HORMONES 2002, 1(3):139-148

Review

Stress neuropeptides in the human endometrium:
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ABSTRACT

Human endometrium exhibits characteristics of a neuroendocrine-like stress organ in addition to
its classical role as the main target of ovarian steroid hormones. Indeed, the epithelial cells of
human endometrium express the stress-associated neuropeptide genes corticotropin-releasing hor-
mone (CRH), proopiomelanocortin, proenkephalin and prodynorphin. Furthermore, endometri-
um stroma cells also express CRH when they differentiate into decidual cells. Multiple lines of
evidence suggest that the stress-associated neuropeptides of human endometrium are under the
endocrine control of gonadal steroids as well as under an autocrine/paracrine regulation by pros-
tanoids and interleukins. Endometrial stress-associated neuropeptides appear to exert their bio-
logical effect locally, i.e. within the uterus since human endometrium and myometrium also ex-
press the relevant receptors. More specifically, recent data suggest that endometrial CRH partici-
pates in the regulation of intrauterine inflammatory processes taking place in early pregnancy
including stroma decidualization, blastocyst implantation and early maternal tolerance. Similarly,
endometrial opioids participate in the regulation of uterine tissue remodeling via their effect on
endometrial cell apoptosis. Thus, endometrial stress neuropeptides act as paracrine regulators of
uterine cell differentiation and tissue remodeling as well as modulators of local immune responses.
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tiation

INTRODUCTION amino acid neuropeptide, is the major endogenous
regulator of endocrine, autonomic, immunological and
behavioural adaptation to stress. In the central nerv-
ous system (CNS), CRH is synthesized principally

Corticotropin-releasing hormone (CRH), a 41-
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ACTH". The human CRH gene maps into the long
arm of chromosome 8 and the size of its transcript is
approximately 1.3 Kb. Outside the CNS, the CRH
gene is expressed in a growing list of peripheral tis-
sues including the adrenal cortex and medulla, lym-
phocytes, pancreas, lung, liver, stomach, duodenum,
intestines, skin, etc.”"’. However, it should be empha-
sized that CRH is mainly present in the peripheral
part of the reproductive tract including human pla-
centa, the uterus and the gonads of both sexes'".

CRH exerts its many biological effects by binding
to plasma membrane receptors that are coupled to G;
protein and adenylate cyclase. So far, two distinct CRH
receptor genes have been identified™'"°. The first, the
CRH-R1, binds CRH with high affinity, i.e. with a Kd
of 0.95 to 2 nM. CRH-R1 was cloned from human
and mouse pituitary and rat brain. Two splice vari-
ants of the second CRH receptor type (CRH-R2) have
been isolated, differing only in their N-terminal do-
main. The CRH-R2a (kd: 7.2-22 nM) which was cloned
from rat brain and the CRH-R2b (Kd: 10-29 nM)
which was isolated from mouse heart. The CRH re-
ceptors are widely distributed in several tissues includ-
ing the central and peripheral nervous system, the
adrenals, retina, spleen, immune cells, heart, skeletal
muscles, skin, gonads, placenta, endometrium and
myometrium indicating the diverse and multiple roles
that CRH appears to exert'”.

The endogenous opioid peptides (EOP) derive
from three precursors of similar molecular size and
sequence homology™®™®. POMC is the precursor of
ACTH, a-melanocyte-stimulating hormone (a-MSH),
b-endorphin and lipotropin. Proenkephalin (PENK)
is the precursor of enkephalins while prodynorphin
(PDYN) of dynorphins, rimorphin, leumorphin and
neo-endorphins. A variety of opioid receptor types and
subtypes are present throughout the body* . Mu,
kappa, delta, epsilon and sigma are the main opioid
receptor types. Each EOP exhibits distinct binding
activity towards each type of opioid receptor. Opioids
are mainly localized within CNS including the hypoth-
alamus and spinal cord as well as in both lobes of the
pituitary. Opioid receptors are also widely distribut-
ed in peripheral tissues including the peripheral part
of the sympathetic system and the adrenal cortex and
medulla, as well as throughout the gastrointestinal
tract, immune cells, heart and vasculature. However,
as is the case with the CRH receptors, opioid recep-

tors are heavily present in all reproductive tissues in-
cluding human placenta, the endometrium and the
gonads®™?’,

