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ABSTRACT  The fetal membranes fulfill several functions during pregnancy. In addition to

containing the products of conception and amniotic fluid, they presumably have barrier functions

and fulfill paracrine signaling functions between the maternal (decidual) and fetal compartments.

As the membranes are in an ideal place to receive both maternal and fetal signals and transmit

signals to uterine myometrium, there has been a specific focus on the role of membranes in the

initiation and maintenance of parturition. In this review, we summarize the data obtained in our

laboratories as well as the data reported in the literature particularly with regard to the synthesis

of steroids and prostaglandins in the fetal membranes, in signaling fetal maturation and in

parturition. The fetal membranes are a major site both of prostaglandin synthesis and of

prostaglandin metabolism. In addition, the abundant expression of 11beta-hydroxysteroid dehy-

drogenase 1 (11βββββ-HSD1), which converts biologically inactive cortisone into active cortisol, in the

fetal membranes may provide an extra-adrenal source of glucocorticoids for the fetal compart-

ment during gestation. Accumulating evidence indicates that a positive feedback loop involving

glucocorticoids, proinflammatory cytokines, prostaglandins, surfactant protein-A (SP-A) and 11βββββ-

HSD1 is formed locally in human fetal membranes towards term or in preterm labor. This positive

feedback loop would produce abundant biologically active glucocorticoids and prostaglandins in

the fetal membranes or amniotic fluid, which would ultimately promote fetal organ maturation

and initiate parturition.
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At term the human fetal membranes comprised of amnion and
chorion tissue layers are approximately 1000-1200cm2 in area
with 30% of this overlying the placenta and the remaining 70%
being the reflected membranes that interact with decidua. The
fetal surface of the membranes is composed of a single layer of
amnion epithelium supported by a basement membrane resting
on a thick collagen layer containing fibroblasts. The ratio of
epithelial cells to fibroblasts in amnion is approximately 10 to 1. A
thin spongy layer connects the collagen layer to the chorion leave
comprised of cytotrophoblasts and these trophoblasts contact the
decidua. The fetal membranes fulfill several functions during
pregnancy. In addition to containing the products of conception
and amniotic fluid, they presumably have barrier functions and
fulfill paracrine signaling functions between the maternal (de-
cidual) and fetal compartments. Unlike many animals the human
fetal membranes are not vascularized which probably severely
limits their functioning as an exchange surface for nutrients
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between mother and fetus. As the membranes are in an ideal
place to receive both maternal and fetal signals and transmit
signals to uterine myometrium there has been a specific focus on
the role of membranes in the initiation and maintenance of
parturition, particularly with regard to their synthesis of steroids
and prostaglandins. Glucocorticoids are now known to play key
roles in fetal maturation for example in maturation of the lung in
anticipation of extra-uterine life and in several species appear to
be mediators in the initiation of labor. Teleologically it could be
expected that as part of an integrated signaling pathway glucocor-
ticoids may play a role in maturation and in the initiation of
parturition. This has been clearly shown in animal species e.g. the
sheep, however the evidence is less clear in humans. In addition
to being influenced by maternal or fetal circulating steroids the
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fetal membranes also locally synthesize and metabolize steroids
in particular glucocorticoids. This review will focus on the role of
the fetal membranes and particularly the interaction of glucocor-
ticoids and prostaglandins in the signaling processes of fetal
maturation and parturition.

Prostaglandin synthesis and metabolism in fetal mem-
branes

Prostaglandins have an important role in the initiation and
maintenance of labor (Gibb, 1998). The fetal membranes are a
major site both of prostaglandin synthesis and of prostaglandin
metabolism, which however may be compartmentalized in the
different cell types comprising the membranes. The prostaglan-
dins are powerful stimulants to the pregnant myometrium with the
amount reaching the myometrium being dependent on the ex-
pression and activity of the prostaglandin synthases (PGHS) in
amnion and chorion and expression of 15 hydroxy prostaglandin
dehydrogenase (PGDH) activity in chorion trophoblast which
balances synthesis and metabolism respectively to prevent or
limit prostaglandins from amnion reaching the myometrium prior
to term. Indeed we (Bennett et al., 1990; Mitchell et al., 1993;
Nakla et al., 1986) and others have shown that very little prostag-
landin can pass the fetal membranes without being converted to
an inactive metabolite thus demonstrating the efficacy of the
barrier. Not only is synthesis increased but the activity and
expression of PGDH in chorionic trophoblast is significantly lower
at term from patients in labor thus potentially allowing more active
prostaglandin to cross to myometrium (Pomini et al., 2000). The
regulation of PGDH expression has been extensively studied.
Several agents have been shown to have a reciprocal effect on
PG synthesis and metabolism with agents that stimulate expres-
sion of PGHS and PG synthesis inhibiting PGDH and vice versa
(Casciani et al., 2008). Thus the amount of synthesis and metabo-
lism of PG’s by the fetal membranes and the amount of bioactive
PG’s available is tightly controlled. Corticotropin-releasing hor-
mone (CRH) acting via a calcium-dependent pathway stimulates
PGDH activity on chorionic trophoblast (McKeown et al., 2003).
Cortisol decreases and progesterone maintains PGDH activity
both steroids acting via the PR and GR receptors (Patel et al.,
2003). Thus any increase in cortisol or reduction in progesterone
concentrations at term might allow more active prostaglandin to
reach the myometrium from the fetal membranes. Further in
individuals with preterm labor with infection a reduction in the
number of chorion trophoblast cells expressing PGDH activity
compared to patients with idiopathic preterm labor has been
demonstrated which would allow more bioactive PG’s to pass to
myometrium (Van Meir et al., 1996).

