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Abstract

Purpose The exact pathogenesis of pulmonary hypopla-

sia in the nitrofen-induced congenital diaphragmatic hernia

(CDH) still remains unclear. Smad1, one of the bone

morphogenesis protein (BMP) receptor downstream sig-

naling proteins, plays a key role in organogenesis including

lung development and maturation. Smad1 knockout mice

display reduced sacculation, an important feature of pul-

monary hypoplasia. Wnt inhibitor factor 1 (Wif1) is a

target gene of Smad1 in the developing lung epithelial cells

(LECs). Smad1 directly regulates Wif1 gene expression

and blockade of Smad1 function in fetal LECs is reported

to downregulate Wif1 gene expression. We designed this

study to test the hypothesis that pulmonary Smad1 and

Wif1 gene expression is downregulated during saccular

stage of lung development in the nitrofen CDH model.

Methods Pregnant rats were exposed to either olive oil or

nitrofen on day 9 of gestation (D9). Fetuses were harvested

on D18, and D21. Fetal lungs were dissected and divided

into 2 groups: control and nitrofen (n = 9 at each time

point, respectively). Pulmonary gene expression of Smad1

and Wif1 were analyzed by real-time RT-PCR. Immuno-

histochemistry was performed to evaluate protein expres-

sion/distribution of Smad1 and Wif1.

Results The relative mRNA expression levels of Smad1

and Wif1 were significantly downregulated in the nitrofen

group compared to controls on D18 and D21 (*p \ 0.01,

**p \ 0.05). Immunoreactivity of Smad1 and Wif1 was

also markedly decreased in nitrofen lungs compared to

controls on D18 and D21.

Conclusion We provide evidence, for the first time, that

the pulmonary gene expression of Smad1 and Wif1 is

downregulated on D18 and D21 (saccular stage of lung

development) in the nitrofen-induced hypoplastic lung.

These findings suggest that the downregulation of Smad1/

Wif1 gene expression may contribute to pulmonary hypo-

plasia in the nitrofen CDH model by retardation of lung

development during saccular stage.

Keywords Nitrofen � Pulmonary hypoplasia � Smad1 �
Wif1 � Congenital diaphragmatic hernia

Introduction

Congenital diaphragmatic hernia (CDH) occurs in

approximately 1 in 2,500 newborns [1]. Despite improved

prenatal diagnostic techniques and advances in neonatal

intensive care, the mortality for CDH remains high due to

severe pulmonary hypoplasia (PH) and persistent pul-

monary hypertension [2–4]. However, the exact mecha-

nism of PH in CDH is still unknown.

Nitrofen-induced CDH model has been used extensively

as an experimental model because of the occurrence of the

diaphragmatic defect and associated pulmonary hypopla-

sia, in this model which is strikingly similar to the human

condition. Maternal exposure to nitrofen on day 9 of ges-

tation in rodents results in 100% lung hypoplasia and high

rate (40–80%) of CDH in the offspring [5]. Although
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studies from our laboratory have recently shown that sev-

eral signaling pathways are altered in the nitrofen-induced

hypoplastic lung, the exact mechanisms by which nitrofen

causes PH remains unclear [6–8].

Smad1, one of the bone morphogenetic protein (BMP)

receptor downstream signaling proteins, plays a key role in

organogenesis including lung development and maturation

[9]. Smad1 is expressed in the developing lung epithelium

as well as in the surrounding mesenchyme [10]. A previous

study from our laboratory has shown that gene expression

of BMP4 is downregulated in the nitrofen-induced hypo-

plastic lung in early gestation [11]. Recently, it has been

reported that the BMP signaling system is active during

late lung development [12]. It has also been reported that

lungs of Smad1 knockout mice display reduced sacculation

[13]. Furthermore, Wnt inhibitor factor 1 (Wif1) has

recently been shown as a target gene of Smad1 in the

developing lung epithelial cells (LECs) [13]. Blockade of

Smad1 function in fetal lung epithelial cells results in

downregulation of Wif1 gene expression [13]. We, there-

fore, designed this study to test the hypothesis that pul-

monary Smad1 and Wif1 gene expression is downregulated

during saccular stage of lung development in the nitrofen

CDH model.

Materials and methods

Animals and drugs

Adult Sprague-Dawley rats were mated, and the presence of

spermatozoids in the vaginal smear was considered as proof of

pregnancy. The day of this observation was determined as

gestational day 0 (D0). Pregnant rats were randomly divided

into two groups. On D9 (term, 22 days), the rats in the

experimental group received 100 mg of nitrofen (WAKO

Chemicals, Osaka, Japan) dissolved in 1 ml of olive oil in-

tragastrically under short anesthesia, whereas those in control

received only vehicle. Fetuses were harvested by cesarean

section on D18 and D21. Fetal lungs were divided into 2

groups: control (n = 9) and nitrofen (n = 18) on D18 and

D21. In order to obtain representative numbers, the fetuses in

each group came from at least four different dams. The

Department of Health and Children approved the protocol of

these animal experiments (ref. B100/4142) under the Cruelty

to Animals Act, 1876; as amended by European Communities

Regulations 2002 and 2005.

