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 Is the Fetal Lung a Mineralocorticoid Receptor 
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pression of high levels of MR and 11 � -HSD1 in preterm fetal 
lung suggest low endogenous fetal cortisol may exert ac-
tions at the high affinity MR in vivo, leading to increases in 
expression of sodium channels important in the regulation 
of lung liquid secretion and reabsorption. 

 Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 In primates and in sheep, fetal secretion of cortisol in-
creases exponentially before birth. Cortisol induces mat-
uration of organ function and is necessary for the normal 
transition to extrauterine life. In sheep, the prepartum 
surge of fetal cortisol induces the conversion of proges-
terone to estrogen in placenta  [1, 2] . These critical actions 
of cortisol at the time of birth are exerted primarily by 
glucocorticoid receptors (GR), and synthetic glucocorti-
coids such as dexamethasone and betamethasone are well 
known to induce maturation of surfactant production in 
the lung  [3, 4] , gluconeogenesis in the liver  [5, 6] , and mat-
uration of the gastrointestinal tract  [7, 8] .

  Prior to maturation of the fetal adrenals, the circulat-
ing levels of fetal corticosteroids are relatively low (2–4 
ng/ml in ovine fetuses before 130 days’ gestation) and are 
primarily the consequence of the transplacental passage 
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 Abstract 

  Background:  Lung, kidney and small intestine are involved 
in fetal volume regulation and amniotic fluid secretion and 
play a pivotal role in the transition from intrauterine to ex-
trauterine life.  Objective:  This study was performed to de-
termine the ontogeny of mineralocorticoid receptors (MR) 
and glucocorticoid receptors (GR), and of MR- and GR-regu-
lated genes and proteins, serum and glucocorticoid-induced 
kinase (Sgk-1), epithelial sodium channel (ENaC � ), and Na,K-
ATPase  � 1.  Methods:  Lung, renal cortex and medulla, and 
small intestine were collected from fetuses at 80, 100, 120, 
130 and 145 days’ gestation and from day 1 and 7 neonatal 
lambs. Real-time PCR was performed to determine mRNA 
concentration for MR, GR, the 11 � -hydroxysteroid dehydro-
genases (11 � -HSD1 and 2), Sgk-1, ENaC � , and Na,K-ATPase 
 � 1. Protein expression of ENaC �  and Na,K-ATPase  � 1 in whole 
cell and membrane fractions was determined by immuno-
blotting.  Results:  Expression of corticosteroid-induced 
genes in renal cortex increases at term; in small intestine the 
induction occurs postnatally. In contrast, in lung expression 
of MR and GR mRNAs were greater at 100 days to term than 
postnatally and 11 � -HSD1 peaked at 145 days; the cortico-
steroid-induced genes also increased prenatally: Sgk-1 and 
ENaC �  increased by 120 days, peaking at 145 days, and Na,K-
ATPase  � 1 was greatest at 130 days.  Conclusions:  The ex-
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of small quantities of maternally-derived corticosteroids 
 [9] . Although the placenta expresses 11 � -hydroxysteroid 
dehydrogenase (11 � -HSD)2, which limits placental trans-
fer of cortisol, fetal plasma concentrations of cortisol are 
higher than those of cortisone before term  [10] . These low 
concentrations of cortisol in the fetus would exert only 
minimal effects via the higher capacity, GR, however the 
estimated free levels are close to the K d  for the high-af-
finity (corticosteroid type I) mineralocorticoid receptors 
(MR). Although in rodent species MR are relatively sparse 
before the last day or two of gestation  [11] , in human fe-
tuses MR have been found at 16 weeks of gestation  [12] . 
In previous studies we have found evidence of MR in 
ovine fetal lung by 120 days’ gestation  [13] .

  The objective of this study was to determine the on-
togeny of MR and GR, and of corticosteroid-regulated 
genes in three tissues involved in fetal volume regulation 
and amniotic fluid secretion in late gestation: lung, kid-
ney and small intestine. We also measured the expression 
of the 11 � -HSD1 and 11 � -HSD2. 11 � -HSD1 functions in 
vivo primarily as a reductase, converting the inactive 11-
dehydrosteroid, cortisone, to the active steroid cortisol 
using NADPH as a co-substrate  [14] . In fetal lung, 11 � -
HSD1 activity predominates  [15, 16] , allowing corticoste-
roids to induce surfactant-phosphatidyl-choline synthe-
sis in type 2 pneumocytes  [17] . 11 � -HSD2 enzyme func-
tions as an exclusive dehydrogenase for endogenous 
cortisol and corticosterone, metabolizing the active 11-
hydroxysteroids to the inactive 11-ketosteroids  [18] . In 
contrast, 11 � -HSD2 activity predominates in adult and 
fetal kidney, effectively preventing cortisol, but not aldo-
sterone, action at MR.

