merrill JD, Ballard RA 1998 Antenatal hormone therapy for fetal lung maturation.
Clin Perinatol 25:983–997

11. Kluth D, Kangah R, Reich P, Tenbrinck R, Tibboel D, Lambrecht W 1990 Nitrofen-
induced diaphragmatic hernias in rats: an animal model. J Pediatr Surg 25:850–854

12. Manson JM 1986 Mechanism of nitrofen teratogenesis. Environ Health Perspect
70:137–147

13. Brandsma AE, Tibboel D, Vulto IM, de Vijlder JJ, Ten Have-Opbroek AA,
Wiersinga WM 1994 Inhibition of T3-receptor binding by nitrofen. Biochim Bio-
phys Acta 1201:266–270

14. Anderson DH 1949 Effect of diet during pregnancy upon the incidence of congenital
hereditary diaphragmatic hernia in the rat. Am J Pathol 25:163–185

15. Wilson JG, Roth CB, Warkany J 1953 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 92:189–217

16. Thebaud B, Tibboel D, Rambaud C, Mercier JC, Bourbon JR, Dinh-Xuan AT,
Archer SL 1999 Vitamin A decreases the incidence and severity of nitrofen-induced
congenital diaphragmatic hernia in rats. Am J Physiol 277:L423–L429

17. Thebaud B, Barlier-Mur AM, Chailley-Heu B, Henrion-Caude A, Tibboel D,
Dinh-Xuan AT, Bourbon JR 2001 Restoring effects of vitamin a on surfactant
synthesis in nitrofen-induced congenital diaphragmatic hernia in rats. Am J Respir
Crit Care Med 164:1083–1089

18. Lohnes D, Mark M, Mendelsohn C, Dolle P, Decimo D, LeMeur M, Dierich A,
Gorry P, Chambon P 1995 Developmental roles of the retinoic acid receptors.
J Steroid Biochem Mol Biol 53:475–486

19. Major D, Cadenas M, Fournier L, Leclerc S, Lefebvre M, Cloutier R 1998 Retinol
status of newborn infants with congenital diaphragmatic hernia. Pediatr Surg Int
13:547–549

20. Smirnov AN 2002 Nuclear receptors: nomenclature, ligands, mechanisms of their
effects on gene expression. Biochemistry (Mosc) 67:957–977

21. Rajatapiti P, Kester MH, de Krijger RR, Rottier R, Visser TJ, Tibboel D 2005
Expression of glucocorticoid, retinoid, and thyroid hormone receptors during human
lung development. J Clin Endocrinol Metab 90:4309–4314

22. Godowski PJ, Rusconi S, Miesfeld R, Yamamoto KR 1987 Glucocorticoid receptor
mutants that are constitutive activators of transcriptional enhancement. Nature
325:365–368

23. Bradley DJ, Towle HC, Young WS 3rd 1992 Spatial and temporal expression of
alpha- and beta-thyroid hormone receptor mRNAs, including the beta 2-subtype, in
the developing mammalian nervous system. J Neurosci 12:2288–2302.

24. Moorman AF, De Boer PA, Ruijter JM, Hagoort J, Franco D, Lamers WH 2000
Radio-isotopic in situ hybridization on tissue sections. Practical aspects and quan-
tification. Methods Mol Biol 137:97–115

25. Suen HC, Losty P, Donahoe PK, Schnitzer JJ 1994 Combined antenatal thyrotropin-
releasing hormone and low-dose glucocorticoid therapy improves the pulmonary bio-
chemical immaturity in congenital diaphragmatic hernia. J Pediatr Surg 29:359–363

26. Suen HC, Bloch KD, Donahoe PK 1994 Antenatal glucocorticoid corrects pulmo-
nary immaturity in experimentally induced congenital diaphragmatic hernia in rats.
Pediatr Res 35:523–529

