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Abstract

Background—We showed that intrauterine growth restriction (IUGR) increases distal airspace 

wall thickness at birth (postnatal age 0; P0) in rat pups (saccular stage of lung development). 

However, that report did not assess whether the saccular phenotype persisted postnatally or 

occurred in males or females. Nor did that report identify a potential molecular pathway for the 

saccular phenotype at P0. We hypothesized that IUGR persistently delays alveolar formation and 

disrupts retinoic acid receptor (RAR) mRNA and protein levels in the lung of rat pups in postnatal 

age- and sex-specific manners.

Methods—IUGR was induced in pregnant rats by bilateral uterine artery ligation. Alveolar 

formation and expression of RARα, β, and γ were quantified at P0, P6 (alveolar stage), and P21 

(postalveolarization).

Results—IUGR increased distal airspace wall thickness in female pups at P0 only. IUGR did not 

affect male pups at any age. IUGR transiently increased lung RARβ protein abundance, which 

inhibits alveolar formation, at P0 in female pups. Serum retinol concentration was normal at all 

ages.

Conclusions—IUGR alone is not sufficient to persistently delay postnatal alveolar formation or 

disrupt expression RARs. We speculate that for IUGR to delay alveolar formation postnatally, a 

second insult is necessary.

INTRODUCTION

Intrauterine growth restriction (IUGR) is a common complication of pregnancy. IUGR is 

associated with preterm birth and increases the incidence and severity of bronchopulmonary 

dysplasia (BPD) (1-4). For both IUGR and BPD, male neonates are affected more severely 

than female neonates (5-10), for reasons that remain unknown. Histologically, BPD is 
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characterized by alveolar simplification. Alveolar simplification is evident as canalicular or 

saccular distal airspaces that are not subdivided into anatomic alveoli by secondary septa. In 

addition, the distal airspace walls remain thick and cellular (11).

We reported that IUGR increases distal airspace wall thickness at birth (postnatal age 0; P0) 

in rat pups (12), which is the saccular stage of lung development. However, that report did 

not assess whether the saccular phenotype of the lung at P0 persisted later in postnatal life or 

occurred in males or females. Furthermore, a potential molecular pathway for the saccular 

phenotype at P0 was not investigated.

Alveolar formation in the developing lung is regulated in part by vitamin A (13). The active 

form of vitamin A is all-trans-retinoic acid, a ligand for retinoic acid receptors (RARs). 

RARs are members of the nuclear receptor family of transcription factors that alter 

transcription of target genes in response to ligand binding. Three isoforms of RARs are 

RARα, RARβ, and RARγ. RARα and RARβ promote alveolar formation (14). RARβ, by 

comparison, inhibits alveolar formation (15).

Whether IUGR persistently alters alveolar formation and expression of RARs in postnatal 

age-specific or sex-specific manners in rat pups is not known. We hypothesized that IUGR 

delays alveolar formation and disrupts RAR mRNA and protein levels in the lung of rat pups 

in postnatal age- and sex-specific manners. To test this hypothesis, we used morphometric 

methods to quantify indices of alveolar formation at P0 (saccular stage of lung 

development), P7 (mid-alveolarization stage of lung development), and P21 (after 

alveolarization is completed) (Figure 1). We used biochemical and molecular methods to 

measure RAR mRNA transcript levels and protein isoform abundances, and 

immunohistochemistry to localize RAR protein isoforms in the lung. We also measured 

serum retinol concentration. Our results show that IUGR alone is not sufficient to 

persistently delay postnatal alveolar formation or disrupt retinoid signaling molecules in the 

lung.

RESULTS

Phenotype of IUGR Rat Pups

IUGR rat pups at P0 and P6 weighed significantly less than age- and sex-matched control 

pups (Table 1). At P21, however, body weight was not different between the sex-matched 

IUGR and control pups, although body weight was ~10% lower for IUGR male and female 

pups.