Phospholipases

 Increased prostaglandin synthesis by fetal membranes oc-
curs both in normal term labor and in preterm labor (Bleasdale et
al., 1984). The substrate for prostaglandin synthesis is arachi-
donic acid in cellular membranes from where it is liberated by
phospholipiase enzymes particularly phospholipase A2. There
are at least 15 different isoforms of phospholipase A2 with differing
cellular locations and functions (Schaloske et al., 2006). We and
others have shown the role of type IV or 85kDa cytosolic phospho-

lipase A2 in fetal membranes, particularly amnion. Cytosolic PLA2
activity in human amnion increases with gestational age and is
highest at term in the absence of labor (Skannal et al., 1997). The
crucial role of cPLA2 in parturition is illustrated by the finding that
cPLA2 null mice failed to deliver offspring (Uozumi et al., 1997).
The enzyme translocates from cytosol to nuclear membrane
when phosphorylated under cytokine stimulation but in addition
de novo expression of both cPLA2 (Xue et al., 1995) and PGHS-
2 is rapidly stimulated by cytokines as immediate early genes.
This gives rapid inducible expression of these two enzymes to
liberate arachidonic acid and convert it to PG endoperoxide,
PGH2, in a coordinated manner in a condition where sustained
production of PGE2, e.g. parturition, is required. The PGHS-2
enzyme is also located on the nuclear envelope hence the two
enzymes appear to be functionally coupled at a distinct cellular
location.

Prostaglandin synthases

The conversion of arachidonic acid to PGH2 is catalyzed by
one of the two isoforms of prostaglandin H synthase (PGHS).
PGHS-1 is constitutively expressed whereas PGHS-2 can be
induced by pro-inflammatory cytokines such as IL-1β. In fetal
membranes the increase in PG synthesis at term, mainly PGE2,
is clearly associated with increased expression of PGHS-2 (Gibb
and Sun 1996; Mijovic et al. 1997). The unstable PG endoperox-
ide PGH2 can be converted to a range of primary PG’s by various
specific synthases (Smith, 1992). The PGE synthase enzyme
occurs as cytosolic (cPGES) and microsomal (mPGES) isoforms.
cPGES is identical to p23, a 23kDa chaperone that binds to heat
shock protein 90 (Weaver et al., 2000) and appears to be
constitutively expressed. In addition cPGES associates with and
is phosphorylated by casein kinase 2 (Kobayashi et al., 2004)
leading to cPGES activation and increased PGE2 production. Hsp
90 appears to be the cellular scaffold that allows a stoichiometric
complex to form between casein kinase 2, hsp90 and cPGES. Co-
transfection and antisense experiments show cPGES is coupled
to PGHS-1 (Han et al., 2002). Human mPGES-1 is a 16kDa
protein related to microsomal glutathione transferase-1, and is an
inducible member of the MAPEG (membrane associated protein
involved in eicosanoid and glutathione metabolism) superfamily
(Forsberg et al., 2000). This enzyme can be induced by LPS and
cytokines (Mancini et al., 2001) and appears to co-localize with
PGHS-2 in the perinuclear membrane (Kudo et al., 1999; Thoren
et al., 2000). The other membrane associated form of PGES is
mPGES-2, which has a catalytic glutaredoxin/thioredoxin-like
domain (Tanikawa et al., 2002) and is synthesized as a Golgi-
membrane bound protein but which ends up in cytosol after
proteolytic cleavage of the N-terminal hydrophobic domain. This
isoform appears to couple to either PGHS-1 or -2 (Murakami et al.,
2003) and is constitutively expressed.

