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Abstract

Purpose The high mortality in congenital diaphragmatic

hernia (CDH) is mainly attributed to pulmonary hypopla-

sia. Recent studies suggest that retinoid signaling pathway

(RSP) is inhibited in the nitrofen-induced hypoplastic lung.

The insulin-like growth factor (IGF) system plays a crucial

role in fetal lung development by interaction of IGFBP-3

and IGFBP-5 with RSP. We hypothesized that pulmonary

IGFBP-3 and IGFBP-5 gene expression levels are down-

regulated in the nitrofen-induced pulmonary hypoplasia.

Methods Pregnant rats were exposed to either olive oil or

100 mg nitrofen on day 9.5 (D9.5) of gestation. Fetal lungs

were harvested on D18 and D21 and divided into control

and nitrofen groups. IGFBP-3 and IGFBP-5 pulmonary

gene and protein expression were determined using real-

time RT–PCR and immunohistochemistry.

Results Relative levels of IGFBP-3 mRNA were signifi-

cantly decreased in the nitrofen group (8.00 ± 14.44) in

D21 compared to controls (14.81 ± 16.11; p \ 0.05).

Expression levels of IGFBP-5 mRNA were also signifi-

cantly decreased in nitrofen group (10.66 ± 4.83) on D18

compared to controls (17.92 ± 4.77). Immunohistochem-

istry showed decreased IGFBP-3 expression on D21 and

decreased IGFBP-5 immunoreactivity on D18 in hypo-

plastic lungs compared to controls.

Conclusion Downregulation of IGFBP-3 and IGFBP-5

gene expression may cause pulmonary hypoplasia in the

nitrofen-induced CDH model by interfering with retinoid

signaling pathway.

Keywords IGFBP-3 � IGFBP-5 � Nitrofen �
Hypoplastic lung � Congenital diaphragmatic hernia

Introduction

Congenital diaphragmatic hernia (CDH) is a common

congenital malformation with an incidence of 1 in 2,500

newborns [1]. Despite recent advances in prenatal diag-

nosis, resuscitation and intensive care, mortality and mor-

bidity in CDH still remains high [2, 3]. This high mortality

is mainly due to severe pulmonary hypoplasia associated

with CDH [4].

Due to its phenotypic similarity to human CDH, the

nitrofen-induced CDH rodent model has been extensively

used to investigate the pathogenesis of CDH [5, 6].

Maternal exposure of nitrofen, both in rats and in mice 50

models, during a specific period in gestation results in

100% lung hypoplasia and a high rate (40–80%) of CDH in

the offspring [7, 8]. One hypothesis put forward to explain

the cause of lung hypoplasia associated with CDH is the

retinoic acid hypothesis. Retinoids are the family of mol-

ecules derived from vitamin A (VitA). There is compelling

evidence that retinoid acid (RA), a biologically active

derivative of VitA, functions as an important signal for

growth and differentiation during all stages of lung

development [9]. Once retinoic acid (RA) has been syn-

thesized in the cell, it enters the nucleus and establishes or

changes the pattern of gene activity by binding to ligand-

activated nuclear transcription factors. There are two

classes of these transcription factors: retinoic acid receptors

(RAR) and retinoid X receptors (RXR). The RAR–RXR

heterodimers are the functional units in transducing the

retinoid signaling at the gene level [10–12]. Abnormalities

in RSP and its downstream targets have been reported to
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lead to the development of CDH and associated pulmonary

hypoplasia [13]. However, the exact mechanism by which

nitrofen acts in the RSP remains unclear.

The insulin-like growth factor (IGF) system, consisting

of the insulin-like growth factor I and IGF-II and their

receptors (insulin-like growth factor receptor type 1

(IGF-1R), IGF-2R and insulin-receptor (IR)), is known to

play a key role in fetal lung development. IGFs in serum

and extracellular fluids are complexed with a variety of

insulin-like growth factor binding proteins (IGFBPs),

characterized by its ability to bind IGFs. Six IGFBPs

(IGFBP-1 to -6) bind IGFs with high affinity and are well

characterized [14, 15]. IGFBP-2 to -5 are described in the

fetal lung [16]. All IGFBPs inhibit IGF action by seques-

tering IGFs, whereas IGFBP-3 and IGFBP-5 also potentiate

IGFs action. Although IGFBP-3 and IGFBP-5 are known to

modulate cell growth by IGFs-dependent extracellular

actions, they also have IGFs independent intracellular

actions via signaling through cell surface receptors of

IGFBPs [17]. In the developing rat lung, IGFBP-3 and

IGFBP-5 are not only expressed in the proximal airway

epithelium, but also in the interstitial and perivascular

mesenchyme with increasing abundance as gestation pro-

gresses [14]. Recently, there is increasing evidence that

IGFBP-3 and IGFBP-5 play an important role during fetal

lung development [18]. It has been reported that IGFBP-3

and IGFBP-5 interact with RSP through binding to reti-

noid X receptor alpha (RXR-a) and activate its transcrip-

tional activity [19].