  We also determined the ontogeny of three genes in-
duced by GR or MR action in epithelia: serum and gluco-
corticoid-regulated kinase (Sgk-1), the  � -subunit of the 
epithelial sodium channel (ENaC � ), and the  � 1-subunit 
of the sodium-potassium ATPase (Na,K-ATPase  � 1). 
These genes are known to be induced by MR action in the 
adult kidney and to mediate sodium reabsorption in the 
kidney  [19] ; these genes also are thought to mediate lung 
liquid reabsorption at the time of delivery  [20, 21]  and to 
be involved in fluid flux in the gastrointestinal tract  [22] . 
The expression of ENaC �  is known to be induced by syn-
thetic glucocorticoids in adult lung  [23] , preterm rabbit 
lung  [24] , and cultures of fetal  [25, 26]  or adult lung  [27]  as 
well as by exogenous glucocorticoid treatment in fetal rats 
 [28] . Glucocorticoids also induce expression of the  � - or 
 � -subunits of Na,K-ATPase in cultured fetal lungs  [29, 30] , 
although maternal glucocorticoid treatment did not in-
duce Na,K-ATPase subunits in fetal rat lung  [28] . Gluco-

corticoid induction of these genes occurs via transcrip-
tional activation at glucocorticoid response elements at 
which MR are also able to bind  [31, 32] , and therefore sug-
gest that in the preterm fetal lung both MR as well as GR 
action might induce expression of these genes. Since MR 
are higher affinity receptors for cortisol, we would antici-
pate that induction of these genes might precede the tim-
ing of appreciable GR activation at term in tissue with rel-
atively low 11 � -HSD2 expression. Therefore, we hypoth-
esized that we would find tissue-specific expression of 
MR, GR, both 11 � -HSD isoforms, and corticosteroid-in-
duced genes in these tissues. We hypothesized that expres-
sion of corticosteroid-regulated genes and proteins will be 
increased earlier in gestation in fetal lung, corresponding 
to the expression of MR and 11 � -HSD1 in this tissue, than 
in kidney or small intestine, in which 11 � -HSD2 would be 
expected to be more abundantly expressed.

  Materials and Methods 

 Animals 
 Tissues were obtained from fetuses of time-dated pregnant 

ewes between 80 and 145 days’ gestation (normal term 148–149 
days), or from lambs on the first or second postnatal day or day 7 
postnatally. At the time of sacrifice, ewes were housed in indi-
vidual pens in rooms with controlled light (12/12 h light/dark cy-
cle), humidity ( ! 50%) and temperature (20  8  1   °   C). Ewes were fed 
daily with alfalfa hay and mixed concentrated feed and water at 
libitum. All use of animals was approved by the Institutional An-
imal Care and Use Committee at the University of Florida.

  Pregnant ewes were euthanized with 20 ml Euthol solution 
(7.8 g pentobarbital and 1 g phenytoin sodium i.v.; Virbac AH, 
Inc., Fort Worth, Tex., USA) at 80, 96–100, 120, 130 and 143–146 
days of gestation, and lambs were euthanized with 3 ml of Euthol 
on within 48 h of delivery or on day 7 after delivery. None of the 
ewes at 143–146 days showed any signs of impending labor; this 
group is hereafter referred to as the ‘145’ day group. Pieces of fetal 
and neonatal lung, kidney cortex and medulla and small intestine 
were  rapidly  collected,  frozen  in  liquid  nitrogen  and  stored  at 
–80   °   C until extraction of RNA. All animal use in this study was 
approved by the Institutional Animal Care and Use Committee 
of the University of Florida, and performed according to the 
Guiding Principles for the Care and Use of Animals of the Amer-
ican Physiological Society.

  Quantitation by RT-PCR 
 To determine the relative abundance of GR, MR, ENaC � , 

Na,K-ATPase  � 1, Sgk-1, 11 � -HSD1, 11 � -HSD2 and  � -actin 
mRNA, in tissues from different ages, real-time quantitative PCR 
was performed. Total RNA was extracted from approximately 250 
mg of kidney cortex or medulla and of 200 mg of lung or small 
intestine with TRIzol (Gibco/BRL, Grand Island, N.Y., USA) fol-
lowing the manufacturer’s recommended protocol. Tissues were 
homogenized in TRIzol and extracted with chloroform (0.2 ml/
ml TRIzol). Isopropanol (0.5 ml/ml TRIzol) was used to precipi-
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tate the RNA from its aqueous phase. RNA was pelleted by cen-
trifugation at 7,500  g  and 4   °   C for 5 min, washed in 75% ethanol, 
centrifuged again, air-dried for 10 min and dissolved in 200  � l 
HPLC water. Total RNA from kidney and small intestine was 
treated with DNase (Ambion DNA- free  TM ; Ambion, Inc., Austin, 
Tex., USA: 2 U/10  � g RNA). Total RNA concentration was deter-
mined by spectrophotometry and RNA purity was confirmed by 
260:   280 ratio and by electrophoresis in a 1% agarose/ethidium 
bromide gel. RNA samples were stored thereafter at –80   °   C until 
performing real-time RT-PCR. cDNA was subsequently synthe-
sized using a high-capacity cDNA archive kit (Applied Biosys-
tems, Foster City, Calif., USA). cDNA samples were then stored at 
–20   °   C until used.

