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Abstract

 

Previous studies have shown that ontogeny of the epidermal
permeability barrier and lung occur in parallel in the fetal
rat, and that pharmacologic agents, such as glucocorticoids
and thyroid hormone, accelerate maturation at comparable
developmental time points. Gender also influences lung
maturation, i.e., males exhibit delayed development. Sex
steroid hormones exert opposite effects on lung maturation,
with estrogens accelerating and androgens inhibiting. In this
study, we demonstrate that cutaneous barrier formation,
measured as transepidermal water loss, is delayed in male
fetal rats. Administration of estrogen to pregnant mothers
accelerates fetal barrier development both morphologically
and functionally. Competent barriers also form sooner in
skin explants incubated in estrogen-supplemented media in
vitro. In contrast, administration of dihydrotestosterone de-
lays barrier formation both in vivo and in vitro. Finally,
treatment of pregnant rats with the androgen antagonist
flutamide eliminates the gender difference in barrier forma-
tion. These studies indicate that (

 

a

 

) estrogen accelerates and
testosterone delays cutaneous barrier formation, (

 

b

 

) these
hormones exert their effects directly on the skin, and (

 

c

 

) sex
differences in rates of barrier development in vivo may be
mediated by testosterone. (
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Introduction

 

The principal function of the skin is to provide a protective
barrier against transcutaneous water loss. The epidermal per-
meability barrier resides in the outermost layers of the mam-
malian epidermis, the stratum corneum, and is mediated by
hydrophobic lipids organized into multiple lamellar mem-
branes (1–3). Precursor lipids are packaged in lamellar bodies
in stratum granulosum cells and delivered to the extracellular
spaces of the stratum corneum by exocytosis of lamellar bodies

(1–3). The epidermal lamellar body secretory system develops
during late gestation to allow for the transition from aqueous
to atmospheric environment. Immaturity of the epidermal per-
meability barrier can have extreme consequences in preterm
infants, including fluid and electrolyte imbalance, increased ca-
loric requirements resulting from evaporative heat loss, and
predisposition to sepsis (4–7).

The development of an analogous lamellar body secretory
system in the type II alveolar cell pneumocyte has been stud-
ied widely in humans and in experimental animals (8–11). Al-
though lung surfactant contains predominantly phospholipids,
a class of lipids absent from barrier lipids, both secretory sys-
tems deliver lipid to their respective extracellular domains (1–3,
12–14). Moreover, the epidermal and lung lamellar secretory
systems exhibit striking similarities in their developmental
timetables, with both maturing in the third trimester in hu-
mans and other animals (4, 8–11, 15). In the fetal rat, lamellar
bodies first appear in skin and lung on gestational d 18; secre-
tion begins on d 19 and 20, respectively; and maturation of
both tissue systems is complete by d 21 of gestation (normal
parturition occurs on d 22) (15, 16). Furthermore, glucocorti-
coids and thyroid hormone accelerate lung maturation (re-
viewed in reference 17), and, as we have shown, glucocorti-
coids accelerate epidermal barrier maturation in utero in the
rat (18), and both glucocorticoids and thyroid hormone accel-
erate fetal rat barrier formation in vitro (19). Other hormones
are also recognized to affect pulmonary development; for ex-
ample, estrogen accelerates, while testosterone inhibits lung
maturation (20–26). Additionally, a gender difference in the
timing of lung maturational events has been noted, with males
demonstrating a delay in lung development during late gesta-
tion (27–30). Whether there are similar male–female differ-
ences during epidermal development, and whether these dif-
ferences may contribute to sex differences in survival of
preterm infants has not been previously examined. The pur-
pose of the present study was to determine if a sex-specific dif-
ference exists during cutaneous barrier development, and
whether the sex steroid hormones, estrogen and testosterone,
affect epidermal barrier formation.

 

Methods

 

Materials.

 

Timed pregnant Sprague-Dawley rats were obtained from
Simonsen Laboratories (Gilroy, CA.). Diethylstilbestrol (DES),
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hydrotestosterone (DHT), and flutamide were purchased from Sigma
Chemical Co. (St. Louis, MO). The tissue culture medium (M199)
was from Gibco BRL (Grand Island, NY), and tissue culture mem-
brane inserts (Transwell-COL, 3-

 

m

 

m pore size) were obtained from
Costar Corp. (Cambridge, MA). Lanthanum nitrate was obtained
from Electron Microscopy Sciences (Ft. Washington, PA), while nile
red and frozen tissue embedding compound (OCT) were from Miles
Scientific Division (Naperville, IL).