27. Losty PD, Pacheco BA, Manganaro TF, Donahoe PK, Jones RC, Schnitzer JJ 1996
Prenatal hormonal therapy improves pulmonary morphology in rats with congenital
diaphragmatic hernia. J Surg Res 65:42–52

28. Ford WD, Kirby CP, Wilkinson CS, Furness ME, Slater AJ 2002 Antenatal
betamethasone and favourable outcomes in fetuses with ‘poor prognosis’ diaphrag-
matic hernia. Pediatr Surg Int 18:244–246

29. Lally KP, Bagolan P, Hosie S, Lally PA, Stewart M, Cotten CM, Van Meurs KP,
Alexander G 2006 Corticosteroids for fetuses with congenital diaphragmatic hernia:
can we show benefit? J Pediatr Surg 41:668–674

30. Newnham JP, Moss TJ, Nitsos I, Sloboda DM 2002 Antenatal corticosteroids: the
good, the bad and the unknown. Curr Opin Obstet Gynecol 14:607–612

31. Moya FR, Lally KP 2005 Evidence-based management of infants with congenital
diaphragmatic hernia. Semin Perinatol 29:112–117

32. Massaro D, Teich N, Massaro GD 1986 Postnatal development of pulmonary
alveoli: modulation in rats by thyroid hormones. Am J Physiol 250:R51–R55

33. Tovar JA, Qi B, Diez-Pardo JA, Alfonso LF, Arnaiz A, Alvarez FJ, Valls-i-Soler A,
Morreale de Escobar G 1997 Thyroid hormones in the pathogenesis of lung
hypoplasia and immaturity induced in fetal rats by prenatal exposure to nitrofen.
J Pediatr Surg 32:1295–1297

34. Teramoto H, Guarino N, Puri P 2001 Altered gene level expression of thyroid
hormone receptors alpha-1 and beta-1 in the lung of nitrofen-induced diaphragmatic
hernia. J Pediatr Surg 36:1675–1678

35. Rowe A 1997 Retinoid x receptors. Int J Biochem Cell Biol 29:275–278
36. Ross SA, McCaffery PJ, Drager UC, De Luca LM 2000 Retinoids in embryonal

development. Physiol Rev 80:1021–1054
37. Mendelsohn C, Lohnes D, Decimo D, Lufkin T, LeMeur M, Chambon P, Mark M

1994 Function of the retinoic acid receptors (RARs) during development (ii).
Multiple abnormalities at various stages of organogenesis in RAR double mutants.
Development 120:2749–2771

38. Maden M 2000 The role of retinoic acid in embryonic and post-embryonic devel-
opment. Proc Nutr Soc 59:65–73

39. Mollard R, Viville S, Ward SJ, Decimo D, Chambon P, Dolle P 2000 Tissue-specific
expression of retinoic acid receptor isoform transcripts in the mouse embryo. Mech
Dev 94:223–232

40. Gonzalez-Reyes S, Martinez L, Martinez-Calonge W, Fernandez-Dumont V, Tovar
JA 2006 Effects of nitrofen and vitamins A, C and E on maturation of cultured
human H441 pneumocytes. Biol Neonate 90:9–16

41. Greer JJ, Babiuk RP, Thebaud B 2003 Etiology of congenital diaphragmatic hernia:
the retinoid hypothesis. Pediatr Res 53:726–730

42. Rottier R, Tibboel D 2005 Fetal lung and diaphragm development in congenital
diaphragmatic hernia. Semin Perinatol 29:86–93

698 RAJATAPITI ET AL.


	Spatial and Temporal Expression of Glucocorticoid, Retinoid, and Thyroid Hormone Receptors Is Not Altered in Lungs of Congenital Diaphragmatic Hernia
	MATERIALS AND METHODS
	
	Human.
	Nitrofen-induced rats.
	Immunohistochemistry.
	In Situ hybridization.
	Real-time quantitative PCR.


	RESULTS
	
	Human.
	Nitrofen-induced rat.


	DISCUSSION
	Acknowledgements
	References