  Gene abundance was normalized to  � -actin mRNA, which 
did not change with age in any of the four tissues tested. The RNA 
quantity used was optimized to ensure equal efficiency of ampli-
fication of mRNA. Primers and probe concentrations were also 
optimized according to the manufacturer’s protocol and the reac-
tion was performed in an ABI Prism 7000 sequence detector (Ap-
plied Biosystems). Each sample was performed in triplicate for 
each gene of interest and  � -actin. PCR primers and TaqMan 
probes specific for each gene were designed using Primer Express 
software (Applied Biosystems). 18S rRNA primers and probe were 
from TaqMan ribosomal RNA control reagent (Applied Biosys-
tems). Conditions and probe and primer sequences for GR, MR, 
ENaC � , and Sgk-1 mRNA have been previously reported  [13] . 
Na,K-ATPase  � 1 forward probe was used at 900 n M  (GGT GTT 
GCC CTG AGG ATG TATC), reverse primer at 300 n M  (CCG 
GAC TTC GTC ATA CAC GAA) and probe at 250 n M  (TTC TGT 
GCC TTC CCC TAC TCG CTT CTC ATT); probe and primers 
were designed from a sequence of the catalytic subunit (sequence 
corresponding to bp 3181–3273; GI 1205)  [33] . 11 � -HSD1 primers 
and probe were designed using the published sequence of ovine 
11 � -HSD1 (sequence corresponds to bp 664–737 of published se-
quence)  [34] . Forward primer (GGA ATA TGA GGC GAC CAA 
GGT) and reverse primer (TGG CTG TGT CTG TGT CGA TGA) 
were used at concentrations of 900 n M ; TaqMan probe (ATG TGT 
CAA TCA CCC TCT GTA TTC TT) was used at 250 n M . 11 � -
HSD2 was used as reported by Dodic et al.  [35] . Probe and primers 
were designed using the published ovine sequence for  � -actin (se-
quence corresponding to bp 878–947; GI 2182268). Forward 
primer (TTCCTTCCTGGGCATGGA) and reverse primer (GAC-
GTCACACTTCATGATGGATT) were used at concentrations of 
900 n M ; TaqMan probe (TCCTGCGGCATTCACGAAACTAC-
CTT) was used at 250 n M .

  Immunoblot 
 To determine the relative abundance of ENaC � , Na,K-ATPase 

 � 1 and Sgk-1 proteins, immunoblotting was performed. Samples 
of lung (lower lobe) and renal cortex from the 80-, 120-, 130-, 145-
day fetuses and neonates were homogenized and both whole cell 
and membrane fractions were prepared. Samples from renal me-
dulla at 100, 120, 130, 145 days and neonates were similarly pre-
pared. Tissue samples (0.5–1.0 g) were pulverized over dry ice, 
and placed in a cold Potter-Elvehjem tissue grinder with 2 vol of 
ice-cold sucrose buffer (1 m M  ethylenediaminetetraacetic acid di-
sodium salt, 0.32  M  sucrose, 1 m M  ( N -[2-hydroxyethyl]piperazine-
 N -[2-ethanesulfonic acid]), pH 7.4, 1:   100 protease inhibitor cock-
tail, Sigma P8340) and homogenized with three up and down 
strokes. The slurry was spun at 500  g , 4   °   C for 5 min. 300  � l of the 

supernatant was mixed with 300  � l 2 !  lysis buffer (4% sodium 
dodecyl sulfate, 20% glycerol, 125 m M  (Tris[hydroxymethyl]-
aminomethane) pH 6.8, 5% 2-mercaptoethanol) and boiled for 
5 min. The tubes were spun at 11,300  g  for 5 min at room tem-
perature. The supernatant was then aliquoted and frozen at
–80   °   C for use for analysis of protein contents in whole cells. The 
remaining supernatant from the 500  g  spin was spun at 5,000  g  for 
5 min at 4   °   C. The supernatant was collected and spun at 45,000 
 g  for 20 min at 4   °   C. The pellet was reconstituted with an equal 
volume of 2 !  lysis buffer. The samples were placed in a warm 
water bath for 10 min, aliquoted, and stored at –80   °   C for later 
analysis of membrane protein contents. Total protein concentra-
tions were determined using the Coomassie protein assay (Bio-
Rad, Hercules, Calif., USA) using bovine serum albumin as the 
standard. The samples were diluted to reduce interference from 
lysis buffer components and the standards were run with the same 
lysis buffer concentrations as the samples.