ENDOMETRIAL CRH

Expression: The CRH transcript and its peptide
product are present in normal and tumoral human
glandular endometrial cells**'. In contrast to rat pla-
centa where CRH is absent, the epithelial cells of rat
uterus express the CRH gene®. The size of the en-
dometrial CRH transcript is approximately 1.3 kb, i.e.
similar to that isolated from the human hypothala-
mus and placenta. Immunofluoresence experiments
in a normal human glandular endometrium reveal a
cytoplasm rich in granules positive for immunoreac-
tive (ir)-CRH. However, it should be noted that ir-
CRH is localized only in glandular cells while endome-
trial stroma is negative for it*. Immunohistochemical
data show that both epithelial and decidualized stro-
mal cells of the early pregnant rat uterus contain ir-
CRH, suggesting that epithelial cells in the endometri-
um are the main source of intrauterine CRH in the
non-pregnant uterus, whereas decidualization of nor-
mal stromal cells which up to that moment did not
express CRH express the CRH gene, a phenomenon
taking place in both the human and rodent uterus*-*.
The CRH transcript and peptide product are easily
detectable in the human decidua and in stroma which
has been decidualized, in vitro, by a mixture of pro-
gesterone, relaxin and estrogens®. The physico-chem-
ical characteristics of ir-CRH in normal and tumoral
human endometrium and rat uterus extracts are iden-
tical to synthetic 41-amino acid CRH peptide further
supporting the immunoassay data*. These data sug-
gest that the cycling human endometrium possesses
all the necessary enzymes for the post-translational
processing of preproCRH, giving rise to a fully bioac-
tive end product. The principal receptor for the CRH
ligand, the CRH-R1 receptor, is also present in both
epithelial and stroma cells of the human endometri-
um**, as well as in the human myometrium®. Inter-
estingly, the affinity of the CRH receptors in the the
human myometrium increases during the later stages
of pregnancy resulting in an linear acceleration of
cAMP production as pregnancy progresses which acts
as a potent myometrial relaxant*. Appropriately
enough, at term, a marked reduction in the ability of
CRH to stimulate cAMP takes place most probably
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due to a reduction of the number of G,a subunits
caused by the rising biological activity of oxytocin. It
should be noted that oxytocin activates protein kinase
C which, by phosphorylating the CRH receptor, leads
to its severe desensitization towards CRH**,

Regulation: Three known inducers of hypothalam-
ic CRH, 8-bromo-cAMP, forskolin and epidermal
growth factor (EGF) also stimulate the activity of a
CRH promoter introduced into endometrial cells®.
Indeed, it is widely recognized that cAMP is a major
inducer of CRH expression in both hypothalamus and
placenta and a stimulator of its secretion. It should be
noted that all data available indicate that cAMP af-
fects CRH gene expression rapidly without the medi-
ation of de novo synthesis of regulatory proteins, sup-
porting the hypothesis that the effect of cAMP is as-
sociated to factors within the nuclear compartment
consistent with a direct effect on CRH gene transcrip-
tion mediated via an effect on proximal promoter®. It
has been shown that estrogens suppress the activity of
CRH promoter in the endometrium in the same way
they affect the transcription of hypothalamic CRH.
Furthermore, estradiol is not capable of inhibiting
forskolin- or EGF-induced CRH promoter, acting di-
rectly on pairs of functional half palindromic estro-
gen responsive elements (EREs) present in the pro-
moter region of the CRH gene. Although glucocorti-
coids decrease the activity of the CRH promoter, the
absence of the concensus glucocorticoid response el-
ement in CRH promoter and the inhibition of for-
skolin- or EGF-induced CRH promoter point to an
effect via activation of cAMP- and EGF-dependent
pathways. Indeed, the inhibitory effect of the gluco-
corticoids in the endometrium is in agreement with
that described for the hypothalamus and exactly op-
posite to what has been found to take place in human
placenta, suggesting that the regulation of the tran-
scription of the CRH gene is cell-specific depending
on the presence or absence of certain specific tran-
scription factors®”. Finally, the cytokines IL-1 and IL-
6 have been shown to stimulate the activity of the CRH
promoter introduced in human endometrial cells™.
This effect appears to be mediated via prostagland-
ins, in accordance to what has been described in the
hypothalamus and placenta.