RNA extraction and real-time reverse transcription

polymerase chain reaction

The peripheral region of the left lung of each fetus was

suspended in TRIzol� Reagent (Invitrogen, Carlsbad, CA,

USA) immediately after dissection, quickly frozen in liquid

nitrogen and stored at -20�C. After thawing frozen sam-

ples, they were homogenized with a pellet pestle (Daigger,

Vernon Hills, USA) and total RNA of the lung tissue was

isolated according to recommended protocol (Invitrogen).

Total RNA quantification was performed spectrophoto-

metrically (ND–1000 UV-Vis� Spectrophotometer, Nano-

Drop, Wilmington, USA). Synthesis of cDNA was

performed using Transcript High Fidelity cDNA Synthesis

Kit� (Roche Diagnostics, Grenzach-Whylen, Germany)

according to the manufacturer’s protocol. Following RT at

44�C for 60 min, real-time polymerase chain reaction was

performed using LightCycler� 480SYBR Green I Master

(Roche Diagnostics) according to the manufacturer’s pro-

tocol. The specific primer set used in this study is listed in

Table 1. After initial denaturation step of 5 min at 95�C, 45

cycles of amplification for each primer was carried out.

Each cycle included a denaturation steps; 10 s at 95�C, an

annealing step; 15 s at 72�C. Final elongation temperature

was 65�C for 1 min. Relative levels of gene expression

were measured by Light Cycler� 480 (Roche Diagnostics)

according to the manufacturer’s instruction. The mRNA

expression levels of Smad1 and Wif1 were normalized to

b-actin mRNA expression levels in each sample.

Immunohistochemistry

The paraffinized left lungs were sectioned at a thickness of

5 lm, and the sections were deparaffined with xylene and

then rehydrated through ethanol and distilled water. Tissue

sections were immersed in target retrieval solution

(DAKO, Cambridgeshire, UK) in a microwave oven (at

750 W) for 15 min followed by 10 min incubation in 0.3%

H2O2 to block endogenous peroxidase activity. Sections

were incubated at 4�C overnight with each of the primary

antibodies including a 1:100 dilution of rabbit polyclonal

antibodies specific for Smad1 (LOT ab-63356; 1:500,

Table 1 Primers used for quantitative real-time reverse transcription

polymerase chain reaction

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

Smad1

Forward ATG GAC ACG AAC ATG ACG AA 102

Reverse GCA CCA GTG TTT TGG TTC CT

Wif1

Forward TGT GTC ACT CCT GGC TTC TG 197

Reverse ATG CAT TTA CCT CCG TTT CG
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Abcam plc, Cambridge, UK) and Wif1 (LOT sc-59949;

1:50, Santa Cruz Biotechnology, Santa Cruz, USA) and

treated in horseradish peroxidase (HRP)-labeled anti-rabbit

secondary antibodies (Lot: K4003; DAKO Ltd, Cam-

bridgeshire, UK). Sections were then developed with a

diaminobenzidine (DAB)-H2O2 substrate complex, and

counterstained with hematoxylin.

Statistical analysis

All numerical data are presented as means ± standard

deviation. Differences between groups on D18 and D21

were tested by using an unpaired Student’s or Welch’s

t test when the data had normal distribution or Mann–

Whitney U test when the data deviated from normal dis-

tribution. Statistical significance was accepted at p values

of less than 0.05.

Results

Relative mRNA expression levels of Smad1 and Wif1

in fetal rat lungs on D18 and D21

The relative mRNA expression levels of pulmonary Smad1

on D18 and D21 were significantly decreased in the ni-

trofen group (4.39 ± 1.99 and 1.66 ± 0.74, respectively)

compared to control group (7.94 ± 1.06 and 3.16 ± 1.51,

respectively) (p \ 0.01) (Fig. 1). Pulmonary expression

levels of Wif1 gene on D18 and D21 were also signifi-

cantly downregulated in nitrofen group (4.73 ± 4.56 and

4.22 ± 3.06, respectively) compared to control group

(8.67 ± 4.11 and 7.73 ± 2.57, respectively) (Fig. 2).

Protein expression of Smad1 and Wif1 in fetal rat lungs

on D18 and D21

To determine whether the quantitatively decreased

amounts of Smad1 and Wif1 transcripts were reflected in

the qualitative amount of the proteins themselves in the

nitrofen-induced hypoplastic lung, immunohistochemical

studies were performed on D18 and D21.