  For determination of protein expression by Western blot, opti-
mal sample and antibody concentrations were determined by pre-
liminary experiments using lung whole cell and membrane sam-
ples. Specificity of the antibody was confirmed by verification of 
the appropriate molecular weight for each band (approximately 67 
kDa for ENaC � , 100 kDa for Na,K-ATPase  � 1, and 54 kDa for Sgk-
1) and reduction or elimination of the band after preabsorption of 
the primary antibody using the immunizing peptide. Optimized 
total protein concentrations were 100  � g for lung and renal cortex 
whole cell preparations and renal cortex membrane preparations, 
55  � g for renal medulla whole cell preparations, 40  � g for renal 
medullary membrane preparations and 60  � g for lung membrane 
preparations. Samples were run on a either a 7.5% Tris-polyacryl-
amide gel (ENaC �  or Na,K-ATPase  � 1) or 10% Tris-polyacryl-
amide gel (Sgk-1) of 12, 18 or 26 lanes at 150 V for approximately 
1 h. Lanes containing Bio-Rad Dual Color Standard and a positive 
control sample were also included on each gel. Sample sets requir-
ing two 12-well gels were run with half of each group on each gel, 
and were transferred and developed at the same time. All gels were 
transferred at 100 V for 1 h to 0.45- � m nitrocellulose membranes. 
All blots were blocked with a 10% non-fat dairy milk in Tris-buff-
ered saline Tween-20 solution and exposed to appropriate primary 
antibodies for the  � -subunit of ENaC (Abcam, Cambridge, Mass., 
USA; 3464; 1:   100 in blocking solution and 3% goat serum over-
night), primary antibody for the  � 1-subunit of Na,K-ATPase (Af-
finity BioReagents, Golden, Colo., USA; MA3-929; 1:   10,000 in 
blocking solution overnight), primary antibody for Sgk-1 (Milli-
pore Corp.) or primary antibody for  � -actin (Sigma, St. Louis, 
Mo., USA; A-5441; 1:   20,000 in blocking solution with 1% BSA for 
1 h). A goat anti-rabbit horseradish peroxidase-conjugated sec-
ondary antibody (Sigma A0545; 1:   20,000) was used for  � -ENaC 
and Sgk-1, and a rabbit anti-mouse horseradish peroxidase-conju-
gated secondary antibody was used for  � -actin and Na,K-ATPase 
(Sigma, A9044; 1:   16,000 for  � -actin and 1:   2,000 Na,K-ATPase). 
Immunoreactive proteins were visualized with Amersham ECL 
detection reagents (GE Healthcare, Piscataway, N.J., USA) and de-
veloped with Kodak BioMax XAR film. The blots were analyzed 
with a Bio-Rad Chemi-Doc system and Quantity One software. 
The results of the densitometric analysis were then expressed as 
relative optical density units to  � -actin in the case of lungs. Equal 
loading of kidney homogenates was verified by staining the blot 
with India ink in the case of ENaC � , and Na,K-ATPase  � 1 blots 
and Ponceau-S (Sigma) in the case of Sgk-1 blots.
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  Statistical Analysis 
 Relative expression of each gene in each tissue was analyzed 

by calculating the threshold cycle number (C t ), and determining 
 � C t  between the mean C t  for each gene and the mean C t  for  � -ac-
tin from the same sample.  �  � C t  was   calculated as the difference 
between  � C t  in each sample and the mean  � C t  in the control 
group. The effect of gestational age on MR, GR and their target 
genes and corresponding proteins were compared over time by 
one-way ANOVA using the  � C t  value in the case of gene expres-
sion or the relative abundance of protein in the case of the immu-
noblot results. When data was not normally distributed, the Krus-
kal-Wallis one-way analysis of variance on ranks was performed. 
Differences between ages were compared by Duncan’s test or 
Dunn’s test, as appropriate. For all statistical tests, p  !  0.05 was 
used as the criterion for significance. The fold change in mRNA 
relative to control was used for graphical purposes and was cal-
culated as 2 – �  �  C t  using the 80-day values as the control group for 
comparison  [36] .

  As an index of relative abundance of genes between tissues, the 
 � C t  between the mean   C t  for each gene and the mean C t  for 18S 
was also calculated; mean values of  � Ct for each tissue at each age 
were calculated from the individual  � Cts in each animal. Relative 
expression of each gene compared to the expression in lung was 
calculated as 2(mean  � C t   for that tissue  – mean  � C t   lung ). Although this method 
does not quantitatively determine number of ng of mRNA in each 
tissue, it allows a relative comparison of abundance among tissues 
as standardized to 18S abundance.

  Results 

 Expression of GR and MR 
 GR was abundantly expressed in lungs, and renal cor-

tex and medulla. Mean GR mRNA expression relative to 
18S was approximately 8-fold greater in lung than in re-
nal cortex, and almost 20-fold greater than in small in-
testine at 130 days’ gestation, however expression at post-
natal day 7 was more similar among tissues ( table 1 ). GR 
expression in the lung was significantly increased during 
the second half of fetal life and was significantly higher 
in fetal lung than in postnatal lung ( fig. 1 a). In renal cor-
tex, GR expression increased by day 145, but decreased 
postnatally ( fig. 2 a). GR mRNA expression was not sig-
nificantly different across gestational age in small intes-
tine or renal medulla ( fig. 3a,   4 a). In contrast, GR expres-
sion in small intestine was significantly increased at post-
natal day 7 ( fig. 4 a).

  There was also appreciable expression of MR mRNA 
in lungs and both renal medulla and renal cortex, and 
lower, but detectable, levels of MR in fetal small intestine. 
Expression of MR mRNA significantly changed as a 
function of age in the fetal lung, kidney and small intes-
tine ( fig. 1b–4 b). In the lung expression of MR was great-
est at 130 days, and significantly decreased postnatally 

( fig. 1 b); mean expression of MR in lung at 130 days rela-
tive to 18S was approximately 7-fold greater than in either 
renal cortex or medulla and 80-fold higher than in small 
intestine, whereas levels postnatally were more similar in 
the various tissues ( table 1 ). As expected, expression of 
GR was greater in all tissues than expression of MR 
mRNA, however the ratio of GR to MR mRNA was much 
less in the lung and renal cortex (7- to 10-fold) than in the 
renal medulla or small intestine (approximately 20- and 
40-fold respectively). In the renal medulla there was a 
modest increase in MR expression after 80 days, whereas 
in renal cortex there was a small increase only at 130 days 
of gestation. In small intestine, although there was a sig-
nificant overall effect of age, and MR expression was 
greatest on the first postnatal day, this increase was not 
significant by post-hoc tests ( fig. 4 b).