ENDOMETRIAL OPIOID PEPTIDES

Expression: It is intriguing that all three opioid

peptide precursors are synthesized by human endome-
trial cells®*2 The size of the POMC transcript present
in the epithelial cells of human endometrium is ap-
proximately 1.2 kb long, i.e. similar to that present in
the pituitary gland, while the size of the prodynor-
phin gene transcript is approximately 2.3 kb long, i.e.
similar to that present in CNS*. Supporting these
molecular biology data are the physico-chemical char-
acteristics of ir-b-endorphin and ir-dynorphin present
in the human endometrium. Indeed, both ir-peptides
have been shown to have similar or identical charac-
teristics to those found for authentic b-endorphin and
the 8 kD dynorphin molecules. Furthermore, endome-
trial cells express multiple types of opioid receptors
including the k1, k2 and k3 variants™.

Regulation: It has been found that estrogens and
the glucocorticoids suppress the secretion of endome-
trial b-endorphin while progesterone, dihydrotesto-
sterone and the gonadal regulator GnRH do not sig-
nificantly affect it*. Interestingly, the antiglucocorti-
coid-antiprogestin RU486 exhibits agonist effects,
possibly acting via glucocorticoid receptors. Contrary
to b-endorphin, the secretion of endometrial dynor-
phin is induced by GnRH and is not affected by all
steroid hormones. As a consequence, the regulation
of endometrial opioids appears to have similarities to
that reported for opioids in the arcuate nucleus in the
hypothalamus and the pituitary gland. Indeed, estro-
gens suppress the secretion of b-endorphin and the
transcription of the POMC gene in rat hypothalamus,
while GnRH induces the production of hypothalam-
ic/pituitary dynorphins. The type-specific regulation
of endometrial opioids suggests that each family of
opioids possesses a quite distinct physiological role
within the uterine cavity. The presence of high affini-
ty opioid-binding sites on its organ implies that local
opioids exert mainly autocrine and/or paracrine ef-
fects without excluding the possibility of systemic ac-
tions. It is hypothesized that while the endometrial
dynorphins may exert their biological effects via the
k1-opioid receptors, b-endorphin may affect princi-
pally the k2 type of opioid receptors.

PHYSIOLOGICAL ROLES OF ENDOMETRIAL
STRESS-ASSOCIATED NEUROPEPTIDES

Uterine CRH modulates the differentiation of
endometrial stroma to decidua: A growing number
of published reports suggest that CRH exerts pro-in-
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flammatory / procytokine effects. Indeed, it now ap-
pears certain that the CRH neuropeptide is an inte-
gral part of the immune phenomena taking place dur-
ing the initiation of the inflammatory response. Sup-
portive of this hypo-thesis are the ubiquitous presence
of CRH at the sites of inflammation in both humans
and rodents and the fact that its immunoneutraliza-
tion appears to drastically attenuate the inflammato-
ry response™. Interestingly, in the human endometri-
um, a phenomenon with characteristics of an aseptic
inflammatory reaction takes place during the differ-
entiation of endometrial stroma to decidua. More
specifically, during decidualization the endometrial
stroma is subjected to numerous functional changes
including an increase in its vascular permeability, re-
markable cell growth and remodeling of its extracel-
lular matrix. It has been shown that CRH induces the
decidualization of the endometrial stroma® and that
it potentiates the decidualizing effect of progester-
one. Furthermore, progestins stimulate the expression
of endometrial CRH in a cAMP-dependent manner™.
Indeed, in stromal cells, CRH may mediate, via the
CRH-R1 receptor, the cAMP-dependent part of the
decidualizing effect of progesterone, an effect blocked
by the cAMP inhibitor Rp-Br-cAMP.

In addition to progesterone, several locally pro-
duced pro-inflammatory immune factors also exert a
decidualizing effect. Thus, prostaglandins and inter-
leukins are prominent members of this category of
modulators. It should also be stressed here that these
types of local factors usually exert their effect in a
paracrine manner. Indeed, endometrial stroma pro-
duces several inflammatory factors, including prostag-
landin E, (PGE,), interleukin 1 (IL-1) and IL-6". In
humans, prostaglandin E, enhances, while interleukin-
1 inhibits, the decidualizing effect of progesterone™*.
Furthermore, PGE, and interleukins IL-1 and IL-6 are
also major inducers of endometrial CRH™. It is pos-
tulated that during the decidualizing process CRH
interacts with these local factors. For instance, it has
been shown that CRH inhibits the production of PGE,
by human endometrial stromal cells®. It is thus possi-
ble that endometrial CRH, in addition to its direct
decidualizing effect, may also alter the decidualizing
action of progesterone via its influence on the locally
produced modulators including PGE,. In addition,
CRH stimulates the production of both IL-1 and IL-6
in human endometrial stromal cells®'. It should be re-
membered that IL-1 is a principal modulator of the