 

In vivo model.

 

Pups were delivered prematurely by cesarean sec-
tion under halothane anesthesia on d 20 estimated gestational age
(EGA) (plug date 

 

5 

 

d 0). Transepidermal water loss (TEWL) was
measured using a Meeco electrolytic water analyzer, as described pre-
viously (15). Fetal sex was determined by microscopic internal exami-
nation (31).

Pregnant rats were injected subcutaneously daily on d 16 through
d 18 EGA with 1 mg/kg DES in 0.1 ml of 0.1% ethanol in peanut oil.
Control animals were injected subcutaneously during the same time
period with 0.1 ml 0.1% ethanol in peanut oil. Pups were delivered on
d 20 for TEWL measurements. DHT, 1 mg/kg or 5 mg/kg in 0.1 ml
DMSO, or DMSO alone was injected subcutaneously on d 13–18
EGA, and pups were delivered prematurely on d 20 and d 21 for
TEWL measurement. Flutamide, 50 mg/kg in 0.1 ml 10% ethanol in
peanut oil, was injected subcutaneously on gestational d 13–18. Con-
trol animals received 0.1 ml of 10% ethanol in peanut oil over the
same treatment period. TEWL was measured, and sex determination
was made in d-20 pups.

 

In vitro model.

 

Our skin organ culture model has been described
previously in detail (19). Briefly, full-thickness skin was removed
from d 17 EGA fetuses. Explants were placed dermis down onto col-
lagen membranes, and submerged in 4 ml of hormone- and serum-
free media. DES or DHT was added to the incubation media in con-
centrations of 0.01–100 nM.

 

In vitro barrier function.

 

Explants were removed from the cul-
ture dishes, and the sides and bottom of the tissue were sealed to re-
strict water loss solely through the epidermis, as described previously
(19). Samples were then weighed hourly for 6 h using a Cahn balance
(sensitivity 0.001 mg).

Lanthanum penetration was examined with electron microscopy
as an independent method of assessment of barrier integrity (32, 33).
Explants were minced and incubated first in 4% lanthanum nitrate in
modified Karnovsky’s fixative at room temperature for 1 h, then
rinsed, incubated, and processed for electron microscopy, as de-
scribed previously (15).

 

Light microscopy, histochemistry, and electron microscopy.

 

10–15
frozen sections of skin samples taken from six to eight different pups
were examined. 10-

 

m

 

m sections were stained with hematoxylin. Nile
red was applied to 5-

 

m

 

m frozen sections, which were examined using
a Leitz fluorescence microscope equipped for epifluorescence (E. Le-
itz, Inc., Rockleigh, NJ) (15). Parallel samples were minced into
1-mm

 

3

 

 pieces, fixed in modified Karnovsky’s fixative, and processed
for electron microscopy. Sections were stained with uranyl acetate
and lead citrate, and examined with a Zeiss 10A electron microscope
(Carl Zeiss, Inc., Thornwood, NY) (15).

 

Statistics.

 

Results are presented as mean

 

6

 

SEM. Statistical signif-
icance was determined using a Student’s 

 

t

 

 test.

 

Results

 

Gender differences in rates of barrier development.

 

Our labo-
ratory has shown previously that on d 19 EGA all pups lack a
measurable barrier to water loss, whereas on d 21 all exhibit a
competent barrier (15). However, on d 20, a wide range in bar-
rier competence is observed. To determine whether this vari-
ance could be gender related, we obtained pups from seven
different litters (24 males and 24 females) on d 20, and from
three different litters (10 males and 10 females) on d 21, and

measured TEWL. As shown in Fig. 1, males exhibit signifi-
cantly poorer barriers in comparison with female littermates
on d 20 EGA. All pups on d 21 exhibited competent barriers,
and there was no significant difference between males and fe-
males. These studies demonstrate gender-related differences
in rates of barrier maturation in male vs. female rats.

 

Estrogens accelerate barrier development in utero.