  Expression of 11 � -HSD1 and 11 � -HSD2 
 Expressions of 11 � -HSD1 and 11 � -HSD2, the enzymes 

responsible for conversion of cortisone to cortisol and 
cortisol to cortisone, respectively, were also tissue-specif-
ic in their expression and ontogenetic patterns. Expres-
sion of 11 � -HSD1 appears to be greatest in fetal lung; at 
130 days mean expression of 11 � -HSD1 relative to 18S was 
50-fold greater in fetal lung than in small intestine and 
5- to 15-fold greater than in lung than in renal cortex and 

Table 1. Average relative expression of genes in renal cortex, me-
dulla and small intestine as compared to lung at the same devel-
opmental age (values are calculated from the mean �CT com-
pared to 18S for the animals in each group)

Lung Renal
cortex

Renal
medulla

Small
intestine

130d fetus
MR 1.0 0.14 0.14 0.01
GR 1.0 0.12 0.29 0.05
Sgk-1 1.0 0.19 0.66 0.26
ENaC� 1.0 1.96 5.76 0.06
Na,K-ATPase �1 1.0 0.06 0.21 0.12
11�-HSD1 1.0 0.18 0.07 0.02
11�-HSD2 1.0 34.0 49.7 1.33

7d lamb
MR 1.0 1.63 1.28 0.24
GR 1.0 0.39 0.40 0.29
Sgk-1 1.0 0.68 0.80 0.73
ENaC� 1.0 5.34 7.93 0.14
Na,K-ATPase �1 1.0 0.90 3.39 13.5
11�-HSD1 1.0 0.29 0.18 0.11
11�-HSD2 1.0 13.6 52.0 0.48
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medulla ( table 1 ). Conversely, expression of 11 � -HSD2 
was lowest in fetal lung and small intestine; at 130 days 
expression of 11 � -HSD2 relative to 18S was 30- to 50-fold 
less in fetal lung than in fetal kidney ( table 1 ). At 130-day 
expression of 11 � -HSD1 in lung was approximately 6-fold 
higher than that of 11 � -HSD2, whereas expression of 
11 � -HSD2 was approximately 30-fold higher in renal cor-

tex and 9-fold higher in small intestine than was expres-
sion of 11 � -HSD1. In lung, 11 � -HSD1 expression was sig-
nificantly increased from 80 to 130 days ( fig. 1 c), however 
there was no change in 11 � -HSD2 expression in late ges-
tation or in the early postnatal period ( fig. 1 d). In renal 
cortex, 11 � -HSD2 increased by more than 5-fold from day 
80 to day 100 and remained increased to 7 days postna-
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  Fig. 1.  Expression of glucocorticoid receptor (GR) and mineralocorticoid receptor (MR) and their target genes 
in lungs of 80-, 100-, 120-, 130- and 145-day fetuses and day 1 and day 7 neonatal lambs. Data are depicted as 
mRNA fold changes relative to 80 days. ( a ) GR, ( b ) MR, ( c ) 11 � -hydroxysteroid dehydrogenase 1 (11 � -HSD1), 
( d ) 11 � -hydroxysteroid dehydrogenase 2 (11 � -HSD2), ( e ) serum and glucocorticoid-induced kinase (Sgk-1), ( f ) 
epithelial sodium channel (ENaC � ), and ( g ) sodium, potassium ATPase (Na,K-ATPase  � 1). Superscripts a–g in-
dicate  � C t  values significantly different by ANOVA: a = vs. 80 days; b = vs. 100 days; c = vs. 120 days; d = vs. 
130 days; e = vs. 145 days; f = vs. 1 day neonate; g = vs. 7 days neonate. 
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tally ( fig. 2 d). 11 � -HSD1 expression also increases prena-
tally in renal cortex, but decreased after birth ( fig. 2 c). In 
renal medulla, 11 � -HSD1 did not significantly change, 
but 11 � -HSD2 dramatically increased prenatally ( fig. 3 c, 
d). In intestine there was no increase in 11 � -HSD1 with 
age, and 11 � -HSD2 increased near term ( fig. 4 c, d).

  Expression of Sgk-1, ENaC �  and Na,K-ATPase  � 1 
 The pattern of expression of the MR-induced genes 

was also tissue-specific. Sgk-1 expression was detected at 

80 days and increased with gestational age in both lung 
and kidney. Sgk-1 gene expression was significantly in-
duced in lungs by 120 days gestation and further in-
creased at 145 days, although the magnitude of the in-
crease varied between 3.5- and 38-fold in individual 
lungs. Sgk-1 mRNA expression remained significantly el-
evated postnatally, although the magnitude of this in-
crease was also variable among the lambs ( fig. 1 e). Sgk-1 
protein in fetal lungs was significantly increased at days 
120–145 of gestation, and was significantly lower in the 
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newborn lamb than in the 120-day lamb ( fig. 5 e). In con-
trast, renal cortical expression of Sgk-1 mRNA was not 
significantly increased until 145 days, and the fold change 
was much smaller (about 2-fold;  fig. 2 e). In renal cortex 
there was no significant change in protein across time, 
although Sgk-1 protein was greatest in the newborn renal 
cortex ( fig. 6 e). In renal medulla, Sgk-1 mRNA increased 
between 80 and 100 days, but did not increase further 
with gestational age or postnatally, and there was an in-
crease in Sgk-1 protein at 120 days as compared to 100 

days ( fig. 7 e). Small intestine Sgk1 mRNA increased only 
postnatally ( fig. 4 e).