The above studies led us to hypothesize that disturbance

of RSP is caused by decreased expression of IGFBP-3 and

IGFBP-5 in the nitrofen-induced hypoplastic lung. We,

therefore, designed this study to investigate gene and

protein expression of IGFBP-3 and IGFBP-5 in the nitro-

fen-induced hypoplastic lung.

Materials and methods

Animals and drugs

Fetal pulmonary hypoplasia with coexisting diaphragmatic

hernia was created by gavaging time dated pregnant

Sprague–Dawley rats. Adult rats were mated, and the

females were daily checked for plugging. The presence of

spermatozoids in the vaginal smear was considered as a

proof of pregnancy; the day of observation was determined

as gestational day 0; term was considered as day 22.

Pregnant female rats were than randomly divided into two

groups. At day 9 of gestation (D9), animals in the experi-

mental group received 100 mg of 2,4-dichloro-40dipheny-

lether (nitrofen) (WAKO Chemicals, Osaka, Japan)

dissolved in 1 ml of olive oil via gastric tube under short

anesthesia. In control animals, the same dose of olive oil

was given without nitrofen. Fetuses were harvested by

cesarean section on D18 and D21. Left lungs of the fetus

were dissected after thoracotomy under microscopic

inspection. Fetus exposed to nitrofen were defined as the

CDH group (n = 8 at each time point), whereas the control

group (n = 8 at each time point) consisted of animals that

received only vehicle. The Department of Health and

Children approved the protocol of these animal experi-

ments (ref. B100/4142) under the Cruelty to Animals Act,

1876; as amended by European Communities Regulations

2002 and 2005, and all animals were treated according to

the current guidelines of animal care.

Isolation of mRNA, cDNA synthesis and real-time

reverse transcription polymerase chain reaction

(RT–PCR)

The peripheral region of the left lung of each fetus was

suspended in TRIzol� Reagent (Invitrogen, USA) imme-

diately after dissection, quick frozen in liquid nitrogen and

stored at -20�C. After thawing frozen samples, they were

homogenized using a pellet pestle and total mRNA of the

lung tissue was isolated from the TRIzol� suspension using

the acid guanidinium-thiocyanate–phenol–chloroform

extraction method. Total mRNA quantification was

performed spectrophotometrically (ND-1000 UV–Vis�

Spectrophotometer, NanoDrop, USA). Synthesis of cDNA

was performed using Transcript High Fidelity cDNA

Synthesis Kit� (Roche Diagnostics, Germany) according to

the manufacturer’s protocol. Reverse transcription was

carried out at 85�C for 30 min (denaturation), at 44�C for

60 min (annealing), and at 92�C for 10 min (RT-inactiva-

tion) according to the manufacturer’s protocol. Real-time

polymerase chain reaction was performed using Light-

Cycler� 480 SYBR Green I Master (Roche Diagnostics,

Germany) according to the manufacturer’s protocol. The

specific primer set used in this study is listed (Table 1).

After initialization step at 95�C for 5 min, 45 cycles of

amplification were carried out (denaturation at 95�C for

10 s, annealing at 60�C for 15 s, and extension at 72�C

for 10 s in each cycle). Relative levels of gene expression

were measured by Light Cycler� 480 (Roche Diagnostics,

Germany) according to the manufacturer’s instruction. The

mRNA expression levels of IGFBP-3 and IGFBP-5 were

normalized to b-actin mRNA expression levels in each

sample.