 

To deter-
mine whether estrogen, which accelerates lung development in
the rat, also accelerates barrier maturation, we examined the
effects of maternal DES treatment on fetal barrier formation.
Pregnant rats were injected with 1 mg/kg DES on d 16–18 of
gestation, a treatment similar to that which accelerates lung
maturation. Pups were then obtained on d 20 and their barrier
to water loss measured. As described previously (15), control

Figure 1. The formation of a competent barrier is delayed in males. 
TEWL was measured in d 20 and d 21 EGA fetal rats with a Meeco 
electrolytic water analyzer. Fetal sex was assessed by microscopic in-
ternal examination. Results are reported as mean6SEM. n (d 20) 5 
24 males and 24 females. n (d 21) 5 10 males and 10 females. *P , 

0.01.

Figure 2. Effect of maternal estrogen treatment on fetal barrier func-
tion. Pregnant rats were injected with 1 mg/kg DES or with 0.1% eth-
anol in peanut oil on d 16–18 of gestation and TEWL was measured in 
d-20 fetal rats. Results are reported as mean6SEM, n 5 16. *P , 

0.005.
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pups on d 20 EGA again exhibited poor barriers to water loss
(5.90

 

6

 

0.92 mg/cm

 

2

 

 per h; 

 

n 

 

5 

 

16). In contrast, d-20 pups of
DES-treated mothers all displayed highly competent barriers
(Fig. 2) (TEWL: 0.38

 

6

 

0.11 mg/cm

 

2

 

 per h; 

 

n 

 

5 

 

16), with TEWL
values similar to those of untreated control d-21 pups (15).
Thus, maternal estrogen treatment accelerates barrier matura-
tion in vivo.

To ascertain whether the functional changes observed with
estrogen treatment could be attributed to accelerated struc-
tural changes, we next examined skin sections from d-20 fe-
tuses after maternal DES vs. vehicle treatment. As seen in Fig.
3, DES treatment (

 

B

 

) results in an increase in the thickness of
the stratum corneum over controls (

 

A

 

). We next determined
the pattern of lipid deposition in the skin samples using nile
red histochemistry. Control d-20 pups showed little membrane
pattern staining in the stratum corneum (Fig. 4 

 

A

 

). In contrast,
the stratum corneum of DES-treated pups showed intense
staining in a multi-layered membrane pattern, indicative of
deposition of lipids in the stratum corneum extracellular mem-
branes (Fig. 4 

 

B

 

), comparable to the morphology of epidermis
during normal gestation (15). Thus, development of a compe-
tent barrier on d 20 in DES-treated fetal rats was accompanied
by the accelerated development of a well-defined multilayered
stratum corneum with increased deposition of neutral lipid in a
membrane pattern.

Ultrastructural studies also demonstrated accelerated mat-
uration in fetal epidermis after maternal DES treatment. Con-
trols showed secreted lamellar material that had not under-
gone the final processing steps to form mature lamellar unit
structures in the extracellular spaces of the lower stratum cor-
neum (Fig. 5 

 

A

 

). Mature bilayers were limited to the interstices
of the upper stratum corneum. In contrast, DES treatment re-
sulted in lamellar unit structures throughout the stratum cor-
neum interstices of both the upper and lower stratum corneum
(Fig. 5, 

 

B

 

 and 

 

C

 

). Taken together, these studies indicate that

the accelerated functional development produced by maternal
estrogen treatment can be ascribed to parallel changes in epi-
dermal structure.

 

Effects of estrogen on barrier development are due to direct
effects on the skin.

 

To determine if the acceleration of barrier
ontogenesis by estrogen occurs through a direct effect of the
hormone on the skin, we next determined whether DES would
accelerate barrier development in an in vitro skin explant
model. Fetal rat skin, when obtained at d 17 EGA, and incu-
bated in a serum- and hormone-free medium for 4 d, exhibits
morphological and functional indications of barrier maturation
that precisely parallel the timetable for barrier maturation in
utero (19). The effect of DES on barrier formation was dose
dependent. A maximal effect was seen with 100 nM DES (data
not shown), a similar concentration to that which accelerates
lung maturation in vitro. As shown in Fig. 6, epidermal water loss
values in explants incubated for 2 d in 100 nM DES decreased
significantly as compared to controls (DES 0.063

 

6

 

0.006 vs.
control 0.097

 

6

 

0.007 mg/mm

 

2

 

 per h, 

 

n 

 