Histologic and Morphometric Effects of IUGR on the Lung

Ontogenic changes occurred in the lung across the developmental window of our study 

(Figure 1). At P0, the lung of rat pups was at the saccular stage of development. At P6 and 

P14, the lung was at the alveolar stage of development. At P21 (and thereafter), the lung was 

alveolarized.

IUGR delayed postnatal lung development early and transiently in female pups (Figures 2 

and 3). At P0, the saccular walls appeared thicker in IUGR female pups compared to control 
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female pups (Figure 2c and 2d). The saccular walls of P0 IUGR female pups also appeared 

thicker than the saccular walls in the lung of P0 IUGR male pups or P0 control male pups 

(Figure 2a and 2b). Morphometric measurements showed that thickness of saccular walls 

was statistically greater at P0 in IUGR female pups than the other three groups (Figure 3).

Effect of IUGR on Retinoid Pathway Components

Lung RAR mRNA transcript levels—IUGR disrupted RAR mRNA transcript levels in 

the lung in postnatal age-specific manners (Figure 4). At P0, RARα and β mRNA transcript 

levels were significantly lower in IUGR male pups compared to control male pups. RARα 

mRNA transcript level was significantly lower in IUGR female pups compared to control 

female pups. RARβ mRNA transcript level was not affected in IUGR female pups. RARγ 

mRNA transcript level was unaffected by IUGR in male or female pups compared to sex-

matched control pups at P0.

At P6, RARα and γ mRNA transcript levels were not affected in male pups compared to 

control male pups. RARβ mRNA transcript level was significantly lower in male pups 

compared to control male pups. RARα, β, and γ mRNA transcript levels were not affected 

by IUGR in female pups compared to control female pups at P6.

At P21, RARα mRNA transcript level was unaffected in IUGR male and female pups 

compared to sex-matched control pups. RARβ mRNA transcript level was significantly 

higher in IUGR male pups compared to control male pups. RARβ mRNA transcript level 

was unaffected in IUGR female pups compared to control female pups. RARγ mRNA 

transcript level was significantly higher in IUGR male and female pups compared to sex-

matched control pups at P21.

IUGR did not result in sex-specific differences in RAR mRNA transcripts at P0, P6, or P21 

(Figure 4).

RAR protein isoform abundance in the lung—IUGR resulted in postnatal age-

specific differences in abundance of RAR protein isoforms in the lung (Figure 5). At P0, 

RARα, β, and γ protein abundances were unaffected in IUGR male pups compared to 

control male pups. RARα protein abundance was significantly lower in IUGR female pups 

than control female pups. RARβ protein abundance was significantly higher in IUGR female 

pups than control female pups. RARγ protein abundance was not affected by IUGR in 

female pups compared to control female pups at P0.

At P6, RARα, β, and γ protein abundances were not affected in IUGR male or female pups 

compared to sex-matched control pups.

At P21, RARα and β protein abundances were not affected in IUGR male pups compared to 

control male pups. RARγ protein abundance was significantly higher in IUGR male pups 

than control male pups. RARα, β, and γ protein abundances were not affected in IUGR 

female pups compared to control female pups at P21.

IUGR also resulted in sex-specific differences in lung RAR protein isoform abundance (see 

Supplemental Figure S1 (online)). IUGR male rat pups had significantly more RARα 
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protein abundance than IUGR female pups at P0. No other differences were detected 

between male and IUGR female pups at P6 or P21. In contrast, control pups had several 

differences in lung RAR protein isoform abundance, depending on sex. Control male pups 

had significantly more RARα, β, and ξ protein abundances than control female pups at P0. 

These differences did not persist at P6 or P21.

Lung Elastin mRNA levels—IUGR disrupted mRNA transcript levels of RAR target 

gene elastin, in the lung in postnatal age-specific manners (Figure 6). At P0, and P6 elastin 

transcript levels were significantly lower in IUGR female pups compared to control female 

pups. Elastin mRNA transcript level was unaffected by IUGR in male pups compared to 

male control pups at P0, P6 or P21.