We have provided data showing the cellular localization of
cPGES and mPGES-1 in human fetal membranes (Meadows et
al., 2003). Cytosolic PGES was localized to amnion epithelium,
amnion fibroblasts and macrophages in the chorion trophoblast
layer. Microsomal PGES-1 was localized to amnion epithelium
and chorion trophoblast. By western bot analysis we found no
difference in cellular expression of mPGES-1 or cPGES with or
without labor either at term or preterm (Meadows et al., 2003).
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This suggested expression of the PGE synthases was not rate
limiting for PG synthesis at labor but that expression of cPLA2 or
PGHS-2 probably was.

Glucocorticoids and prostaglandin synthesis in fetal
membranes

Glucocorticoids are commonly used in the treatment of im-
mune and inflammatory disorders. A characteristic anti-inflam-
matory action of glucocorticoid action is that it suppresses cytokine-
induced prostaglandin synthesis (Hoeck et al., 1993; Newton et
al. 1997). We had previously shown that glucortoicids suppress
cytokine induced cPLA2 and PGHS expression in an immortalized
amnion epithelial cell line (Xue et al., 1996). In certain cells,
however, glucocorticoids act paradoxically by stimulating rather
than inhibiting PG production, such as in rat gastric mucosa,
murine fibroblast, and fetal rat lungs (Avunduk et al., 1992;
Chandrabose et al., 1978; Tsai et al., 1983). Interestingly, there
are equally massive increases in plasma levels of both cortisol
and PGs during parturition (Casey et al., 1985). In human fetal
membrane primary cell culture glucocorticoids were found to
paradoxically stimulate PGE2 synthesis. (Zakar et al. 1995;
Economopoulos et al. 1996). In amnion tissue both amnion
epithelial cells and fibroblasts express cPLA2, PGHS-2 and PGE
synthase enzymes. However glucocorticoids only appear to stimu-
late PGE2 synthesis in fibroblasts (Blumenstein et al., 2000; Gibb
et al., 1990). Amnion fibroblasts produce about 50x more PGE2
per cell than amnion epithelium, making them the most abundant
source of PGE2 despite being outnumbered 10 fold by epithelial
cells (Sun et al., 2003), which could be attributed to their higher
expression of PGHS-2 compared to epithelium, with no difference
in expression of cPLA2 , cPGES or mPGES-1. Hence fibroblasts
may be the major source of PGE2 at parturition. Glucocorticoids
clearly give a concentration dependent stimulation of PGE2 syn-
thesis in fibroblasts which is accompanied by up-regulation of
cPLA2 and PGHS-2 expression (Sun et al. 2003). In contrast in the
same experiments glucocorticoids had no effect on cPGES or
mPGES-1 expression. The induction of cPLA2, PGHS-2 expres-
sion and of PGE2 release by glucocorticoids was blocked by
RU486 which however blocks both GR and PR (Mahajan et al.,
1997). As amnion has no reported PR and trilostane an inhibitor
of 3βHSD and endogenous progesterone synthesis did not affect
cPLA2, PGHS-2 and PGE2 output of amnion fibroblasts we
believe the effect of RU486 is via GR rather than PR (Sun et al.
2003).

Early studies using an immortalized amnion epithelium cell
line, WISH cells, showed that dexamethasone decreased cytokine
induced cPLA2 and PGHS-2 expression and activity (Xue et al.,
1996) via interference with transcription factor binding at NFkB
and CRE in the gene promoters (Wang et al., 1998) Subsequently
we demonstrated that both dexamethasone and Il-1β induced
PGE2 output, cPLA2 mRNA and protein expression in primary
amnion fibroblasts (Sun et al., 2006b). Using a cPLA2 promoter
reporter construct we demonstrated that the effect was not
agonistic or synergistic. More recently we have shown with
chromatin immunoprecipitation (ChIP) and electrophoretic mobil-
ity shift assays that this paradox of glucocorticoid induction of
cPLA2 expression involves direct binding of the GR to the gene
promoter in amnion fibroblasts (Guo et al., 2008).

Cortisol in the fetal circulation

Glucocorticoids have been implicated in the process of fetal
maturation, in the regulation of immune response and many other
physiological changes associated with pregnancy (Gonzales et
al., 1986; Whittle et al., 2001). Studies in animals suggest that
fetal cortisol may also have a critical role in the initiation of
parturition (Challis et al. 2000; Whittle et al. 2001; Liggins and
Thorburn 1994; Jenkin and Young 2004). In sheep, the fetal
adrenal glands produce increasing amount of cortisol toward the
end of pregnancy as a result of maturing hypothalamus-pituitary-
adrenal axis (HPA axis). Upon reaching the placenta, this cortisol
is capable of stimulating the expression of crucial enzymes
involved in the synthesis of estrogen and prostaglandins which
may stimulate uterine contractility. One of the enzyme induced by
cortisol is P450C17 hydroxylase (P450C17), which converts proges-
terone to estrogen (Anderson et al., 1975; Flint et al., 1978; Ma et
al., 1999). Increased expression of P450C17 leads to the surge of
estrogen and fall in progesterone level at the end of pregnancy.
Another enzyme induced by cortisol is PGHS-2) which is a key
inducible enzyme in prostaglandin synthesis (Wu et al., 2001).