In D18 control lungs, Smad1 is expressed strongly in the

lung epithelium and weakly in the underlying mesenchyme

(Fig. 3a). In contrast, in D18 CDH lungs, Smad1 immu-

noreactivity was markedly decreased in the epithelium and

also in the mesenchyme (Fig. 3b). In D21 CDH lungs,

Smad1 immunoreactivity was markedly diminished in the

overall intensity (Fig. 3d), although strong Smad1 expres-

sion was seen in both epithelial and mesenchymal tissue of

control lungs (Fig. 3c).

The Wif1 expression on D18 in CDH was decreased in

the epithelial cells (Fig. 3f) compared to control lungs

(Fig. 3e). In D21 CDH lungs, the overall immunoreactivity

of Wif1 was diminished (Fig. 3h), whereas strong Wif1

expression was seen in control lungs (Fig. 3g).

Discussion

Nitrofen-induced pulmonary hypoplasia (PH) in the rat

model has been widely used to investigate pathogenesis of

PH associated with CDH. Although, recent studies from

our laboratory has showed altered pulmonary expression of

various genes in the nitrofen-induced PH [6–8], the precise

molecular mechanisms by which nitrofen acts in this model

are still not clearly understood.

Fig. 1 Relative mRNA expression levels of Smad1 in the lung

(control: n = 9 each group at each time point, n = 18 at each time

point). The pulmonary gene expression levels of Smad1 on D18 and

D21 were significantly decreased in nitrofen groups compared to

controls (*p \ 0.01)

Fig. 2 Relative mRNA expression levels of Wif1 in the lung (n = 9

each group at each time point). The pulmonary gene expression

levels of Smad1 on D18 and D21 were significantly decreased in

nitrofen groups compared to controls (*p \ 0.01 and **p \ 0.05,

respectively)
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It has been reported that BMP signaling plays a critical

role in the regulation of cell differentiation during lung

morphogenesis [14] and vasculogenesis [15]. Smad pro-

teins are intracellular signaling molecules and some of

which are putative transcription factors that transduce

signals elicited by members of the transforming growth

factor beta (TGF-b) superfamily [10]. It has been shown

that the expression level of Smad 2, 3, 4 and 7 were

markedly decreased in nitrofen-exposed lung [16]. Smad1,

a member of Smad proteins, acts as a signal transducer in

the BMP pathway [9, 10]. Smad1 is particularly in

peripheral airway epithelial cells of early embryonic lung

tissue [9]. In fetal lung development, it has been reported

Smad1 protein expression in mesenchymal cells is

increased during mid-late gestation, indicating that Smad1

plays a key role in the various aspects of late lung mor-

phogenesis [9].

In the present study we observed that the pulmonary

Smad1 mRNA levels as well as Smad1 immunoreactivity

was significantly decreased in the nitrofen group on D18

and D21 compared to controls.

Our findings are consistent with the observations by Xu

et al. [13], who reported lung-specific abrogation of Smad1

in developing mouse lung epithelial cells causing respira-

tory distress and lethality due to abnormal fetal lung for-

mation. Smad1 knockout mice have shown no differences

in early branching morphogenesis. However, later in ges-

tation, Smad1 knockout lungs displayed a decreased by

dilation of the lumen and number of terminal sacs, enlarged

saccular lumen and thickened mesenchymal tissues path-

ologically. Interestingly, the morphological abnormalities

in this knockout model become most obvious at the end of

gestation [13].

In Smad1 knockout mice, important signaling factors of

lung morphogenesis such as Wnt inhibitor factor-1 (Wif1)

are downregulated [13]. Wif1 expressed in normal epi-

thelial cell of the lung, is a member of secreted proteins

[17], bound to Wnt proteins, and inhibits their activity [18].

It remains unknown whether Wif1 inhibits the canonical,

non-canonical Wnt pathway or both [19]. Studies from our

laboratory have previously demonstrated that gene

expression of a noncanonical Wnts, Wnt5a, is upregulated

in the nitrofen-induced hypoplastic lung in the late gesta-

tion [20], suggesting that activating of noncanonical Wnt

signaling may contribute to PH by disruption alveolar

maturation [20]. In the present study, we observed down-

regulation of Wif1 in the nitrofen-induced hypoplastic lung

on D18 and on D21.

In this study, we showed for the first time that pul-

monary gene expression of Smad1 and Wif1 was signifi-

cantly downregulated in the nitrofen CDH rat model

compared to controls both on D18 and on D21. Taken

together, these data suggest that downregulation of Smad1

and Wif1 signaling pathway may disrupt lung development

during saccular stage and result in pulmonary hypoplasia in

the nitrofen rat model of CDH. Further studies of Smad1

and Wif1 signaling in the nitrofen-induced hypoplastic

lung are required and should provide insights into the

pathogenesis of altered lung morphogenesis in CDH.
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