RAR Protein Isoform Immunolocalization—We used double immunofluorescence 

microscopy to co-localize RAR protein isoforms with pro-SP-C protein in the lung of IUGR 

and control pups. At P0, RARα, β, or γ antibody was localized in cells that lined the 

airspaces or were embedded in the walls (Figure 7). At P6 and P21, the three RAR isoform 

antibodies co-localized with pro-SP-C-positive, domed cells that were dispersed along the 

alveolar epithelial surface (yellow color in Figure 7). Also at P6 and P21, RARα, β, or γ 

antibody also localized among cells in the wall of developing alveoli (green color in Figure 

7).

Serum retinol concentration—IUGR did not affect serum retinol concentration at P0, 

P6, or P21 in male or female pups compared to each other or compared to sex-matched 

control pups (Table 2).

DISCUSSION

The results of our study demonstrate that IUGR transiently delays postnatal alveolar 

formation and RAR expression in the lung of rat pups in a sex-specific manner. At P0 

(saccular stage of lung development), IUGR increased the thickness of distal airspace walls 

in female pups compared to IUGR male pups. Other indices of alveolar formation (radial 

alveolar count, mean face length, and secondary septal volume density) are not affected by 

IUGR at P0, P6, or P21 in female pups. Transient changes also occurred in expression of 

RAR mRNAs and proteins. At P0, RARα protein abundance is lower in the lung of IUGR 

female pups compared to control female pups, as well as compared to male IUGR pups and 

control male pups. RARα promotes alveolar formation as a heterodimer with RARγ (14,16). 

At P0, transcript levels of RAR target gene, elastin is reduced in the lung of female rat pups. 

Also at P0, RARβ protein abundance, which inhibits alveolar formation (15), is higher in the 

lung of IUGR female pups compared to control female pups, as well as compared to IUGR 

male pups and control male pups. At P6 and P21, RARα and RARβ protein abundances are 

normal in IUGR male or female pups. We conclude that IUGR alone is not sufficient to 

persistently delay alveolar formation or disrupt expression of retinoid signaling molecules in 

the lung of male or female rat pups.

We assessed postnatal age-specific and sex-specific differences in alveolar formation 

because a recent study by our group showed that IUGR increased distal airspace wall 
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thickness at birth (P0) in the lung of rat pups (12). However, that study did not examine 

postnatal persistence or sex-specific effects of IUGR on distal airspace wall thickness. 

Results for the present study show that the increase in distal airspace wall thickness does not 

persist at P6 and P21, and that the increase at P0 occurs in the lung of female pups. Thus, 

our results provide clarification.

Greater thickness of distal airspaces in the lung of IUGR female pups at P0 is unexpected. 

The result is unexpected because IUGR generally has adverse effects on males more than 

females (5-10). However, altered lung structure in IUGR female pups is transient, and 

similarities in human IUGR female infants may not be reported clinically due to the lack of 

persistent changes.

A potential explanation for greater thickness in the lung of IUGR female pups at P0 may be 

greater abundance of RARβ protein in their lung (Figure 5). This is because RARβ inhibits 

alveolar formation (15). Further support for this potential explanation stems from correction 

of RARβ protein abundance in the lung of IUGR female pups at P6 and P21 (Figure 5). A 

potential explanation is that feeding a vitamin A-sufficient diet to the dams sustained 

physiologic serum retinol concentration in the pups (Table 2), thereby driving retinoid-

related alveolar formation.

Alterations in lung structure following IUGR are model dependent. When IUGR is induced 

by maternal caloric restriction, rat offspring have changes in both lung structure and elastin 

expression (17). Supplementation with retinoic acid reduced the effects of maternal caloric 

restriction on lung structure in this model (18). In contrast, IUGR induced by hypoxia does 

not alter lung structure (19).

