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Abstract
Purpose: Retinoids play a key role in lung development. Recent studies suggest that retinoid signalling

pathway may be disrupted in the nitrofen model of congenital diaphragmatic hernia (CDH), but the

exact mechanism is not clearly understood. We hypothesized that nitrofen interferes with cellular uptake

of retinol during lung morphogenesis and therefore designed this study to examine total retinol levels in

lung, liver, and serum, and the gene expression of main components of the retinoid pathway in the

nitrofen model of CDH.

Methods: Pregnant rats were exposed to vehicle or 100 mg of nitrofen on day 9 of gestation. Term

fetuses were divided in control and nitrofen with CDH and without CDH groups. Retinol levels in

serum, lungs, and liver were measured using high-performance liquid chromatography. Reverse

transcriptase–polymerase chain reaction was performed to evaluate the relative amount of cellular

retinol-biding protein I, retinal dehydrogenase 1a2 and 1a3 (Aldh1a2 and Aldh1a3), retinoic acid

receptors a and b (RARa, RARb), and retinoid X receptor a (RXRa) expression in the lung.

Results: Total retinol levels in the lungs were significantly lower in both nitrofen with CDH (1.78 F
0.37 lg/g) and nitrofen without CDH (1.61 F 0.24 lg/g) groups compared with controls (2.43 F
0.31 lg/g) (P b .001), whereas serum retinol levels were significantly higher in nitrofen with and without

CDH groups (0.77F 0.13 and 0.75F 0.11 lg/g, respectively) compared with controls (0.58F 0.12 lg/g)
(P b .001). There was no significant difference in liver retinol levels between the 3 groups. Relative

expression of cellular retinol-biding protein I, Aldh1a3, RARa, RARb, and RXRa were significantly

up-regulated in the lungs of the nitrofen with CDH group (0.70 F 0.15, 3.94 F 0.91, 2.15 F 0.47,

3.49 F 1.00, 1.88 F 0.42, respectively) and the nitrofen without CDH group (0.61F 0.14, 3.72F 0.31,

1.66F 0.20, 3.28F 1.02, 1.38F 0.24, respectively) compared with controls (0.43F 0.11, 2.71F 0.47,

0.79 F 0.42, 1.85 F 0.69, 0.57 F 0.22, respectively) (P b .05).

Conclusion:Our data clearly show that lung retinol storage is decreased in the nitrofenmodel of CDH. The

associated increase in gene expressions of most downstream components of the retinoid signalling
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Fig. 1 Schematic overview of
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pathway may be a feedback reaction to the deficiency of lung retinol. These results suggest that nitrofen

acts by interfering with the cellular uptake of retinol during lung morphogenesis resulting in pulmonary

hypoplasia in this model.

D 2007 Elsevier Inc. All rights reserved.

n neonatal resuscitation and to cellular retinol-biding protein I (CRBP-I) is oxidized to
Despite significant advances i

intensive care, newborn infants with congenital diaphrag-

matic hernia (CDH) continue to have high mortality and

morbidity. Pulmonary hypoplasia in CDH, characterized by

immaturity and small size, produces respiratory failure that is

considered to be the principal contributor to the high

mortality [1]. Much of the current understanding of patho-

genesis of CDH originates from experimental studies. A

teratogenic model of CDH in rodents has been widely used.

Maternal exposure to nitrofen (2,4-dichlorophenyl-p-nitro-

pheniyl ether) in both mouse and rat models during a specific

time in gestation results in a high rate of CDH and associated

pulmonary hypoplasia to their embryos, which is strikingly

similar to the human condition [2]. Although the nitrofen

model of CDH has been widely used, the exact pathogenesis

of pulmonary hypoplasia, particularly in the nitrofen-induced

animals without CDH, is not clearly understood.

Retinoids, vitamin A and its derivatives, are essential for

growth, development, and tissue differentiation [3]. The

major sources of vitamin A in the human diet are the

provitamin A carotinoids in fruits and vegetables and retinyl

esters found in food of animal origin. After absorption

through the gut, retinyl esters are transported in chylomicrons

to the liver for storage, where they are metabolized into

retinol. To meet tissue needs for retinoid, the liver secretes

retinol bound to retinol-biding protein (RBP) into the plasma,

where it forms the main transporting complex with trans-

thyretin. Circulating retinol is delivered to target tissues via a

specific membrane receptor [4-6]. Within cells, retinol bound
the retinoid pathway. TTR

inol dehydrogenase.
retinal (Fig. 1). Retinal is oxidized to active metabolite,

retinoic acid (RA), by retinal dehydrogenase. Currently, there

are 3 known retinal dehydrogenases, RALDH1, RALDH2,

and RALDH3, renamed as Aldh1a1, Aldh1a2, and Aldh1a3.