The situation in man appears to be much more complicated.
Although cortisol may also up-regulate the expression of prostag-
landin synthesizing enzymes (Zakar et al. 1995; Economopoulos
et al. 1996; Blumenstein et al. 2000), and the synthesis of
corticotrophin-releasing hormone (CRH) (Cheng et al., 2000;
Karalis et al., 1996; McLean et al., 1995) in human placenta and
fetal membranes, due to the lack of P450C17 in human placenta the
synthesis of estrogen is dependent on the precursor
dehydroepiandrosterone sulfate (DHEAS) but not on progester-
one (Challis et al., 2000). Therefore, despite the progressive rise
of glucocorticoid level in both maternal, fetal circulations and in
amniotic fluid with gestational age, both progesterone and estro-
gen levels rise with gestational age in human pregnancy (Casey
et al. 1985; Challis et al. 2000). Maternal and fetal adrenal glands
are the two major sources for DHEAS during pregnancy. To meet
the need for estrogen synthesis by the placenta in pregnancy, the
size of human fetal adrenal glands is disproportionally large with
regard to the body size, and which does not disappear until the
first three months of extrauterine life (Mesiano and Jaffe 1997). A
large proportion of the adrenal glands of human fetus is com-
prised of the fetal zone which synthesizes DHEAS, whereas the
transitional and definitive zones capable of synthesizing cortisol
only comprise a small portion of the fetal adrenal glands (Mesiano
et al., 1997). Furthermore, 3β-HSD, the enzyme responsible for
the de novo synthesis of cortisol from cholesterol is not expressed
in the fetal adrenal glands until the last trimester of gestation
(Mesiano et al., 1997). Therefore, the principle steroids produced
by human fetal adrenal glands are DHEA and DHEAS rather than
cortisol during gestation. However, they may synthesize a small
amount of cortisol from as early as 10 weeks of gestation using
progesterone as the precursor (Mesiano et al., 1997). With the
appearance of 3β-HSD expression by the end of gestation,
human fetal adrenal glands may start synthesizing a limited
amount cortisol from cholesterol (Ohrlander et al., 1976; Mesiano
and Jaffe 1997). Therefore, compared with other animals, the
cortisol concentration in the human fetus rises more slowly and to
a more modest extent at the end of gestation. In contrast the
cortisol level in maternal circulation and amniotic fluid rises



548    L. Myatt and K. Sun

dramatically, reaching micromolar concentration at late gestation
(Blankstein et al., 1980).

The unique structure and function of human fetal adrenal
glands may benefit the normal development of the fetus by means
of maintaining estrogen production in the placenta and low
cortisol levels in fetal circulation during pregnancy, as high levels
of circulating glucocorticoids are known to be teratogenic to the
growing fetus (Seckl et al., 2000; Shams et al., 1998). The low
cortisol level in the fetal circulation is further ensured by the
presence of 11β-hydroxysteroid dehydrogenase type 2 (11β-
HSD2) in the placenta and fetal tissues (Seckl et al., 2000; Shams
et al., 1998). 11β-HSD2 is a NAD dependent oxidase capable of
converting cortisol into biologically inactive cortisone (Draper et
al., 2005; Seckl, 1993). Immunohistochemistry revealed this
highly efficient enzyme is localized in the syncytiotrophoblast
layer of human placenta (Krozowski et al., 1995), which fits
perfectly into the role of 11β-HSD2 as a placental glucocorticoid
barrier preventing the passage of maternal cortisol (about 10 fold
higher than fetal cortisol) into the fetal circulation. Moreover, as a
self-protective measure, most human fetal tissues also express
11β-HSD2 from early in gestation (Murphy 1981; Stewart et al.,
1994). As a result of the action of 11β-HSD2 in both placental and
fetal tissues, human placenta and fetal blood contain a relatively
large amount of cortisone (Bro-Rasmussen et al., 1962; De
Courcy et al., 1952; Lopez Bernal et al., 1981), and the ratio of
plasma cortisol/cortisone is reversed in the fetus (1:2) compared
with that in the adult (10:1) (Bro-Rasmussen et al., 1962; Whitworth
et al., 1989). Therefore, the biologically inactive cortisone rather
than cortisol is the major glucocorticoid hormone in the fetal
circulation. However, as glucocorticoids are indispensable for
fetal organ maturation and possibly for parturition as well, a rise
of glucocorticoid level, though modest, does occur towards the
end of pregnancy in fetal circulation. This can be achieved by
several factors including weakened placenta glucocorticoid bar-
rier (Ohrlander et al. 1976; Giannopoulos et al. 1982), attenuated
11β-HSD2 expression in the fetal tissues (Diaz et al., 1998;
Murphy, 1981), increased synthesis of cortisol by the fetal adrenal
glands (Seron-Ferre et al., 1978) and increased expression of
11β-HSD1 in the fetal tissues including the fetal membranes,
which regenerate cortisol from cortisone (Alfaidy et al., 2003; Diaz
et al., 1998; Tanswell et al., 1977). As a large amount of cortisone
is present in the placenta and fetal compartment, the regeneration
pathway in the fetal tissues might provide an important source of
cortisol for fetal maturation and parturition towards the end of
gestation.