Restoration of alveolar formation in our model may be attributable to serum retinol 

concentration in IUGR female pups. Our results show that serum retinol concentration 

remained normal at P0, P6, and P21 among IUGR female pups, as well as IUGR male pups 

(Table 2). Presumably, serum retinol concentration remained normal in the IUGR pups 

because they nursed ad libitum from their mothers, who had free access to rat chow. The 

commercial rat chow provided ~5 μg retinol/g of pellet. Thus, the ligand for RAR signaling 

was constantly available for the rat pups that had IUGR. We speculate that constant 

availability of retinol promotes alveolar formation when the expression of RARs in the lung 

changes in response to the prenatal insult of IUGR.

The molecular actions of retinol include upregulation of elastin expression by lung 

fibroblasts (20). Upregulation of elastin, in turn, promotes alveolar formation (16,21-23). 

Previous studies from our group show that elastin mRNA transcript levels are reduced in P0 

rat pups. (24). However, that study did not assess sex-specific effects. In this study we 

demonstrated IUGR-induced decreased elastin mRNA transcript levels occur in lungs of 

female, but not male, rat pups. In accordance with normalization of RARα protein levels, 

elastin transcript levels also normalize in female rat pups by P21. Therefore, we suggest that 

the combination of normal elastin mRNA transcript levels and normal serum retinol 

concentration contributed to normal alveolar formation among the former IUGR rat pups by 

P21.
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A limitation of our study is we did not measure the concentration of retinyl esters in lung. 

Local storage of retinyl esters is more important than serum availability of retinol (25). We 

also did not measure the concentration of retinol in rat milk. However, we showed that this 

model of IUGR does not change the availability of other micro- and macronutrients in rat 

milk (26).

In conclusion, our study demonstrates that IUGR alone does not cause lasting delay of 

alveolar formation or persisting disruption of retinoid signaling molecules in the lung of 

either male or female rat pups. While female pups are adversely affected at P0, alveolar 

formation and retinoid signaling molecules rectified later in postnatal life (P6 and P21). 

Because IUGR contributes to preterm birth and development of bronchopulmonary 

dysplasia, we speculate that a second-hit postnatally, such as positive pressure ventilation 

with oxygen-rich gas, may be necessary to disrupt alveolar formation and disrupt retinoid 

signaling molecules in the lung. IUGR may set the stage for other vulnerabilities, such as 

prenatal or postnatal cigarette smoke or postnatal hyperoxia.

METHODS

Rat Model of IUGR

All procedures were approved by the University of Utah Institutional Animal Care and Use 

Committee and are in accordance with the American Physiological Society's Guiding 

Principles (27). The rat model of IUGR was used as described by our group (12,24,28-31). 

Briefly, on day 19 of gestation, pregnant Sprague-Dawley rats were anesthetized with 

intraperitoneal xylazine (8 mg/kg) and ketamine (40 mg/kg). Both uterine arteries were 

ligated, giving rise to IUGR pups. Control dams underwent identical anesthetic procedures. 

Dam rats had ad libitum access to food and water, and were kept on a 12h/12h light/dark 

cycle. The food contained 4.74 μg retinol/g of pellet (Teklad 22/5 Rodent Diet 8640; Harlan 

Laboratories, Teklad Diets, Madison, WI). Three postnatal time points were evaluated: 

postnatal day 0 (P0), P6, and P21. P6 and P21 rat pups had ad libitum access to their 

mothers’ milk. We did not cross-foster rat pups because rat milk from dams that have 

undergone IUGR surgery does not differ from control rat milk in terms of volume and 

calories, and content of fat, protein, zinc, and sodium (26). Experiments used 4-6 rat pups 

per group. We randomly selected one male and one female rat pup each per litter. Therefore, 

we used pups from 4 to 6 litters for each group.