  ENaC �  was also expressed in all tissues as early as 80 
days of gestation. The relative induction of ENaC �  mRNA 
with advancing gestation was also more marked in lungs 
than in renal medulla or cortex. In lungs the expression of 
ENaC �  was increased by 100 days; at 145 days the induc-
tion was about 18-fold relative to 80 days ( fig. 1 f). ENaC �  
protein levels were significantly higher in fetal lungs than 
in the postnatal lung; ENaC �  in lung membrane fraction 
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was markedly increased at 130 days, and decreased post-
natally ( fig. 5 a, b). Whole cell ENaC �  protein abundance 
also decreased postnatally. In kidney, the ontogenetic pat-
tern in expression of ENaC �  mRNA was similar to that of 
Sgk-1 with small increases in mRNA between 80 and 100 
days in renal medulla and increases in renal cortex only at 
145 days ( fig. 2 f,  3 f). ENaC �  protein expression in whole 
cell extracts of renal cortex decreased from 130 to 145 days, 
but increased from 145 days to postnatal day 1. However, 
ENaC �  protein expression in fractions of renal cortex 

membrane dramatically increased between 130 and 145 
days and remained elevated in the newborn lamb ( fig. 6 b). 
In contrast, ENaC �  protein in renal medulla did not show 
any consistent developmental pattern; ENaC �  in both 
whole cell and membrane fraction tended to be reduced 
after 100 days ( fig. 7 b). In small intestine, ENaC �  mRNA 
expression tended to increase at postnatal day 7, but this 
increase was variable and not significant ( fig. 4 f).

  Na,K-ATPase  � 1 mRNA expression in lung was signif-
icantly increased at 130 days, but was not significantly in-
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creased at later ages ( fig. 1 g). Na,K-ATPase  � 1 protein ex-
pression in lung was only increased in whole cell extracts 
from the newborn lungs as compared to lungs of 130-day 
fetuses, but Na,K-ATPase  � 1 protein in the membrane 
fraction was significantly increased at 130–145 days ( fig. 5 c, 
d). In renal cortex, Na,K-ATPase  � 1 mRNA expression 
was significantly increased at 145 days ( fig. 2 g), whereas 
Na,K-ATPase  � 1 protein was decreased at 130 days in 
whole cell and there was no ontogenetic pattern of change 
of Na,K-ATPase  � 1 protein in membranes from renal cor-
tex ( fig. 6 d). In renal medulla the increase in Na,K-ATPase 
 � 1 mRNA was significant from 100 days of gestation to 7 
days postnatally ( fig. 3 g). However, Na,K-ATPase  � 1 pro-
tein abundance in whole cell decreased at 145 days relative 

to 100-day levels and then subsequently increased signifi-
cantly from 145 days to 1 day; in membrane fractions, 
Na,K-ATPase  � 1 were decreased after 100 days ( fig. 7 d).
In small intestine there was a significant increase in
Na,K-ATPase  � 1 only in the 7-day lambs ( fig. 4 g).

  Discussion 

 The results of this study suggest that lung, kidney and 
small intestine are all target sites for mineralocorticoid 
and glucocorticoid action during late gestation and/or at 
birth. The relatively high abundance of MR in fetal lung 
previously found in other samples of fetal lung  [13]  was 
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confirmed in this study; we also confirmed the relatively 
high abundance of 11 � -HSD1 in fetal lung. Consistent 
with the relatively high level of MR and 11 � -HSD1 in fe-
tal lung, expression of genes induced by MR in other tis-
sues, including Sgk-1, ENaC � , and Na,K-ATPase  � 1, and 
abundance of Sgk1, ENaC �  and Na,K-ATPase  � 1 pro-
teins, were greater in fetal life than in the neonate. Fur-
thermore, the ontogenetic pattern of expression of these 
corticosteroid responsive genes differed in lung than in 
the classic epithelial target cells for mineralocorticoid ac-
tion, the renal cortex, suggesting that corticosteroids may 
exert earlier actions in the fetal lung than in the kidney.

  The relatively high ratio of 11 � -HSD1 to 11 � -HSD2 in 
the lung suggests that cortisol may be the primary ligand 
at MR and GR in lung, in contrast to renal epithelial cells 