11βββββ-hydroxysteroid dehydrogenase type 1 in human
fetal membranes as an extra-adrenal source of gluco-
corticoids in gestation

The regeneration of cortisol from cortisone is achieved by 11β-
HSD1, an isozyme of 11β-HSD2. 11β-HSD1 is a NADPH depen-
dent oxoreductase (Seckl 1993; Draper and Stewart 2005). In
intact cells, it mainly functions as a reductase converting corti-
sone to cortisol or dehydrocorticosterone to corticosterone, which
is in obvious contrast to 11β-HSD2 (Seckl 1993; Draper and
Stewart 2005). Despite the highly efficient conversion of cortisol
to cortisone by 11β-HSD2 in the placenta and fetal tissues, the
cortisol/cortisone ratio of amniotic fluid increases steadily with

gestational age and is considerably higher than that of cord serum
(Blankstein et al., 1980), suggesting fetal membranes might be
another source for cortisol during gestation. Interestingly, this
ratio is significantly lower in the amniotic fluid of infants who
develop respiratory distress syndrome (Smith et al., 1977), sug-
gesting this cortisol source might be very important in fetal lung
maturation. This notion is supported by the observation that some
anencephalic infants seemed to breathe at birth despite poor
adrenal function (Burke et al., 1973), indicating absorption of
amniotic cortisol through the lung or open cranium. Tanswell et
al., reported that human amnion increasingly converted cortisone
to cortisol during pregnancy, thereby potentially contributing to
the increasing cortisol concentration in the amniotic fluid (Tanswell
et al., 1977). Although there were studies suggesting the chorion
itself is devoid of 11β-HSD reductive activity (Lopez Bernal et al.,
1980; Stewart et al., 1995), Murphy observed that chorion with
adherent decidua carefully scraped off retained a high degree of
conversion of cortisone to cortisol and that the rise in chorionic
conversion of cortisone to cortisol in early pregnancy corresponds
to the rise at 15-20 weeks in amniotic fluid cortisol (Murphy, 1977).
Gionaopoulos et al., demonstrated a high degree of reductive
glucocorticoid metabolism in the decidua attached to chorion
(Giannopoulos et al., 1982). Together these observations indi-
cate a role of fetal membranes and attached decidua in regenera-
tion of cortisol from cortisone during pregnancy. Following the
successful cloning of human 11β-HSD1 and 11β-HSD2 genes
(Tannin et al. 1991; Lakshmi et al. 1993), distinguishing 11β-
HSD1 and 11β-HSD2 expression in human placenta and fetal
membranes became possible. Using immunohistochemistry, Sun
et al., showed that 11β-HSD1 protein was present in amnion
epithelial cells, in fibroblasts within the subepithelial layer and in
the chorionic trophoblast layer as well as in the decidual stromal
cells that were adherent to the chorion (Sun et al., 1997a). These
findings were conclusively supported by studies showing 11β-
HSD1 mRNA and activity were detectable in cultured human
amnion epithelial cells, amnion fibroblasts and chorionic tropho-
blasts (Sun et al., 2003) although it appeared that amniotic
fibroblasts and chorionic trophoblasts attained higher degree of
11β-HSD1 expression than amnion epithelial cells. In contrast
Northern blotting analysis failed to detect any 11β-HSD2 mRNA
in the amnion and chorion tissues in agreement with the observa-
tion showing little 11β-HSD2 activity in cultured chorionic tropho-
blasts (Sun et al., 1997b).