decidualization process, blocking the differentiation
of human endometrial stromal cells induced by ovar-
ian steroids or ;CAMP?”. The stimulatory effect of CRH
on stromal IL-1 suggests that the former may exert its
decidualizing effect either as a principal regulator or
as a modulator of progesterone, the classical decidu-
alizing effector. It is extremely interesting that pro-
gesterone per se induces the expression of the CRH
gene in the stromal cells of human endometrium™.
Thus, it is possible that progesterone-driven CRH may
exert an inhibitory effect on endometrial decidualiza-
tion through induction of a local inhibitor, possibly
interleukin-1, establishing a complex close loop feed-
back system fine tuning the response of stroma cells
to these factors (Figure 1). In conclusion, it now ap-
pears that a close interaction takes place within the
human endometrium involving CRH, prostanoids and
cytokines. Indeed, the following sequence of events
may take place during decidualization (Figure 1): a)
progesterone, in addition to its strong decidualizing
effect, also induces the production of endometrial
CRH; b) CRH participates in stromal decidualization,
regulating local modulators of this process, i.e., it in-
hibits the enhancer PGE,, induces the inhibitor IL-1
and stimulates the inducer IL-6; c) subsequently, en-
dometrial PGE,, IL-1 and IL-6 exert a positive effect
on the expression of endometrial CRH completing this
endometrial paracrine network.

Uterine CRH supports blastocyst implantation
and early maternal tolerance: The Human endometri-
um is one of the principal examples where local mod-
ulators of the inflammatory response serve a key phys-
iological function. Indeed, the classic modulators of
inflammation appear to be part of the mechanism reg-
ulating the implantation of conceptus. It is now well
established that the implanting blastocyst secretes sev-
eral inflammatory mediators, including IL-1 and pros-
taglandin PGE,. Blastocyst-deriving IL-1 plays an
essential role on implantation. In fact, in mice, block-
ade of its effect by the specific antagonist IL-1ra in-
hibits implantation”. In addition, measurement of the
IL-1 levels in the peri-implantation area appears to
be a good predictor of the outcome of pregnancy®.
As mentioned above, IL-1 and PGE, are inducers of
CRH expression in human endometrial cells”. Based
on these data, it has been hypothesized that the blas-
tocyst may modulate the expression of endometrial
CRH through IL-1 and/or PGE, produced by it at the
very site of nidation. Subsequently, endometrial CRH,
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in association with other local factors, may then par-
ticipate in a local inflammation-regulating response
at the site of implantation, rendering endometrial
surface “adhesive” for the attachement of the ferti-
lized egg, culminating in the formation of the egg nid-
us. This hypothesis is supported by several lines of
data showing a significantly higher concentration of
the CRH transcript and its peptide product at the early
implantation sites of pregnant rats compared to the
inter-implantation uterine areas®.

In vivo experiments in the mouse have shown that
intra-peritoneal injections of CRH antibodies at day
2 of pregnancy decrease the number of fetuses within
the uterus by 60%. This observation is further sup-
ported by experiments in rats using antalarmin, a
CRH-RI1 specific antagonist. Indeed, administration
of antalarmin to early pregnant rats (day one of preg-
nancy) results in a 70% reduction in the number of
implantation sites®. Thus, blocking of CRH has an
anti-nidation effect when this happens at a very early
stage of pregnancy. It is evident that both methods of
blocking the effects of uterine CRH (antibodies or
antalarmin) do not completely abolish nidation, sug-
gesting the presence of other, redundant mechanisms
supporting the implanted embryo. This is also com-
patible with the fact that CRH and CRH-R1-knock-
out mice are not entirely sterile®*. Recent experimen-
tal findings show that CRH participates in the nida-
tion of the fertilized egg by inhibiting local maternal