5 

 

9, 

 

P 

 

, 

 

0.005).
As an additional index of barrier integrity, penetration of a

water-soluble, electron-dense tracer, lanthanum, was exam-
ined in explants cultured in the presence or absence of DES
for 2 d. We have previously shown that inhibition of lantha-
num permeation parallels declining TEWL measurements
during barrier maturation (19). Whereas extracellular lantha-
num permeated throughout the epidermal interstices in control
explants, indicating an incompetent barrier, in DES-treated
explants, lanthanum only reached the stratum granulosum-
stratum corneum interface and did not permeate the stratum
corneum interstices, indicating establishment of a barrier to
outward water movement (data not shown). These studies
demonstrate that DES accelerates the maturation of barrier
competence in vitro using two independent parameters.

We next ascertained the structural basis for the accelera-
tion of barrier competence induced by DES treatment. As we

Figure 3. Representative histology of fetal rat skin af-
ter estrogen treatment in utero and in vitro. 10-mm fro-
zen sections were stained with hematoxylin. (A) The 
stratum corneum (brackets) is not well defined in epi-
dermis from control d-20 pups. (B) A multilayered stra-
tum corneum (brackets) is present in d-20 pups of estro-
gen-treated mothers. (C) Skin explants from d-17 fetal 
rats incubated 2 d in hormone-free media lack a stra-
tum corneum. (D) Explants incubated 2 d in media sup-
plemented with 100 nM DES exhibit a well defined 
stratum corneum (arrows). A and B, bars 5 12 mm. 
C and D, bars 5 18 mm.
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have reported previously (19), a well defined stratum corneum
again was not present in d 17 EGA fetal rat skin incubated for
2 d in hormone- and serum-free media (Fig. 3 

 

C

 

). In contrast,
explants grown for 2 d in DES-supplemented media showed a
distinct stratum corneum in hematoxylin-stained sections (Fig.
3 

 

D

 

). Likewise, in sections stained with nile red, control ex-
plants display a predominantly cytosolic pattern of fluores-
cence, limited to the nucleated layers (Fig. 4 

 

C

 

), while DES-
treated explants showed intense staining in a membrane pattern
throughout the stratum corneum (Fig. 4 

 

D

 

). Finally, on elec-
tron microscopy, lamellar material was unorganized and ma-
ture lamellar unit structures were absent in controls after 2 d of
incubation (Fig. 5 

 

F

 

), as described previously (19). In contrast,
mature lamellar unit structures appeared throughout the stra-
tum corneum interstices in DES-treated explants (Fig. 5, 

 

D

 

and 

 

E

 

). The light and electron microscopic features in explants
treated with DES for 2 d closely resembled the morphologic
features of untreated skin after 4 d in culture (19). These re-
sults show that the acceleration of barrier function produced

by DES in vitro can be explained by parallel changes in epider-
mal structural maturation. Moreover, these results show that
DES accelerates barrier ontogenesis through a direct effect on
skin maturation.

 

Androgens delay barrier maturation in utero.

 

Whereas the
foregoing studies demonstrate a beneficial effect of estrogens
on barrier maturation, they do not entirely account for the ob-
served sex difference in skin maturation, since both male and
female fetuses are exposed to maternal estrogens during gesta-
tion. Therefore, we next determined whether exogenous an-
drogens, administered during the same time period and in the
same concentration as has been shown to delay lung matura-
tion, could have a deleterious effect on barrier development.
Pregnant rats were injected with DHT on d 13–18. Pups were
delivered from two different mothers on d 20 (

 

n 

 

5 

 

8) or d 21
(

 

n 

 

5 

 

8) for TEWL measurements. As shown in Fig. 7, mater-
nal treatment with DHT caused a dose-dependent delay in
barrier formation. While little difference in morphology was
evident between control and DHT-treated fetal skin, ultra-

Figure 4. Representative fluorescence histochemistry of fetal rat skin after estrogen treatment in utero and in vitro. 5-mm frozen sections were 
stained with the hydrophobic lipid probe nile red. Control d20 epidermis (A) shows localized areas of membrane pattern staining in the stratum 
corneum (arrows). The stratum corneum of d-20 pups of DES-treated mothers (B) exhibits a multilayered membrane pattern of intense nile red 
fluorescence. Brackets indicate stratum corneum thickness. Skin explants from d-17 pups after 2 d of incubation in hormone-free media (C) ex-
hibit little membrane pattern staining (arrows) in the upper epidermis. Explants incubated 2 d in DES-supplemented media (D) exhibit a periph-
eral membrane pattern of fluorescence in a multilayered stratum corneum (arrows). Bars 5 24 mm.
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structural indicators of delayed development were notewor-
thy. Whereas in the interstices of the upper stratum corneum
of control epidermis on d 20 lamellar body contents have been
further processed to form mature lamellar unit structures (Fig.