Although it is generally believed that human placenta mainly
expresses 11β-HSD2, increased conversion of cortisone to cor-
tisol in homogenized human placental tissue toward term was
reported, although conversion from cortisol to cortisone predomi-
nated at all gestational ages (Murphy 1981; Giannopoulos et al.
1982). Further studies indicated human placenta 11β-HSD was a
reversible enzyme system, and there were at least two species of
11β-HSD in human placenta (Lakshmi et al., 1993). Sun et al.,
demonstrated that this reversible enzyme system was more likely
to be attributed to the expression of 11β-HSD1 in human placenta
(Sun et al. 1997; Sun et al. 1999). Immunohistochemistry re-
vealed 11β-HSD1 was expressed in the extravil lous
cytotrophoblasts and vascular endothelium lining the fine branches
of the umbilical blood vessels in the tertiary villi but not in the
syncytiotrophoblasts (Sun et al., 1997a). The cellular distribution
of 11β-HSD1 in human placenta is clearly different from that of
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11β-HSD2, which was found only in the syncytiotrophoblasts.
Placental perfusion studies demonstrated that a substantial amount
of cortisol was detected on the fetal side when cortisone was
infused into the intervillous space on the maternal side, further
suggesting the presence of 11β-HSD1 in human placenta (Sun et
al., 1999). As the placenta controls the amount of glucocorticoid
reaching the fetus, this dual 11β-HSD enzyme system in human
placenta may interact in a concerted fashion to provide a precise
mechanism to control the passage of maternal glucocorticoids to
the fetal circulation, in particular, towards the end of pregnancy.

The evidence is fairly clear now that 11β-HSD1 and 11β-HSD2
are differentially expressed in human fetal membranes and pla-
centa. The highly vascular placenta mainly expresses 11β-HSD2
with strong oxidative activity while its avascular counterpart, the
fetal membranes, mainly express 11β-HSD1 with strongly reduc-
tive activity in terms of glucocorticoid metabolism (Fig. 1). This
distribution pattern of 11β-HSD1 and 2 in human placenta and
fetal membranes not only fits well into the critical role of 11β-HSD2
as a barrier to glucocorticoid passage in the placenta, but also
indicates the avascular fetal membranes to be a metabolically
active tissue which behaves differently from the placenta. Studies
have shown that the expression level and reductive activity of
11β-HSD1 in the fetal membranes increases with gestational age
(Tanswell et al. 1977; Alfaidy et al. 2003), which coincides with the
increase of cortisol level in the amniotic fluid and fetal circulation
(Blankstein et al., 1980), further suggesting 11β-HSD1 in the fetal
membranes be a likely source of cortisol for the fetal compartment
during gestation.

Feed forward induction of 11βββββ-hydroxysteroid dehy-
drogenase type 1 expression in fetal membranes, an
indispensable mechanism required for fetal matura-
tion and parturition?

Chorioamnionitis is the most common type of infection in
preterm labor, especially in preterm rupture of membranes and
has been recognized to be the leading cause for preterm labor

(Smaill, 1996). Infection of membranes results in the activation of
macrophages in these tissues. The activated macrophages then
release proinflammatory cytokines such as IL-1b and TNFa and
activate local stromal cells that further release proinflammatory
cytokines (Smaill, 1996). Both IL-1b and TNFa are key factors in
infection-induced preterm labor (Bowen et al., 2002). They stimu-
late prostaglandin synthesis in the fetal membranes as well as
increase the production of estrogen and CRH in the placenta
(Nestler, 1993; Petraglia et al., 1990). It has been reported that IL-
1b and TNFa induced 11b-HSD1 expression in ovary, kidney,
adipose tissue and osteoblast cells (Cooper et al., 2001; Escher
et al., 1997; Tomlinson et al., 2001; Yong et al., 2002). We found
that IL-1b and TNFa induced 11b-HSD1 expression in fibroblast
cells and trophoblast cells derived from human fetal membranes
(Li et al., 2006; Sun et al., 2003). Recently it was found that both
IL-1β and TNFα utilize the CCAAT consensus sequences in 11β-
HSD1 promoter to upregulate its expression (Yang et al., 2009;
Ignatova et al., 2009).

Analysis of the human 11b-HSD1 gene promoter revealed a
putative glucocorticoid response element (GRE) and several
CCAAT consensus sequences (Tannin et al., 1991). Glucocorti-
coids up-regulate 11b-HSD1 expression in a number of tissues or
cell types (Tomlinson et al., 2004) and we demonstrated that
glucocorticoids induced 11b-HSD1 expression in fibroblast cells
and trophoblast cells derived from human fetal membranes at
concentrations easily achieved at the end of pregnancy (Sun and
Myatt 2003; Li et al. 2006; Yang et al. 2007). We found this
induction of 11β-HSD1 expression by glucocorticoids was a GR
mediated on-going transcriptional process and verified the CCAAT
consensus sequence and a GRE existing within the promoter
region responsible for the induction of 11β-HSD1 by glucocorti-
coids (Yang et al., 2007).