PROGESTERONE

~

CRH

EPITHELIAL CELL

immune response to the implanted embryo. Indeed,
CRH stimulates the expression of the pro-apoptotic
FasL protein” in the decidual and trophoblastic cells,
thus potentiating their ability to induce apoptosis of
the surrounding maternal T lymphocytes activated by
the presence of the embryo®. Expression of Fas lig-
and by fetal extravillous trophoblast cells can induce
apoptosis of activated T lymphocytes expressing in-
creasing numbers of the Fas membrane protein (Fig-
ure 2). Another role that is attributed to maternal and
fetal FasL is that it limits the migration of fetal cy-
totrophoblast cells into maternal tissue and vice ver-
sa®. The intra-uterine presence of CRH, both in the
maternal (decidua) and fetal (trophoblast) sites sug-
gests that locally produced CRH regulates FasL pro-
duction, thus affecting the invasion process through a
local auto/paracrine regulatory loop of cytotrophob-
last cells, regulating their own apoptosis. Therefore,
inadequate CRH-mediated self-induction of FasL in
extravillous trophoblasts might be involved in the
pathophysiology of infertility and recurrent fetal re-
sorption or miscarriage”. Abrogation of immune priv-
ilege at the placental-uterine interface or unbridled
invasion of the trophoblast may have deleterious con-
sequences for the developing fetus, as evidenced by
the high rates of fetal morbidity and mortality, and
for the mother, observed in pregnancies complicated
by inflammation at maternal-fetal interfaces and
preeclampsia/eclampsia.

ceee« INHIBITION
= INDUCTION

IL-1

STROMAL CELL\/ l
DECIDUAL CELL

Figure 1. Endometrial CRH modulates the decidualization process. Endometrial CRH, under the influence of progesterone, may participate
ina positive local feed-back loop between epithelial and stromal cells, facilitating decidualization of the latter via the production of PGE, and
IL-6 from the stroma. On the other hand, the inhibitory effect of CRH on the release of PGE, from stroma cells could represent a negative

local feed-back mechanism to control the process of decidualization.
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Figure 2. Uterine CRH affects the maternal immune tolerance. CRH produced locally by decidual cells and extravillous trophoblasts acts in
an autocrine/paracrine fashion, through CRH-R1, to stimulate FasL expression and to potentiate the ability of these cells to cause apoptosis

of activated maternal T lymphocytes (Fas receptor positive).

Uterine opioids modulate endometrial remodel-
ling via their effect on apoptosis: The human en-
dometrium expresses specific k-opioid binding sites
and their endogenous ligands, the dynorphins®*. The
physiological role of endometrial opioids, including
the dynorphins, remains largely speculative. Howev-
er, recent findings suggest that locally secreted k-opi-
oid peptides may play a role as paracrine modulators
of endometrial stroma apoptosis. It should be noted
that apoptosis plays a central role in endometrial phys-
iology including the decidualization process, the im-
plantation of the fertilized egg and menstruation.
More specifically, decidualization in the immediate
vicinity of the implanting blastocyst may in fact in-
volve the entire endometrial stroma. Following a pe-
riod of intense growth and differentiation, the anti-
mesometrial decidua, in the area adjacent to trophob-
last, begins to degenerate by apoptosis. Progression
of apoptosis through the anti-mesometrial decidua
enables trophoblast giant cells to gain access to ma-
ternal vessels. It should be noted here that pro-
grammed cell death of decidual cells in the anti-mes-
ometrial decidua allows remodeling of the implanta-
tion chamber without disrupting the growth and de-
velopment of the embryo or the integrity of the tis-
sue.

Expression of several factors involved in the regu-
lation of apoptosis are detectable in human endome-
trial stroma. Thus the Fas antigen, a member of tu-
mour necrosis factor receptor (TNFR) family and a
type-I membrane protein® induces apoptosis via cross-
linking to Fas ligand (FasL)™"". Members of the Bcl-2
family, such as the apoptosis inhibiting proteins Bcl-2
and Bcl-x; and their apoptosis promoting homologues
Bax and Bak have also been found in the human en-
dometrium™™. K-opioids agonists stimulate apopto-
sis of endometrial stroma cells”. This effect is dose-
dependent and reversible by the general opioid an-
tagonist naloxone, an observation indicating that this
phenomenon is mediated via specific opioid-receptors.
The pro-apoptotic effects of k-opioids is exerted
through regulation of the pro- and anti-apoptotic pro-
teins including the Fas and Bcl-2 families (Figure 3).
Indeed, k-opioids cause a rapid but transient up-reg-
ulation of the apoptotic protein Fas, suggesting that
their effect on accelerating apoptosis of endometrial
stroma cells is mediated by activation of the Fas/FasL.
pro-apoptosis pathway. At the same time, recent data
suggest that k-opioids stimulate the production of the
anti-apoptotic members of the Bcl-2 family of pro-
teins, the Bcl-2 and Bcl-x; whereas it has no signifi-
cant effect on the apoptosis-promoting homologues
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Figure 3. Uterine dynorphins regulate endometrial cell apoptosis and tissue remodelling. Dynorphins, produced by endometrial cells induce
the expression of the pro-apoptotic Fas receptor on stromal cells, propagating their apoptosis and facilitating tissue remodeling during early

pregnancy.