Immunohistochemistry

The paraffin-embedded left lungs were sectioned at a

thickness of 7 lm, and the sections were deparaffined with

xylene and then rehydrated through ethanol and distilled

60 Pediatr Surg Int (2010) 26:59–63

123



water. Tissue sections were immersed in Dako Target

Retrieval Solution� (DakoCytomation, California, USA)

heated for 10 min at 121�C followed by incubation in

Peroxidase Block� (En Vision?System-HRP (DAB),

DakoCytomation, California, USA) for 30 min to block

endogenous peroxydase activity. Sections were incubated

overnight at 4�C with a 1:100 dilution of rabbit polyclonal

antibodies against IGFBP-3 and IGFBP-5 (LOT sc-7953,

Santa Cruz Biotechnology, USA). Sections were then

treated in Labelled Polymer-HRP Anti-Rabbit� (En

Vision?System-HRP (DAB) DakoCytomation, California)

secondary antibody and then further processed using

DAB?Subtrate Buffer� and DAB?Chromogen� (En

Vision?System-HRP (DAB), DakoCytomation, Califor-

nia, USA) according to the manufacturer’s instruction.

Finally sections were counterstained with aqueous hema-

toxylin, mounted with aqueous-based Glycergel Mount-

ing Medium� (DakoCytomation, California, USA) and

coverslipped.

Statistical analysis

All numbered data are presented as mean ± standard

deviation. Differences between two groups at each gesta-

tional day were tested by using an unpaired Student’s or

Welch’s t-test when the data had normal distribution, or

Mann–Whitney’s U test when the data deviated from

normal distribution. Statistical significance was accepted at

p-values \ 0.05.

Results

Relative mRNA expression levels of IGFBP-3

and IGFBP-5 in fetal rat lungs

On D21 relative levels of IGFBP-3 mRNA were signifi-

cantly decreased in nitrofen group compared to controls

(p \ 0.05; Table 2). However, there were no significant

differences between nitrofen group and controls in the

pulmonary IGFBP-3 expression levels on D18.

The expression levels of IGFBP-5 were also signifi-

cantly decreased on D18 in the nitrofen group compared to

controls (p \ 0.05). On D21, there were no significant

differences between nitrofen and controls in the gene

expression levels of IGFBP-5.

Protein expression of IGFBP-3 and IGFBP-5

in fetal rat lungs

To determine whether the decreased amounts of IGFBP-3

and IGFBP-5 transcripts were reflected in the immunore-

activity of the proteins themselves in the nitrofen-induced

hypoplastic lung, immunohistochemical studies were per-

formed (Fig. 1).

In D18 control and CDH lungs, there was diffuse

expression of IGFBP-3 protein that appeared to be local-

ized to both the proximal alveolar epithelium and to the

mesenchymal compartments of the lung with no differ-

ences in immunoreactivity (Fig. 1a, b). In D21 lungs, the

overall immunoreactivity of IGFBP-3 was diminished in

CDH lungs (Fig. 1d), whereas strong overall IGFBP-3

protein expression was seen in control lungs (Fig. 1c).

On D18 protein expression of IGFBP-5 was also local-

ized to the proximal alveolar epithelium and the mesen-

chymal compartments, showing a decrease in the

immunoreactivity of IGFBP-5 in CDH lungs (Fig. 1f).

However, in D18 control lungs, strong expression of IG-

FBP-5 was seen in both compartments (Fig. 1e). On D21

no difference was observed in the immunoreactivity of

IGFBP-5 between control and nitrofen group (Fig. 1g, h).

Discussion

Despite newer therapies, such as extracorporeal membrane

oxygenation, inhaled nitric oxide and high frequency

ventilation, the mortality and morbidity in infants with

severe CDH still remains high [2, 3]. Pulmonary hypo-

plasia, characterized by immaturity and small lung size, is

Table 1 Primer sequences for quantitative real-time RT–PCR

Gene Sequence (50–30) Product

size (bp)

b-actin

Forward TTG GAT GCC TGT GGT CTG TC 108

Reverse TAG AGC CAC CAA TCC ACA CA 108

IGFBP-3

Forward GGC CCA GCA GAA ATA TCA AA 194

Reverse TAC CAG GGT CTC CAA CAA GG 194

IGFBP-5

Forward GAG GCT GTG AAG AAG GAT CG 101

Reverse ATC TCA GGT GCA GGG ATG AC 101

Table 2 Relative mRNA expression levels of IGFBP-3 and IGFBP-5

Binding protein Group Mean mRNA levels

of target (Day 18)

Mean mRNA levels

of target (Day 21)

IGFBP-3 Control 5.62 (±1.07) 14.81 (±16.11)