in which MR are ‘protected’ by the presence of high levels 
of 11 � -HSD2. Fetal lung had relatively high expression of 
11 � -HSD1, particularly from 130 days of gestation until 
term, whereas expression of 11 � -HSD2 was relatively 
sparse in lung. This result is consistent with the studies 
of dehydrogenase activity in fetal lung  [16] . The results 
are also consistent with the finding of predominately 
11 � -HSD1 activity in fetal rodent lung  [37] . However, 
studies in human fetal lung explants have suggested the 
converse: that 11 � -HSD2 activity dominates [reviewed in 
 37 ] as it does in adult lung. Nonetheless, previous studies 
did suggest that cortisol conversion to cortisone de-
creased near term  [15] , consistent with our finding that 
11 � -HSD1 dramatically increases in late gestation. Rela-
tively low 11 � -HSD2 expression in the late gestation fetal 
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lung would allow binding of circulating cortisol to MR in 
the fetal lung even in unstressed fetuses before term; free 
cortisol levels in the ovine fetus at 120–130 days of gesta-
tion are estimated to be 1–2 n M , within the range for 
binding at ovine or human MR (ovine MR: K i  0.2 n M , K d  
0.5 n M   [38] ; human MR: K i  0.13 n M   [39] ). Moreover, fetal 
cortisol levels are approximately 20-fold higher than 
those of aldosterone in the unstressed fetus, suggesting 
that cortisol is likely to be the sole ligand at MR in 11 � -
HSD2 deficient tissues prior to term, except in conditions 
of fetal hypoxia in which aldosterone would be increased 
sufficiently to also bind appreciably at MR  [40] . In guinea 
pig fetal lungs, treatment with aldosterone has been 
shown to significantly decrease the rate of lung fluid pro-
duction  [41] , indicating a role of MR in reabsorption in 

that species. A recent study has suggested that low doses 
of the natural corticosteroid cortisol are effective at im-
proving oxygen-free survival and reducing the need for 
dexamethasone when administered to premature new-
borns  [42] , underscoring the ability of cortisol to exert 
effects on the fetal or near term lung. These results there-
fore suggest that combined MR/GR agonists, such as the 
endogenous steroid cortisol, may exert greater effects in 
the lung than would GR agonists alone.

  Our study revealed that ENaC � , Na,K-ATPase  � 1, and 
Sgk-1 mRNA levels were significantly increased by day 
130 of gestation in the lungs of fetal sheep, with increases 
in expression of ENaC �  as early as 100 days and Sgk-1 by 
120 days. Expression of Sgk-1 and ENaC �  mRNA peaked 
at 145 days’ gestation and was also relatively high in lung 
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at day 1 and day 7 postnatally. Sgk-1 and ENaC �  proteins 
were greater in fetal than neonatal lungs; ENaC �  protein 
in the membrane fraction of lung was most abundant at 
130 days, and was significantly reduced in the neonatal 
lung. Na,K-ATPase mRNA was highest at 130 days’ gesta-
tion; although whole cell protein was greatest in the new-
born, membrane-associated protein was greatest at 130–
145 days. These results are consistent with corticosteroid-
mediated effects in epithelium. The amiloride-sensitive 
ENaC is found in the apical membrane of salt-absorbing 
epithelia lining the lungs as well as in the distal nephron 
and the distal colon, and constitutes the rate-limiting step 
in the transepithelial sodium absorption  [43] . In adult 
kidneys, ENaC mRNA and protein are regulated by aldo-
sterone, and acute changes in aldosterone increase ENaC 
activity and membrane localization of ENaC �  by reduc-
ing degradation of the channel  [19] . Studies suggest that 
both ENaC �  and Na,K-ATPase  � 1 are involved in lung 
liquid reabsorption at term (reviewed by Barker and Olver 
 [44] ). In utero, secretion of lung liquid contributes to am-
niotic fluid; at term ENaC plays an important role in the 
transition from active secretion of fluid to net reabsorp-
tion in order to allow oxygen diffusion postnatally. The 
 � -subunit of ENaC appears to be critical for action of this 
ion channel at birth; mice with knockouts of the  � -sub-
units of ENaC, but not  � - or  � -subunits, die within 2 days 
of birth because of the inability to reabsorb lung fluid, re-
sulting in severe neonatal respiratory distress  [20] . Recent 
data have shown that expression of Sgk-1 is decreased in 
lung of human fetuses with exposure to chorioamnionitis 
 [45] ; they suggest that inflammation may reduce Sgk-1 ef-
fects on ENaC localization and therefore lead to the in-
creased risk of respiratory distress syndrome.

  In addition to the well-known critical action of gluco-
corticoids in regulating pulmonary development and sur-
factant production, glucocorticoids have been implicated 
in this increase in lung ENaC �  expression and function 
 [46] . Previous studies have found that corticosteroids in-
crease expression of ENaC, and that adrenal steroids also 
increase Na,K-ATPase expression in lung, although the 
latter effect appears to also require the increase in PO 2  
levels which occurs at term  [44] . However, our results 
show that both ENaC �  and Na,K-ATPase  � 1 mRNAs sig-
nificantly increase in lung before delivery, by day 130 of 
gestation. Sgk-1, ENaC �  and Na,K-ATPase  � 1 proteins in 
lung membranes are also high as early as 130 days of ges-
tation, before appreciable increases in fetal adrenal corti-
sol secretion which would activate GR. Thus, the relative-
ly high expression of 11 � -HSD1 and MR, and the changes 
in Sgk-1, ENaC � , and Na,K-ATPase  � 1 in the preterm fe-

tus suggest that adrenal steroids may act via MR even 
when fetal plasma corticosteroid levels are relatively low. 
This suggests that changes in cortisol and/or aldosterone 
in the late gestation fetus may have important physiologic 
actions to alter the molecular machinery critical for deter-
mining the rate of lung liquid production.