8, 

 

A

 

 and 

 

B

 

), secreted material in the stratum corneum of
DHT-treated pups did not undergo complete processing (Fig.
8 

 

C

 

). Failure to process secreted lamellar body contents is also
evident during normal gestation at d 19 EGA (19). In contrast,

Figure 5. Effect of estrogen on ultra-
structure of fetal epidermis in utero 
and in vitro. (A) Unprocessed lamel-
lar body–derived material fills the ex-
tracellular spaces of the stratum gran-
ulosum–stratum corneum interface 
and the lower stratum corneum (SC1) 
(open arrows) in control d-20 pups. 
(B) Multiple arrays of mature lamel-
lar bilayer unit structures are found 
throughout the stratum corneum 
(SC1, SC2, and SC3) interstices in 
epidermis from d-20 pups of estrogen-
treated mothers. (C) Higher magnifi-
cation shows basic lamellar bilayer 
unit structure. (D) Explants from 
d-17 fetal rats incubated 2 d in the 
presence of 100 nM DES exhibit mul-
tiple mature bilayers (arrows) in the 
stratum corneum extracellular do-
mains. (E) Higher magnification of a 
lamellar unit structure. (F) Secreted 
lamellar body–derived material (ar-
rows) fills the stratum granulosum–
stratum corneum interface in explants 
incubated 2 d in hormone-free media. 
Basic lamellar unit structures are ab-
sent. A, B, and D–F, bars 5 0.5 mm; 
C, bar 5 0.1 mm.
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in d-21 pups, maternal DHT treatment did not effect TEWL
(control: 0.2960.10 mg/cm2 per h; treated: 0.3160.09, respec-
tively). Thus maternal androgen treatment delays but does not
prevent barrier maturation.

Effects of androgens on barrier development are due to di-
rect effects on the skin. To determine if DHT, like estrogen,
glucocorticoids, and thyroid hormone, directly affects the skin,
fetal skin explants were incubated for 3 or 4 d in the presence
or absence of DHT. The maximal effect was observed with
100 nM DHT. As seen in Fig. 9, epidermal water loss in treated
explants was increased by z 25% after 3 or 4 d in culture. Al-
though no effect on the morphology of the explants was seen

by light microscopy (data not shown), electron microscopy re-
vealed disorganized, unprocessed lamellar material in multiple
layers of the stratum corneum interstices in explants incubated
for 4 d with DHT (Fig. 8 E). In contrast, control explants ex-
hibited mature bilayers throughout the extracellular spaces of
the stratum corneum (Fig. 8 D), and unprocessed material was
limited to the stratum granulosum-stratum corneum interface.
These data demonstrate that DHT delays barrier maturation
by direct effects on the skin.

Maternal antiandrogen treatment eliminates the gender dif-
ference in fetal barrier function. Previous studies have shown
that maternal treatment with flutamide, an androgen antago-
nist, eliminates the gender difference in lung maturation in the
fetal rat (34). To determine whether the delay in epidermal
barrier formation in males can also be attributed to the higher
levels of androgens in the male fetuses, we followed a protocol
similar to that which eliminated the gender difference in lung
development: pregnant rats were injected with either fluta-
mide or vehicle daily between d 13 and d 18. TEWL was mea-
sured in the pups of three control litters (n 5 12) and three
treated litters (n 5 12) on d 20. As seen in Fig. 10, treatment
with flutamide totally eliminated the gender difference in
TEWL in d-20 fetuses by lowering the TEWL level in the
treated males to the level of both treated and untreated fe-
males. These results imply that androgens are responsible for
the delay in barrier maturation in male vs. female pups.