Lung Tissue Collection

For P0 rat pups, the following procedure was used. After intraperitoneal injection of 

xylazine (8 mg/kg) and ketamine (40 mg/kg), the chest was opened to expose the lungs and 

heart. A set of P0 lungs (n=6/sex) was removed en bloc, snap-frozen in liquid nitrogen, and 

stored at −80°C. Another set of P0 lungs (n=6/sex) was insufflated with 4% 

paraformaldehyde (4°C) at a pressure of 25 cm water via tracheal cannula. After 24h of 

fixation at 4°C, the right lung was immersed in 70% ethanol before processing into paraffin 

blocks. Lung:body weight ratios are not different between IUGR and control pups in this 

model (12).
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For the P6 and P21 pups, anesthesia was given by intraperitoneal injection of xylazine (8 

mg/kg) and ketamine (40 mg/kg). The chest and abdomen were opened. The abdominal 

aorta and caudal vena cava were cut before the lungs were perfused with normal saline via 

injection into the right ventricle. Perfusion was continued until the lungs blanched. A suture 

was placed across the hilum of the left lung. Scissors were used to cut the hilum of the left 

lung, lateral to the suture. The left lung was snap-frozen in liquid nitrogen. The trachea was 

cannulated to insufflate the right lung with 4% paraformaldehyde (4°C) at a pressure of 25 

cm water. The trachea was ligated before the trachea, right lung, and heart were removed en 

bloc and immersed in fresh 4% paraformaldehyde (4°C). After 24h of fixation at 4°C, the 

right lung was immersed in 70% ethanol before processing into paraffin blocks.

Lung Morphometry

We used design-based sampling (32,33) to quantify the lung parenchymal architecture, using 

morphometric methods previously reported by our group (34-37). We followed the 

principles of systematic, uniform, random sampling to evaluate non-overlapping calibrated 

fields. Tissue sections from the right lung of IUGR and control P0, P6, and P21 pups were 

separated into male and female subgroups. Hematoxylin and eosin-stained slides were used 

for morphometric analysis. Sampling involved coronal sections from the rostral, middle, and 

caudal lobes. The person who performed the tissue sampling, staining, and quantitative 

morphological analyses was blinded to the groups. We quantified four parameters of 

alveolar formation: secondary septal volume density, distal airspace wall thickness, mean 

face length, and radial alveolar count (37). Mean face length determines the distance (μm) 

between contiguous alveolar secondary septa (37). Of these four measurements, we did not 

quantify mean face length or radial alveolar count in the lung of P0 rats because their lungs 

were at the saccular stage of lung development.

Serum Retinol Concentration

Whole blood from pups at P0, P6, and P21 was collected in serum separator tubes, 

processed, and stored, with minimal exposure to heat and light. Serum retinol concentration 

were measured by a national reference laboratory (ARUP Laboratories, Salt Lake City, UT), 

using high-performance liquid chromatography. Results are reported as mg/l (38,39). 

Because the sample volume for testing exceeded the whole body serum volume of a P0 pup, 

we pooled IUGR or control serum of age- and sex-matched P0 pups.

mRNA Transcript Levels

Extraction of RNA, synthesis of cDNA, and real-time RT-PCR were performed, using 

frozen whole lungs of P0 pups, and the left lung of P6 and P21 pups. We used standard 

methods (12,24,28-31). Gel electrophoresis was used to confirm RNA integrity. The 

following sequences were used RARα (Forward: 5’ CCGGCTGCAGAAATGCTT, Reverse 

5’ TTTGTTTCGGTCGTTTCGC, Probe 5’CCGCTCCTTGGACATGCCCACT), RARβ – 

Assay on Demand Rn01537835_m1 (Applied Biosystems, Foster City, CA), and RARγ 

(Forward 5’AGTCTTCCGGCTACCACTATGG, Reverse 5’CAAGAGAAGACCTGGT, 

Probe 5’GTCCGATACGCAAATCCG), elastin Rn01299782_ml. Rat GAPDH was used as 

an internal control to correct for cDNA loading. Each sample was run in quadruplicate.
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Protein Isoform Abundance

Preparation of homogenates of lung for immunoblot is described by our group 

(12,24,28-31). Total protein was extracted from frozen whole lungs of P0 pups, and the left 

lung of P6 and P21 pups. A protein load of 50 μg was used in each well. Additional wells 

were used for molecular weight markers, as well as negative and positive antibody controls. 