 It is well recognized that glucocorticoids effectively suppress
immune cell activation induced by proinflammatory cytokines by
two main mechanisms (McKay et al., 1999). Glucocorticoids
inactivate the function of the proinflammatory cytokine mediator
nuclear factor-κB (NF-κB) by inducing the expression of inhibitory
IκB (McKay et al., 1999). This additional inhibitory IκB holds NFκB
in its inactive form in the cytoplasm (McKay et al., 1999). Addition-
ally, the potential binding of activated nuclear GR complexes to
nuclear NFκB may prevent the latter from binding to appropriate
DNA response elements and contribute to steroid-mediated im-
munosuppression (McKay et al., 1999). However, we found the
combination of glucocorticoids and proinflammatory cytokines
further induced the expression of 11β-HSD1 mRNA in amnion
fibroblasts and chorion trophoblasts, which is in obvious contrast
to the opposing effects of glucocorticoids and proinflammatory
cytokines at the inflammation site. The synergistic induction of
11β-HSD1 expression in human fetal membranes by glucocorti-
coids and proinflammatory cytokines (Sun et al. 2002; Sun and
Myatt 2003; Li et al. 2006) may thus form a feed forward loop in
terms of cortisol regeneration. As a result, there would be more
and more biologically active glucocorticoids formed in the fetal
membranes and diffused into amniotic fluid by the end of gesta-
tion, especially when the fetus is threatened by infection and
subjected to high level of glucocorticoids. The increased regen-
eration of cortisol would not only provide a self-resolving mecha-
nism to control inflammation, but also might promote fetal organ
maturation and initiate parturition, to protect the fetus from the

cortisol

cortisone

cortisone        DHEAS

cortisol          DHEAS

11β-HSD1

cortisone        cortisol

Fetal 
circulation

Placenta

Fetal 
membranes

Maternal 
circulation

Fetal 
adrenal 
glands

11β-HSD2    11β-HSD1 aromatase estrogen

Amniotic fluid

Fig. 1. Interconversion of glucocorticoids in placenta and fetal

membranes. The differential expression of 11β-hydroxysteroid dehydro-
genase (HSD) isoforms in placenta and fetal membranes regulates the
metabolism and transport of active cortisol and inactive cortisone be-
tween maternal and fetal circulations.
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deteriorating detrimental effects of infection. This pattern of
cortisol regeneration in the fetal membranes might be one of the
feed forward mechanisms involved in fetal maturation and partu-
rition.

Networks of glucocorticoids, surfactant protein A and
prostaglandins in human fetal membranes

Although the specific mechanisms initiating parturition may
vary among different species, glucocorticoids have been pro-
posed as the factor synchronizing fetal maturation with the trig-
gering mechanisms of parturition in nearly all species studied
(Jenkin et al., 2004). Glucocorticoids accelerate lung maturation
by enhancing surfactant synthesis in the pulmonary alveolar cells
(Gonzales et al., 1986; Snyder et al., 1981). During fetal develop-
ment, the type II alveolar cells of fetal lung eventually synthesize
and release surfactant into pulmonary secretions (Van Golde et
al., 1988), which is intermittently discharged into the amniotic fluid
(Pryhuber et al., 1991; Snyder et al., 1988). Surfactant is a
complex mixture consisting of phospholipids, nonpolar lipids, and
proteins (Van Golde et al. 1988; Floros and Phelps 1997). One of
the most abundant apoproteins specifically associated with pul-
monary surfactant is surfactant protein A (SP-A) (Floros et al.,
1997). SP-A concentration in the amniotic fluid increases dramati-
cally in the third trimester of pregnancy, from less than 3 μg/ml at
30–31 wk to greater than 24 μg /ml at 40–41 wk (Snyder et al.
1988; Pryhuber et al. 1991). The phospholipid contained in
surfactant provides a source of arachidonic acid that can be used
by the amnion for prostaglandin synthesis (Lopez Bernal et al.,
1989; Newman et al., 1993). In addition, it has been reported that
SP-A plays important roles in the regulation of immune function in
the fetal lung, including stimulating proinflammatory cytokine
expression and activation of the Toll-like receptors (TLR) (Crouch
et al., 2001). SP-A has been shown to bind to TLR2 and TLR4
(Guillot et al., 2002; Murakami et al., 2002) leading to NFκB
activation. Recently Condon et al., provided direct evidence
pointing to SP-A as the key link between the maturing fetus and
the initiation of parturition in the mouse (Condon et al., 2004) as
injection of SP-A into mouse amniotic fluid caused preterm labor,
which was blocked by injection of the NFκB inhibitor SN50. These
findings suggest that prostaglandin-synthesizing enzymes in the
fetal membranes are possible targets for SP-A.