Table 1. Regulators of endometrial stress neuropeptides

Regulator b-Endorphin Dynorphin CRH

Estradiol inhibition no effect inhibition
Dexamethasone inhibition no effect inhibition
RU486 inhibition no effect inhibition
Progesterone no effect no effect induction
GnRH no effect induction NO’

cAMP NO NO induction
EGF NO NO induction
Forskolin NO NO induction
PGE, NO NO induction
IL-1 NO NO induction
IL-6 NO NO induction

*NO: No information

Bax, Bcl-x, and Bak, implying a transient survival
mechanism activated in stroma cells as a parallel res-
cue-response to apoptosis-inducing factors.

Conclusions: Endometrial stress neuropeptides act
as paracrine regulators of uterine cell differentiation
and tissue remodeling as well as modulators of local
immune responses. Recent experimental findings sug-
gest that endometrial CRH participates in intrauter-
ine inflammatory processes, such as stroma decidual-

ization, blastocyst implantation and early maternal
tolerance. On the other hand, uterine opioids contrib-
ute in the regulation of endometrial tissue remode-
ling via their effect on cell apoptosis. The significance
of uterine stress neuropeptides in endometrial patho-
physiology merits further investigation.

REFERENCES

1. Vale W, Spiess J, Rivier C, Rivier J, 1981 Characteriza-
tion of a 41-residue ovine hypothalamic peptide that stim-
ulates secretion of corticotropin and b-endorphin. Science
213: 1394-1397.

2. Vale W, Rivier C, Brown MR, Spiess J, Koob G, Swan-
son A, 1982 Chemical and biological characterization of
corticotropin-releasing factor. Recent Prog Horm Res 39:
245-259.

3. Antoni FA, 1986 Hypothalamic control of adrenocorti-
cotropin secretion: advances since the discovery of 41-
residue corticotropin-releasing factor. Endocr Rev 7: 351-
365.

4. Orth D, 1992 Corticotropin-releasing hormone in humans.
Endocr Rev 13: 164-183.

5. Usui T, Nakai Y, Tsukada T, Jingami H, Takahashi H,
Fucada J, 1988 Expression of adrenocorticotropin-releas-
ing hormone precursor gene in placenta and other non-
hypothalamic tissues in man. Mol Endocrinol 2: 871-879.

6. Suda T, Tomori N, Tozawa F, Mouri T, Demoura H, Shi-
zume K, 1984 Distribution and characterization of im-
munoreactive corticotropin-releasing factor in human tis-



A. GRAVANIS ET AL

>

Nel

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

sues. J Clin Endocrinol Metab 59: 861-867.

Petrusz P, Merghenthaler I, Maderdrut L, Vigh S, Schal-
ly A, 1983 Corticotropin-releasing factor-like immunore-
activity in the vertebrate endocrine pancreas. Proc Natl
Acad Sci 80: 1721-1729.

Petrusz P, Merghenthaler I, Ordronneau P, Maderdrut
L, Vigh S, Schally A, 1984 Corticotropin-releasing fac-
tor-like immunoreactivity in the gastro-entero-pancreat-
ic endocrine system. Peptides 5: 71-82.

. Dammrich J, Ormanns W, Kahaly G, Schrezenmeir J, 1988

Multiple peptide hormone producing adenocarcinoma of
lung with neurotensin and CRF-like immunoreactivity.
Pathol Res Pract 183: 670-677.

Owens MJ, Nemeroff CB, 1991 Physiology and pharma-
cology of corticotropin- releasing factor. Pharmacol Rev
43: 425-432.

Dufau ML, Tinajero JC, Fabbri A, 1993 Corticotropin-
releasing factor: an antireproductive hormone of the tes-
tis. FASEB J 7: 299-309.