We used 7% Tris-acetate XT Criterion gels (Bio-Rad Laboratories , Hercules, CA). Two 

sets of immunoblots were performed per RAR isoform to make age and sex comparisons. 

For the first set of immunoblots, two gels were made. One gel compared male pups among 

P0, P6, and P21 IUGR and control groups (n=4/time point/group; total of 24 samples/gel). 

The other gel compared female rats. For the second set of immunoblots, three gels were 

made per RAR isoform for sex comparison. For example, one gel compared RARα protein 

abundance for male versus female pups at P0 between IUGR and control groups (n=6/group; 

total of 24 samples/gel). This design was repeated for the P6 time point, and repeated again 

for the P21 time point. This set of three gels was repeated for RARβ and RARγ.

The primary antibodies and dilutions were as follows: RARα antibody diluted1:3000 in 5% 

BSA (ab28767, Abcam Antibodies, Cambridge, MA); RARβ antibody diluted 1:1000 in 5% 

BSA (ab53161, Abcam); and RARγ antibody diluted at 1:1000 in 5% BSA (ab5904, 

Abcam). Secondary antibodies and dilutions (in 5% BSA) were: for RARα, 1:1000 dilution 

of donkey anti-goat HRP-conjugated IgG antibody (#12807, Santa Cruz Biotechnology , 

Inc., Santa Cruz, CA); for RARβ, 1:2000 dilution of anti-rabbit HRP-conjugated IgG 

antibody (#7074 Cell Signaling Technology , Inc., Danvers, MA); and for RARγ, 1:1000 

dilution of anti-mouse HRP-conjugated IgG antibody (#7076 Cell Signaling Technology ). 

We normalized the densitometry values by staining the membranes with MemCode 

Reversible Protein Stain kit for PVDF membranes (Pierce, Rockford, IL), according to the 

manufacturer's instructions.

RAR Protein Isoform Immunolocalization

Immunohistochemistry was used to localize RAR isoforms in the lung, using established 

methods (12,37,40). The RAR primary antibodies were the same as used for immunoblots. 

RAR antibodies were individually coimmunostained with pro-surfactant protein-C (pro-SP-

C). Briefly, after treating the tissue sections to block endogenous peroxidase staining as well 

as non-specific staining, we incubated them with pro-SP-C antibody (rabbit, AB3786, 

Millipore USA, Billerica, MA) diluted 1:1500. Pro-SP-C was visualized by incubating the 

tissue sections with SA-Texas Red diluted 1:200. The tissue sections were subsequently 

incubated with anti-RARα antibody (diluted 1:250 and 1:500), or anti-RARβ antibody 

(diluted 1:2000 and 1:4000), or anti-RARγ antibody (diluted 1:400). RAR isoforms were 

visualized by incubating the tissue sections with fluorescein isothiocyanate-tagged 

secondary antibody. Negative immunostain controls included substitution of the RAR 

primary antibody with an isotype-matched irrelevant antibody (insulin), omission of the 

primary antibody, and omission of the secondary antibody. The tissue sections were covered 

with Vectashield Mounting Medium with DAPI (Vector Laboratories, Inc., Burlingame, 

CA) and a coverslip. Digital images were captured using a Zeiss Axiophot photomicroscope 

and processed with Adobe Photoshop Creative Suite 5 (Adobe, San Jose, CA). The only 
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adjustments made were brightness and contrast, which were adjusted the same for all images 

from all groups.

Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). We used non-parametric 

statistical tests (41). Effects of IUGR on RAR mRNA transcript variant level, protein 

isoform abundance, and lung morphometry were analyzed by two-way ANOVA followed 

by Fisher's protected least-squared difference test. Sex effects of IUGR on RAR protein 

abundance at each time point were analyzed by Mann Whitney U test. Statistical 

significance was accepted as p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Timeline of rat lung development. Representative images of female rat lungs at postnatal 

day 0 (P0), P6, P14, P21, and P65. At P0, the rat lung is at the saccular stage of lung 

development. Alveolar formation takes place from approximately P4 to P14. At P21 and 

P65, alveoli have characteristic histological features of long, straight alveolar walls and 

numerous, long secondary septa. All panels original magnification 80x (scale bar = 50 μm).
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Figure 2. 
Effect of IUGR on rat lung parenchyma at P0. Panel a, left side: male control P0 lung. Panel 

a, right side: female control P0 lung. Panel b, left side: male IUGR P0 lung. Panel b, right 

side: female IUGR P0 lung. Images are representative of the morphometric results shown in 

Figure 3. Lung parenchyma of a female pup that was IUGR has thicker distal airspace walls 

than a control female pup, as well as walls of a male pup that was IUGR and a control male 

pup. All panels original magnification 160× (scale bar = 20 μm).
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Figure 3. 
Effect of IUGR on morphometric parameters of rat lung parenchyma. Results are shown as 

mean ± SD for n=6/group. White fill indicates male control, black fill indicated male IUGR, 

grey fill indicates female control and hatched fill indicates female IUGR. Panel a: distal 

airspace wall thickness for male pups, left side and female pups, right side. Panel b: 

secondary septal volume density for male pups, left side and female pups, right side. Panel 

c : mean face length for male pups, left side and female pups, right side. Panel d: radial 

alveolar count for male pups, left side and female pups, right side. IUGR female pups had 

Joss-Moore et al. Page 14

Pediatr Res. Author manuscript; available in PMC 2014 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significantly thicker distal airspace walls/g body weight at P0 (*p<0.05) than control female 

pups at P0 (panel a, right side). This difference did not persist at P6 or P21. Secondary septal 

volume density/g, mean face length/g, and radial alveolar count/g were not affected by 

IUGR in either male or female pups at any of the endpoints. N/A, not applicable because the 

lung at P0 is at the saccular stage of lung development. †Different from P0 (p<0.05). § 

Different from P6 (p<0.05).
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Figure 4. 
Effect of IUGR on RAR mRNA transcript levels in homogenates of rat lung tissue. Results 

are shown as mean ± SD for n=6/group. White fill indicates male control, black fill 

indicated male IUGR, grey fill indicates female control and hatched fill indicates female 

IUGR. Panel a: RARα mRNA level for male pups, left side and female pups, right side. 

Panel b: RARβ mRNA level for male pups, left side and female pups, right side. Panel c : 

RARγ mRNA level for male pups, left side and female pups, right side. IUGR resulted in 

age-specific differences in lung RAR mRNA transcript levels. IUGR had significant effects 
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on mRNA transcript levels for RARα, β, and γ in male pups compared to age-matched 

control male pups at P0, P6, and P21. Similarly, IUGR had significant effects on mRNA 

transcript levels for RARα and γ in female pups compared to age-matched control female 

pups at P0, P6, and P21. On the other hand, IUGR did not cause sex-specific differences in 

lung RAR mRNA transcript levels.†Different from P0 (p<0.05). §Different from P6 

(p<0.05). *Different from age and sex-matched IUGR (p<0.05). Nonparametric statistical 

tests were used (see Methods section).
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Figure 5. 
Effect of postnatal age after IUGR on RAR protein isoform relative abundance in 

homogenates of rat lung tissue. Results are shown as mean ± SD for n=4/group. White fill 

indicates male control, black fill indicated male IUGR, grey fill indicates female control and 

hatched fill indicates female IUGR. Panel a: RARα protein abundance for male pups, left 

side and female pups, right side. Panel b: RARβ protein abundance for male pups, left side 

and female pups, right side. Panel c : RARγ protein abundance for male pups, left side and 

female pups, right side. At P21 (Panel c, left side), RARγ protein abundance was 
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significantly greater in IUGR male pups than male control pups. The other differences 

occurred at P0 in IUGR female pups (Panel a, right side). RARγ protein abundance was 

significantly lower in former IUGR female pups than in control female pups. Also at P0, 