Nitrofen 4.97 (±1.47) 8.00 (±14.44)*

IGFBP-5 Control 17.92 (±4.77) 18.42 (±9.47)

Nitrofen 10.66 (±4.83)* 23.95 (±22.56)

*p \ 0.05 vs. control
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considered to be one of the principle contributors for its

unfavorable prognosis. VitA and its derivates, retinoids, are

essential for fetal lung development [9]. Recently, the

nitrofen-induced CDH rodent model has been focused on

the RSP to elucidate the pathogenesis of pulmonary

hypoplasia in CDH. A study using genetically engineered

mice demonstrated a pronounced suppression of the reti-

noid response element by nitrofen [20]. Using an in vitro

assay, it has been demonstrated that nitrofen inhibits

RALDH2, the enzyme catalyzing the final step in RA

production [21]. Previous studies from our laboratory have

reported that retinol storage and the expression of the genes

involved in the RSP are altered in the nitrofen-induced

hypoplastic lung [22]. Recently, we have also demon-

strated that RA treatment can rescue nitrofen-induced lung

hypoplasia both in vivo and in the lung explants [23].

Collectively, these data strongly imply that retinoids are

candidates involved in the pathogenesis of hypoplastic lung

associated with CDH and that nitrofen may act as a

teratogen by interfering with RSP.

IGFBPs are a family of proteins that bind IGFs with

high affinity and specificity, which modulate IGF action by

inhibiting or potentiating IGF binding to the IGF receptor

[17]. Although IGFBP-3 and IGFBP-5 are known to

modulate cell growth by reversibly sequestering extracel-

lular IGFs, several reports have suggested, that IGFBP-3

and IGFBP-5 have important IGF-independent effects on

cell growth by modulating gene transcription [15]. It has

been reported that IGFBP-3 and IGFBP-5 can interact with

RXR-a, a nuclear transcription factor in RSP, in IGFs

independent manner [18]. Internalized IGFBP-3 and

IGFBP-5 binds to importin-b and translocates through the

nuclear pore complex (NPC) to the nucleus, where it

enhances RXR and subsequent transcription activity of

RXRE-dependent genes [15]. Because RXR-a is also

expressed in fetal lung [24] pulmonary IGFBP-3 and

Fig. 1 IGFBP-3 and IGFBP-5 immunohistochemistry. IGFBP-3

protein expression at D18 control (a) and CDH (b) showing no

difference in immunoreactivity. At D21, strong IGFBP-3 staining is

seen in control lungs (c), whereas CDH lungs (d) show diminished

overall expression. At D18, strong expression of IGFBP-5 staining is

shown in control lungs (e), whereas diminished IGFBP-5 expression

is shown in CDH lungs (f). IGFBP-5 expression at D21 control (g)

and CDH (h) showing no differences in immunoreactivity
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IGFBP-5 may modulate lung growth by stimulating RXR-a
dependent transcription activity.

In the present study, we observed significant downreg-

ulation of IGFBP-3 gene expression in the nitrofen-induced

hypoplastic lungs on D21 compared to controls and we also

observed significant decreased IGFBP-5 mRNA gene

expression in hypoplastic lungs on D18 compared to con-

trols. Immunohistochemical studies confirmed decreased

IGFBP-3 immunoreactivity in the proximal alveolar epi-

thelial cells as well as in the mesenchymal cells on D21 in

the nitrofen-induced hypoplastic lungs and also decreased

intensity of IGFBP-5 protein expression with similar dis-

tribution to IGFBP-3 on D18 in hypoplastic lungs com-

pared to controls. IGFBP-3 and IGFBP-5 gene expression

in the lung has been reported to vary with the gestational

age, with the IGFBP-3 mRNA expression seen only at later

gestational ages in in situ hybridization analyses [16].

We provide evidence, for the first time, that IGFBP-3

and IGFBP-5 gene and protein expression are downregu-

lated in the nitrofen-induced hypoplastic lungs during later

stages of lung development. Our findings suggest that ni-

trofen may induce pulmonary hypoplasia associated with

CDH due to downregulation of IGFBP-3 and IGFBP-5

gene expression during mid-to-late lung development by

interfering with RXR-a mediated RSP. Further investiga-

tion of cross talk between IGF system and RSP in the

nitrofen-induced hypoplastic lung is required and should

provide insights into the pathogenesis of lung hypoplasia

associated with CDH.
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