Aldh1a2 andAldh1a3 are essential for RA synthesis, whereas

Aldh1a1 is involved in the catabolism of excess retinol [7].

Retinoic acid exerts its biologic effects through binding

nuclear receptors, the retinoic acid receptor (RAR) and

retinoid X receptor (RXR), of which there are 3 types of each;

a, b, and c. Most of the body’s reserve of vitamin A is stored

in the liver as retinyl esters; other sites of major vitamin A

include the eye and the lung [6].

Recent studies suggest that retinoid signalling pathway

may be involved in pathogenesis of CDH and associated

pulmonary hypoplasia. The first evidence linking retinoids

with CDH was published in 1941. The authors found that

there was 25% incidence of CDH in the litters born to dams

with vitamin A–deficient diets [8]. A small clinical study

revealed that the infants with CDH had lower plasma retinol

levels compared with healthy infants [9]. A study using

genetically engineered mice has shown a pronounced

suppression of retinoic acid response element by nitrofen

[10]. Various abnormalities reported in RARa/RARb
double knockout mice include diaphragmatic hernia [11].

An in vitro assay has demonstrated that nitrofen inhibits

RALDH2, the enzyme catalyzing the final step in retinoic

acid production [12]. Antenatal administration of vitamin A

reduced the incidence of CDH and also restored lung

maturation in the nitrofen rat model [13-15]. Furthermore,

we have recently demonstrated that retinoic acid improves

nitrofen-induced hypoplastic lung growth using fetal lung

rat explants [16]. The above studies suggest that the retinoid

pathway may be involved in the pathogenesis of CDH and

associated pulmonary hypoplasia.

We hypothesized that nitrofen interferes with cellular

uptake of retinol during lung morphogenesis and therefore

designed this study to examine total retinol levels in lung,

liver, and serum, and the gene expression of main compo-

nents of the retinoid pathway in the nitrofen model of CDH.
1. Materials and methods

1.1. Animal model

Adults Sprague-Dawley rats were mated overnight.

Twelve hours later the presence of spermatozoids in the

vaginal smear was verified and was considered as gestational

day 0. Pregnant female rats were then randomly divided into

2 groups. Animals in the experimental group received 100mg



Table 1 Sequences of primers for PCR

Name of primer Forward primer Reverse primer Product size (bp)

CRBP-I AGTGCATGACCACAGTGAGC ACCCTCTGCTCTCATCTCCA 128

Aldh1a2 ATGGGTGAGTTTGGCTTACG AAGGAGGCCTGGTGATAGGT 134

Aldh1a3 TCGAGAGTGGGAAGAAGGAA AGAAGACGGTGGGTTTGATG 90

RARa CCTGCCTCGAATCTACAAGC GATACTGAGTCGGAAGAAGC 109

RARb CCAGGTATACCCCAGAGCAA GTCAGTCAGAGGACCGAAGC 98

RXRa GGTACTTCGTGGGGTCTTCA TGGGGGTACTCCAAACAGAGG 123

b-actin TTGCTGACAGGATGCAGAAG TAGAGCCACCAATCCACACA 108
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of nitrofen (Wako Chemicals, Osaka, Japan) dissolved in

1 mL of olive oil via a stomach tube on day 9 of gestation

(term = 22 days), whereas those in the control group received

only vehicle. Fetuses were delivered by cesarean birth on day

21 of gestation. Under a dissecting microscope (Leica S8

APO, Leica Microsystems, Wetzlar, Germany), the dia-

phragm was carefully inspected for the presence of a hernia.

Fetuses with diaphragmatic defects were defined as the

nitrofen with CDH group, whereas the fetuses exposed to

nitrofen with an intact diaphragm represented the nitrofen

without CDH group. The control group consisted of animals

that only received olive oil. The Department of Health and

Children approved all the animal experiments (reference

no. B100/3621) under the Cruelty to Animals Act 1876, as

amended by European Communities Regulations 2002.