Discussion

Gender differences in the mortality rates of premature infants
have long been recognized, with males displaying a poorer
prognosis (35). Because lung immaturity, until the recent ad-
vent of surfactant replacement therapy, has been the major
cause of death in these infants, sex-specific differences in lung
maturation rates have been sought. Several aspects of lung de-
velopment, both morphological and functional, have been
shown to be delayed in the male (27–30). Furthermore, admin-
istration of exogenous androgens inhibits lung maturation in
vivo and in vitro in several mammalian species (24–26, 34, 36).
Finally, studies with androgen antagonists have provided fur-
ther evidence that androgenic hormones are responsible for
the male delay in lung maturation (34).

While lung surfactant replacement therapy has resulted in
significant improvements in mortality rates of prematurity,
gender differences in survival persist (37). This recent study of
viability of the extremely low birthweight infant in the postsur-
factant replacement therapy era again demonstrated a delete-
rious effect of male gender on morbidity and mortality (37).
Indeed, of all variables examined, only male gender was asso-
ciated both with increased mortality and with poor outcome
(severe sequelae). Skin immaturity, with the destabilizing ef-
fects of increased transcutaneous water loss, the increased ca-
loric requirements imposed by energy loss through evapora-
tion, and the increased susceptibility to systemic bacterial and
fungal infections by organisms of the integumental “normal”
flora consequent to immaturity of skin barrier function could
contribute to the poorer prognosis in male infants.

The fetal rat provides useful in vivo and in vitro models for
the study of skin barrier maturation. In this study, we have
demonstrated that male rat fetuses exhibit retarded barrier
maturation. Moreover, we have shown that, as in lung matura-
tion, estrogens and androgens exert opposite effects on barrier

Figure 6. Barrier function is improved in skin explants incubated 
with estrogen. Water loss was measured gravimetrically in full-thick-
ness skin explants from d-17 fetal rats incubated 2 d in hormone-free 
media or in media supplemented with 100 nM DES. Results are re-
ported as mean6SEM, n 5 9. *P , 0.005.

Figure 7. Effects of maternal androgen treatment on fetal barrier 
function. Pregnant rats were injected with 1 or 5 mg/kg DHT or with 
DMSO alone, from d 13 to 18, and TEWL was measured with a 
Meeco water analyzer in the fetuses on d 20 or d 21. A dose-depen-
dent inhibition of barrier formation is seen on d 20. Results are pre-
sented as mean6SEM, n 5 8. *P , 0.01, **P , 0.005 compared with 
control.
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formation. Estrogen accelerates formation of a competent epi-
dermal barrier to water loss, and accelerates maturation of the
morphological correlates of a competent barrier, including:
(a) formation of a distinct, multilayered stratum corneum by
light microscopy; (b) deposition of neutral lipid in a membrane

pattern throughout the stratum corneum, as shown by nile red
fluorescence microscopy; and (c) formation of mature lamellar
unit structures in the stratum corneum intercellular domains,
on electron microscopy. These morphologic features parallel
those that are present when a competent barrier is formed dur-

Figure 8. Effect of androgen on ultrastructure of fetal epidermis in utero and in vitro. (A) Mature lamellar unit structures (open arrows) are 
found in the outer stratum corneum domains in d-20 pups from vehicle-treated mothers. (B) Higher magnification shows basic lamellar unit 
structure. (C) Secreted lamellar body–derived material (arrowheads) persists into the outer stratum corneum interstices in d-20 pups from DHT-
treated mothers. Inset: Membranes are not organized into lamellar unit structures. (D) Explants after 4 d of incubation in hormone-free media 
exhibit mature membrane bilayers (open arrow) throughout the stratum corneum interstices. (E) Unorganized secreted material (arrowheads) 
predominates the extracellular domains of the stratum corneum in explants incubated 4 d in 100 nM DHT. Bars 5 0.5 mm.
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ing normal gestation, and those that also occur in an acceler-
ated fashion in response to exogenous glucocorticoids and thy-
roid hormone.

Near term, both male and female fetuses are exposed to in-
creasing levels of estrogen (38). Estrogen has been shown to
stimulate the synthesis of several hormones, including prolac-
tin by the pituitary gland and corticosteroids by the adrenal
gland (39), and cortisol levels are increased in estrogen-infused
sheep (40). Consequently, the observed effects of estrogen on
barrier development in vivo could occur indirectly, by stimu-
lating other factors such as corticosteroids, which are potent
stimulators of barrier maturation in fetal rats (17). However,

our demonstration that estrogen also accelerates barrier matu-
ration in fetal skin organ cultures maintained in a serum- and
otherwise hormone-free medium indicates that estrogen also
has a direct effect on skin maturation.