Both SP-A and other apoproteins such as SP-B and SP-D are
present in the amniotic epithelium and chorio-decidual layers
(Miyamura et al., 1994). Because high levels of surfactant pro-
teins are present in the amniotic fluid at late gestation, adsorption
or absorption of surfactant proteins onto or into the fetal mem-
branes is likely to occur. Adsorption of SP-B onto the human
amnion epithelium was demonstrated by Newman et al., (Newman
et al., 1991). Although SP-A has been reported to be hydrophilic
rather than hydrophobic unlike other surfactant proteins (Hawgood
et al., 1990), these observations raised the possibility of absorp-
tion or adsorption of SP-A into the fetal membranes rather than
local synthesis. In spite of these possibilities, we found that both
SP-A protein and mRNA were present in amniotic epithelial cells,
fibroblasts, and chorionic trophoblasts (Sun et al., 2006a), sug-
gesting local synthesis of SP-A exists in all these three cell types
of the fetal membranes. However, uptake of SP-A from the
amniotic fluid by cells in the fetal membranes cannot be totally

ruled out because the most intensive staining of SP-A protein was
observed in the amnion epithelium, especially the apical mem-
brane facing the amniotic fluid, but the expression of SP-A mRNA
in amniotic epithelial cells appears to be the lowest among the
three cell types examined.

Both animal and human studies have shown that cortisol has
an important role in regulating surfactant synthesis in the fetal
lung (Gonzales et al., 1986; Mendelson et al., 1986; Snyder et al.,
1981). We provided evidence for the de novo synthesis of SP-A
in the fetal membranes (Sun et al., 2006a). Consistent with the
induction of SP-A expression by cortisol in the fetal lung, we found
that SP-A expression in the fetal membranes was also stimulated
by cortisol within the physiological range achieved in the amniotic
fluid in late gestation (Sun et al., 2006a), which suggests that
cortisol derived from the action of 11β-HSD1 in the fetal mem-
branes could be important for the induction of SP-A expression
both in the fetal lung and fetal membranes.

As previously stated the human fetal membranes are the major
sources for prostaglandins (PGE2 and PGF2α) at the end of
gestation with activation of prostaglandin synthesis in human fetal
membranes being one of the key events leading to parturition in
both term and preterm labor (Challis et al. 1997; Gibb 1998).
Cytosolic PLA2) and PGHS-2 appear to be the two enzymes
catalyzing the rate-limiting steps for the synthesis of PG (Irvine
1982; Kniss 1999). We demonstrated that the apoprotein compo-
nent of surfactant, SP-A, dose-dependently stimulated PGHS-2
but not cPLA2 and mPGES expression in chorionic trophoblasts
(Sun et al., 2006a). As a consequence of increased PGHS-2
expression, PGE2 release from chorionic trophoblasts was also
dose-dependently increased by SP-A (Sun et al., 2006a). Based
upon these findings, we speculate that, together with SP-A
derived from fetal lung via amniotic fluid, SP-A synthesized locally
in the fetal membranes may participate in the initiation of parturi-
tion by stimulating prostaglandin synthesis in the fetal mem-
branes at the end of gestation, which may parallel the increased
expression of 11β-HSD1 in the fetal membranes and the conse-
quent dramatic increase of cortisol level in the amniotic fluid by the
third trimester.
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Fig. 2. Regulation of prostaglandin synthesis in fetal membranes. A
positive feedback loop is present in the fetal membranes involving
stimulation of cortisol and prostaglandin production to promote fetal
maturation and initiate parturition.
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The fetal membranes appear to be a crucial site in integration
of signaling for fetal maturation and the onset of parturition.
Glucocorticoids have been shown to stimulate PG production in
the amnion. This phenomenon has been claimed to be attributed
to stimulation of cPLA2 and PGHS-2 expression by GCs, particu-
larly in amnion fibroblasts, which are the major cell type producing
PGs in the fetal membranes. This is in marked contrast to its
reported inhibitory action on the induction of PG production by
proinflammatory cytokine These paradoxical effects of GCs are
believed to be part of the feed forward loops triggering parturition.
Under the influence of glucocorticoids, more PGs would be
formed. Prostaglandins in turn could stimulate 11β-HSD1 activity
in the fetal membranes, thus leading to more cortisol regenerated
from cortisone in the fetal membranes. Glucocorticoids are re-
quired for maturation of fetal organs a requirement for life ex utero
post parturition. Expression of 11β-HSD1 by the amnion fibroblast
will supply active cortisol in increasing concentrations throughout
gestation to achieve this. Cortisol per se participates in a feed
forward loop stimulating expression of 11β-HSD1.

Summary

Taking all these results together, we propose that a positive
feedback loop involving glucocorticoids, proinflammatory
cytokines, prostaglandins, SP-A and 11β-HSD1 is formed locally
in human fetal membranes towards term or in preterm labor (Fig.
2). This positive feedback loop would produce abundant biologi-
cally active glucocorticoids and PGs in fetal membranes or
amniotic fluid, which would ultimately promote fetal organ matu-
ration and initiate parturition.
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