RARα protein abundance was significantly higher in former IUGR female pups than in 

control female pups. †Different from P0 (p<0.05). § Different from P6 (p<0.05). *Different 

from age and sex-matched IUGR (p<0.05). Non-parametric statistical tests were used (see 

Methods section).
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Figure 6. 
Effect of IUGR on elastin mRNA transcript levels in homogenates of rat lung tissue. Results 

are shown as mean ± SD for n=6/group. White fill indicates male control, black fill 

indicated male IUGR, grey fill indicates female control and hatched fill indicates female 

IUGR. Panel a: male lung. Panel b: female lung. IUGR resulted in age-specific differences 

in lung elastin mRNA transcript levels. IUGR significantly decreased mRNA transcript 

levels of elastin in female pups compared to age-matched control female pups at P0, and 

P6. †Different from P0 (p<0.05). §Different from P6 (p<0.05). *Different from age and sex-

matched IUGR (p<0.05). Non-parametric statistical tests were used (see Methods section).
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Figure 7. 
Effect of IUGR on co-immunolocalization of RAR proteins (green) and pro-SP-C protein 

(red) in the lung of rat pups. Panel a: RARα antibody and pro-SP-C antibody co-localized 

(yellow) in cells that lined the distal airspaces (DAS) at P0 and P6, and in alveoli (Alv) at 

P21. In addition, RARα antibody localized among cells in the wall of the distal airspaces at 

P0 and P6, and in alveoli at P21. Panel b: RARβ antibody and pro-SP-C antibody co-

localized (yellow) in cells that lined the distal airspaces (DAS) at P0 and P6, and in (Alv) at 

P21. RARβantibody also localized among cells in the wall of the distal airspaces at P0 and 

P6, and in alveoli at P21. Panel c: RARγ protein (green) and pro-SP-C protein (red) are 

immunolocalized in lung parenchyma. RARγ antibody and pro-SP-C antibody co-localized 

(yellow) in cells that lined the distal airspaces (DAS) at P0 and P6, and in alveoli (Alv) at 

P21. In addition, RARγ antibody localized among cells in the wall of the distal airspaces at 

P0 and P6, and in alveoli at P21. All panels original magnification 160× (scale bar = 20 μm).
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Table 1

IUGR Decreased Body Weight (gm) in Rat Pups at P0 and P6 (mean ± SD)

Postnatal Age (days) Male Female

Control IUGR Control IUGR

P0 3.9 ± 0.4
2.6 ± 0.6

* 3.9 ± 0.3
2.8 ± 0.6

*

P6 17.1 ± 2.0
14.8 ± 2.0

* 16.6 ± 1.0
14.3 ± 2.0

*

P21 62.4 ± 4.7 56.8 ± 9.4 61.6 ± 5.6 55.8 ± 7.6

*
Different from age- and sex-matched control group, p<0.05.
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Table 2

IUGR did not Affect Serum Retinol Concentration (mg/l) in Rat Pups at P0, P6, and P21 (mean ± SD)

Postnatal Age (days) Male Female

Control IUGR Control IUGR

P0 0.22 ± 0.06 0.19 ± 0.01 0.23 ± 0.03 0.23 ± 0.04

P6 0.31 ± 0.02 0.31 ± 0.05 0.33 ± 0.04 0.31 ± 0.03

P21 0.33 ± 0.02 0.33 ± 0.05 0.31 ± 0.03 0.32 ± 0.04

No differences from age- and sex-matched control groups.
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