While our studies demonstrate that estrogen promotes bar-
rier formation, an absolute requirement for estrogen is not
present, because skin explants from d 17 EGA fetal rats form a
competent barrier in hormone-free media, in parallel to the
developmental time course in utero. Moreover, studies in mice
with estrogen receptor-disrupted genes suggest that estrogen is
not crucial for development or survival, as these animals live to
adulthood with normal gross external phenotypes (41). Rates
of barrier maturation, however, have not been examined in
this model; thus, a delay in maturation could be present. Addi-
tionally, maximal estrogen stimulation probably does not oc-
cur in vivo, since additional estrogen significantly accelerates
maturation. The precise role of estrogens in normal barrier
maturation remains to be determined.

Androgens are more likely to be the mediators of gender
differences in skin maturation. Testosterone levels begin to
rise in the male fetal rat on d 16 EGA (39), close to the time of
onset of epidermal stratification. In the present study, we have
shown that the male fetus displays a less competent barrier
than the female on d 20 EGA, but by d 21 both males and fe-
males have fully competent barriers. Moreover, maternal ad-
ministration of DHT caused a significant delay in barrier for-
mation, suggesting that this gender difference is due to
inhibitory effects by androgens. Since DHT treatment did not
affect barrier function on d 21, androgens retard but do not
block barrier formation. Additionally, DHT appears to have a
direct effect on the skin since the addition of DHT to fetal skin
explants in vitro also delayed barrier maturation. DHT, a very
potent androgen, was used because this metabolite of tes-
tosterone does not aromatize to estrogen, avoiding any estro-
genic effects in response to androgen treatment. In addition,
tissues which display 5a-reductase activity, as skin and fetal
lung do, are often DHT dependent. Finally, late gestational
treatment of pregnant rats with flutamide totally abolished the
gender difference in fetal barrier function, further suggesting
the primacy of androgenic effects.

In the present study, we did not determine the precise site
of action of estrogen or DHT in the skin. Estrogen and andro-
gen receptors are present in a variety of cell types in the skin,
dermal fibroblasts as well as epidermal keratinocytes (42–44);
hence these hormones may have numerous targets in this tis-
sue. The mesenchyme plays an important role in lung morpho-
genesis, and estrogen and DHT have been shown to act on the
pneumocyte indirectly, through an epithelial maturation factor
secreted by the fibroblast (20, 25). Attempts to develop an in
vitro model in which isolated fetal epidermis differentiates in
the absence of dermis have been unsuccessful to date. Hence
we have not been able to determine whether the factors which
affect barrier development, such as dexamethasone, thyroid
hormone, estrogen, and dihydrotestosterone, act directly or in-
directly on the epidermis.

In conclusion, our study demonstrates a sex difference in
epidermal barrier maturation, with males exhibiting delayed
development. While estrogens accelerate barrier maturation,
the observed gender difference in skin maturation is probably
attributable to an inhibitory androgen effect in males. The
continued increased morbidity and mortality of males in the
postsurfactant replacement therapy era indicates that gender

Figure 9. Barrier formation in vitro is inhibited by androgens. Water 
loss was measured gravimetrically in explants from d17 fetal rats 
cultured 3 or 4 d in hormone-free media or in 100 nM DHT. Results 
are reported as mean6SEM, n 5 6 (3 d) and n 5 9 (4 d). *P , 0.005, 
compared to controls.

Figure 10. Maternal antiandrogen treatment eradicates the gender 
difference in fetal barrier function. Pregnant rats were injected with 
flutamide on d 13–18 or with 10% ethanol in peanut oil and TEWL in 
fetuses on d 20 was measured with a Meeco electrolytic water ana-
lyzer. Results are presented as mean6SEM, n 5 12 males and 12 
females. *P , 0.01.
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differences in organ maturity other than lung are likely. Dis-
proportionate skin immaturity in males is a possible contribu-
tor to this differential prognosis. Further understanding and
treatment of skin barrier immaturity may be of critical impor-
tance to this new frontier.
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