1.2. Blood and tissue collection

After sedation with isoflurane, blood was taken from

dams by intracardiac puncture for serum retinol determina-

tion. Term fetuses were dissected free from the dams and

blood was collected from the jugular vein under a dissecting

microscope and centrifuged for 20 minutes at 1900g. Both

lungs and liver were dissected from each fetus and weighed,

respectively. All the samples for retinol analysis were snap

frozen in liquid nitrogen and then stored at �808C. Lung
samples for reverse transcriptase–polymerase chain reaction

(RT-PCR) were kept in RNA later (Ambion, UK) and stored

at �208C until analysis.

1.3. High-performance liquid chromatography
analysis of total retinol

Preparation of samples was performed according to a

previously described protocol [17]. Total retinol (retinol and

retinol esters) concentrations of serum and tissue were

analyzed by high-performance liquid chromatography pro-

vided with diode-array detector (Waters, Milford, Mass) on
Table 2 Total retinol concentration in lungs, liver, and serum

Total retinol Lungs (lg/g)

Controls 2.43 F 0.31 (n = 28)

Nitrofen without CDH 1.61 F 0.24* (n = 16)

Nitrofen with CDH 1.78 F 0.37* (n = 31)

* P b .001 vs controls.
reversed-phase C18 column (Supelco, Bellefonte, Pa). The

elution was acetonitrile/dichloromethane/methanol/1-octa-

nol (90:15:10:0.1) and flow rate was 1.0 mL/min. Chroma-

tograms were extracted at a wave lens of 325 nm. The

concentration of each sample was extrapolated from

calibration curve obtained with pure retinol samples

(Sigma-Aldrich, Steinheim, Germany) of a concentration

from 0.01 to 1.0 lg/mL.

1.4. RNA extraction and real-time RT-PCR

Total RNA was extracted from each lung using TRIZOL

reagent (Life Technologies, Paisley, UK) according to the

recommended protocol. DNA contamination was removed

by a DNase treatment. Real-time RT-PCR was carried out to

quantify the amounts of messenger RNA (mRNA) expression

of CRBP-I, Aldh1a3, RARa, RARb, and RXRa in each lung.

The sequence of the primers and the size of yielded products

are shown in Table 1. Relative levels of gene expression were

measured by real-time PCR (iCycler iQMulticolor Real Time

PCR Detection System, Bio-Rad Laboratories, Calif) using

QuantiTect SYBR Green RT-PCR Kit (Qiagen, UK) accord-

ing to the manufacturer’s instruction. After reverse transcrip-

tion at 508C for 30 minutes, 45 cycles of amplification were

carried out (denaturation at 958C for 15 seconds, annealing at

588C for 30 seconds, and extension at 728C for 30 seconds).

Serial dilutions of 1-sample RNA was prepared to create a

standard curve for relative quantification of mRNA in the

samples. Experiments were carried out in triplicate for each

data point. The relative changes in levels of specific genes

were expressed as a percentage of the control values that were

set as 100%, after the normalization by the level of b-actin
expression in each sample.

1.5. Statistical analysis

All numerical data are presented as mean F SD. Differ-

ences between the 3 groups were tested by 1-way analysis of
Liver (lg/g) Serum (lg/mL)

10.13 F 2.35 (n = 44) 0.58 F 0.12 (n = 38)

9.26 F 2.54 (n = 19) 0.75 F 0.11* (n = 15)

8.97 F 2.27 (n = 38) 0.77 F 0.13* (n = 25)



Fig. 2 Relative expression levels of mRNA of components of the retinoid signalling pathway.
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variance. Differences between 2 groups were tested by

unpaired t test. Statistical significance was defined as less

than .05.
2. Results

Total retinol concentration in the lung, liver, and serum

are shown in Table 2. Lung retinol levels were significantly

lower in both nitrofen groups compared with controls,

whereas serum retinol was significantly higher in nitrofen

groups than in controls. There were no significant differ-

ences in total liver retinol levels between 3 groups. We did

not find any significant difference in serum retinol level

between nitrofen-exposed mothers (n = 4, 0.660 F 0.073

lg/mL) and control mothers (n = 4, 0.654 F 0.151 lg/mL).