  In an earlier study in our laboratory, we found that re-
duction of maternal corticosteroid levels, which reduces 
amniotic fluid, reduced lung liquid secretion rate at 130 
days  [47] . We have hypothesized that this effect was a ho-
meostatic response in the fetus to regulate fetal volume 
and occurred secondary to the increase in fetal aldoste-
rone which we measured. However, studies by Wallace et 
al.  [48, 49]  have found that fetal adrenalectomy in late 
gestation causes a reduction in lung liquid secretion, 
whereas fetal cortisol infusion increases lung liquid pro-
duction; it is not clear in these studies if this was a direct 
effect of cortisol or secondary to other changes. The pres-
ent results are consistent with the hypothesis that chang-
es in fetal cortisol directly effect sodium reabsorption.

  Studies from other laboratories have shown that the 
fetal sheep kidney expresses MR and GR, although at 
lower mRNA levels than in adult kidney  [50] . The earlier 
increase in expression of these receptors in fetal sheep 
relative to rodent species is not surprising, as nephron 
development in sheep occurs prenatally, rather than 
postnatally as in rodent species  [51] . Nonetheless, the 
kidney of the ovine fetus is relatively unresponsive to al-
dosterone. Changes in urinary sodium and potassium 
secretion do occur in response to aldosterone, however 
the infusion rates used produced aldosterone levels well 
above the low levels of plasma aldosterone found in nor-
mal, unstressed fetuses of less than 130 days  [52] . Other 
studies have shown that the fetal secretion of corticoste-
roids does not play a major role before 139 days  [53] , but 
that the increase in urinary to plasma Na/K ratio with 
age in late gestation sheep correlates with the increase in 
aldosterone as the fetal adrenal matures  [54] . Our results 
confirm the presence of MR and GR in fetal renal cortex 
and medulla, and also relatively high expression of 11 � -
HSD2 expression in renal cortex. We also found induc-
tion of Sgk-1, ENaC �  and Na,K-ATPase  � 1 in the renal 
cortex by 145 days of gestation and postnatally. Although 
we found no change in whole cell proteins, membrane-
localized ENaC �  was increased in renal cortex by 145 
days. These data are consistent with MR-mediated ef-
fects at term as fetal adrenal aldosterone secretion in-
creases. In contrast, in the renal medulla there was an 
increase in expression of all genes between 80 and 100 
days of gestation, but few changes occurred after that 
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age, and protein expression tended to decrease after 100 
days. In the sheep metanephros, nephrogenesis is com-
plete by 120–130 days’ gestation, and the increase in ex-
pression of several of the studied genes in medulla be-
tween 80 and 100 days occurs at the time of maximal 
nephrogenesis, during which the nephrons migrate from 
inner to outer zones of the developing kidney  [55] . This 
suggests the increase in gene expression parallels differ-
entiation of cells in the medulla.

  Our study revealed statistically significant postnatal 
increases in Sgk-1 and Na,K-ATPase in small intestine. 
Our data are consistent with GR-mediated effects stimu-
lated by the relatively high levels of cortisol which occur 
at term. Whereas aldosterone action at MR is hypothe-
sized to be an important regulator of sodium transport in 
the neonatal colon in the immature small intestine, dehy-
drogenase activity is low compared to that of colon, sug-
gesting effects of cortisol at MR or GR would predominate 
because of the higher concentrations of cortisol relative to 
aldosterone  [22] . In our studies, expression of 11 � -HSD1 
and 11 � -HSD2 were both relatively low in prenatal small 
intestine, consistent with possible effects of cortisol. How-
ever, the relatively low MR expression in small intestine 
would be consistent with GR-mediated effects of cortisol 
as fetal adrenal cortisol secretion increases at term. 

 In summary, our data show that MR expression and 
corticosteroid-induced genes in renal cortex increase 
only in the late gestation; this is consistent with increased 
aldosterone effects on the kidneys near term. In small in-
testine the induction also occurs at term, but are most 

likely GR-mediated. However, increases in expression of 
MR and corticosteroid-induced genes occurred in the 
lung earlier in fetal life. Further, the increase in expres-
sion of Sgk-1, ENaC � , and Na,K-ATPase  � 1 mRNA and 
in Sgk-1 and lung membrane ENaC � , and Na,K-ATPase 
 � 1 protein between 120 and 130 days indicate that there 
is an increase in corticoid action which is disproportion-
ate relative to the rather small increases in fetal plasma 
cortisol that occur over this time in gestation. The in-
creases in corticosteroid-regulated genes appear to be re-
lated to the increase in MR and 11 � -HSD1 expression oc-
curring between 120 and 130 days. There are several im-
portant implications suggested by these finding: (1) that 
increasing concentrations of circulating corticosteroids 
of either maternal or fetal origin may be important in the 
regulation of lung liquid secretion and/or reabsorption as 
early as 120–130 days of gestation, and may contribute to 
normal fetal fluid homeostasis and changes in produc-
tion of amniotic fluid with maternal or fetal stress; (2) 
that the normal transition to extrauterine life may in-
volve coordinated action of cortisol on MR as well as GR-
mediated target genes, and (3) therapies that result in ac-
tivation of MR as well as GR may be more effective in 
producing reabsorption of fluid in preterm infants.
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