Relative mRNA expression of CRBP-I, Aldh1a3, RARa,
RARb, and RXRa were significantly up-regulated in the

lungs of nitrofen-exposed groups compared with controls

(Fig. 2). There were no significant differences in relative

levels of Ald1a2 between the 3 groups.
3. Discussion

It is well known that prenatal administration of nitrofen to

pregnant mice or rats induces CDH and pulmonary hypopla-

sia in their litters. This experimental model has been widely

used and has vastly contributed to our understanding of this

congenital malformation. Using this model, some investi-

gators have shown that hypoplasia of the lung precedes the

closure of the diaphragm and led to the concept of a bdual-hit
hypothesisQ that explains pulmonary hypoplasia by 2

developmental insults. The first insult occurs before dia-

phragm development and affects equally the both lungs. After

the occurrence of diaphragmatic defect, the second insult
affects ipsilateral lung because of compression by herniated

abdominal viscera [18]. This concept suggests that pulmo-

nary hypoplasia in CDH could be a disease of impaired lung

development associated with, but not necessarily caused by, a

structural defect of the diaphragm [19].

The data derived from vitamin A–deficient diet and

retinoid receptor null mutant studies provided the foundation

for the hypothesis stating that nitrofen is acting to perturb the

retinoid signalling pathway [8,11,20]. Chinoy et al [21]

suggested that nitrofen and its metabolites may competitively

bind with RARs during early embryonic exposure and thus

lead to abnormal development of lungs and diaphragm. On

the other hand, Chen et al [10] suggested that nitrofen could

interact with events upstream of nuclear retinoid receptors,

such as interference with the transport of retinol or its

enzymatic conversion to retinoic acid. An in vitro assay has

demonstrated that nitrofen inhibits RALDH2, which cata-

lyzes retinal to retinoic acid [12].

Retinoic acid exerts its biologic effects through binding

nuclear receptors, RARs and RXRs (isotypes a, b, and c),
which heterodimerizes to form the functional unit that

transduces RA signalling. In the lung, these receptors are

expressed from the earliest developmental stages throughout

embryonic and postnatal life. Retinoic acid receptor a and all

RXRs are ubiquitously expressed and do not change over

time, whereas RARb is excluded from the distal epithelium

during the period of branching, but maintained in the

epithelial cells of proximal and midsized airway [22,23].

Dramatic abnormalities have been reported in RARa/RARb
double knockout mice, which include unilateral lung

agenesis and contralateral lung hypoplasia, strongly support-

ing a role for these receptors in lung morphogenesis [11].

In the rat, significant storage of retinol in the lung occurs

in the latter one third of prenatal life. These stores are

rapidly depleted during late pregnancy and early weeks after
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prenatal life as the lungs grow and develop. A sufficient and

continuous availability of retinol (either on the blood

pathway or by local storage sides) is pivotal, especially

for a time-dependent regulation of the lung development

and related formation of the active metabolite RA [24,25].

Retinoids in circulation are found predominately as retinol

bound to RBP and as retinyl ester incorporated in lipoprotein

of dietary origin. Retinol bound to RBP is considered to be

the most physiologically important retinoid form transported

from mother to fetus and within the fetus [26]. In the present

study, we found that the retinol levels in nitrofen-induced

hypoplastic lungs on day 21 of gestation were significantly

decreased compared with those in controls.We alsomeasured

total retinol levels in hypoplastic lungs in the nitrofen model

on day 17 and 19 of gestation and found strikingly similar

result as on day 21 of gestation (unpublished data). This is of

particular significance because days 17 to 21 are the most

crucial period of retinol utilization in lung development. In

contrast, we found that serum retinol levels were significantly

higher in the nitrofen-exposed groups compared with those in

controls. The serum retinol levels in dams demonstrated no

significant difference among 3 groups. Based on the above

findings, it is clear that the decreased lung retinol levels in the

nitrofen-induced hypoplastic lungs are neither a consequence

of insufficient retinol supply from the dams nor a lack of

circulating retinol in the fetus. In addition, relative expression

levels of CRBP-I, Aldh1a3, RARa, RARb, and RXRa were

significantly up-regulated in the lungs of nitrofen-exposed

groups. The altered gene expressions of most downstream

components of the retinoid signalling pathway may be a

reaction to the deficiency of lung retinol. Although the

mechanism by which the transfer of retinol form from

extracellular RBP to intracellular CRBP is affected is not

clearly understood, our results imply that nitrofen may act by

interfering with cellular uptake of retinol in the lung.
4. Q&A

Kim, Toronto

In the context of diaphragmatic hernia model, is there a

difference in the left side vs right side cellular uptake of the

interaction between nitrofen and retinols?

A.

In this study we did not divide between right and left.
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