Huang BM, Stocco DM, Hutson JC, Norman RL, 1995
Corticotropin-releasing hormone stimulates steroidogen-
esis in mouse Leydig cells. Biol Reprod 53: 620-628 .
Mastorakos G, Webster E, Friedman T, Chrousos G, 1993
Immunoreactive corticotropin-releasing hormone and its
binding in the rat ovaries. J Clin Invest 92: 961-969.
Mastorakos G, Scopa C, Vryonidou A, Friedman T, Kat-
tis D, Phenekos C, Merino M, Chrousos G, 1994 Pres-
ence of immunoreactive corticotropin-releasing hormone
in normal and polycystic human ovaries. J Clin Endocri-
nol Metab 79: 1191-1198.

Chang CP, Pearse RV 2d, O’ Connell S, Rosenfeld MG,
1993 Identification of a seven transmembrane helix re-
ceptor for corticotropin-releasing factor and sauvagine
in mammalian brain. Neuron 11: 1187-1196.

Chen R, Lewis KA, Perrin MH, Vale WW, 1993 Expres-
sion cloning of a human corticotropin-releasing-factor
receptor. Proc Natl Acad Sci 90: 8967-8973.

Grigoriadis DE, Heroux JA, De Souza EB, 1993 Charac-
terization and regulation of corticotropin-releasing fac-
tor receptors in the central nervous, endocrine and im-
mune systems. Ciba Found Symp 72: 85-102.

Hughes J, 1975 Isolation of an endogenous compound
from the brain with pharmacological properties similar
to morphine. Brain Res 88: 295-304.

Hughes J, Smith TW, Kosterlitz HG, Fothergill LA, Mor-
gan BA, Morris HR, 1975 Identification of two related
pentapeptides from the brain with potent opiate agonist
activity. Nature 258: 577-582.

Lord JAH, Waterfield AA, Hughes J, Kosterlitz HW, 1977
Endogenous opioid peptides: multiple agonists and re-
ceptors. Nature 267: 495-499.

Chavkin C, Goldstein A, 1981 Demonstration of a specif-
ic dynorphin receptor in guinea pig ileum myenteric plex-
us. Nature 291: 591-594.

Shultz R, Wuster M, Herz A, 1982 Endogenous ligands
for k-opiate receptors. Peptides 3: 973-979.

Chavkin C, James J, Goldstein A, 1982 Dynorphin is a
specific endogenous ligand of kappa opioid receptor. Sci-

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

ence 215: 413-418.

Atweh SF, Kuhar MJ, 1977 Autoradiographic localiza-
tion of opiate receptors in rat brain, spinal cord and low-
er medulla. Brain Res 124: 53-61.

Atweh SF, Kuhar MJ, 1977 Autoradiographic localiza-
tion of opiate receptors in rat brain stem II. The brain
stem. Brain Res 129: 1-9.

Atweh SF, Kuhar MJ, 1977 Autoradiographic localiza-
tion of opiate receptors in rat brain III. The telencephalon.
Brain Res 134: 393-399.

Wuster M, Schultz R, Herz A, 1981 Multiple opiate re-
ceptors in peripheral tissue preparations. Biochem Phar-
mac 30: 1883-1889.

Cox B, Rosenberg JG, Douglas J, 1997 Chromatographic
characterization of dynorphin and (leuS)enkephalin im-
munoreactivity in guinea pig and rat testis. Reg Peptides
19: 17-26.

Pintar JE, Schachter BS, Herman AB, Durgerian S, Krieg-
er DT, 1984 Characterization and localization of proopi-
omelanocortin messenger RNA in the adult rat testis.
Science 225: 632-635.

Eskeland NL, Molineaux CJ, Schacter BS, 1992 Regula-
tion of b-endorphin secretion by corticotropin-releasing
factor in the intact rat testis. Endocrinology 130: 1173-
1181.

Fabri A, Tsai Morris CH, Luna S, Fraioli F, Dufau ML,
1985 Opiate receptors are present in rat testis. Identifi-
cation and localization in sertoli cells. Endocrinology 117:
2544-2549.

Sharpe RM, Cooper I, 1987 Comparison of the effects of
the purified Leydig cells of four hormones (oxytocin, va-
sopressin, opiates and LHRH) with suggested paracrine
roles in the testis. J Endocr 113: 89-98.

Mc Murray CT, Devi L, Calavetta L, Douglas JO, 1988
Regulated expression of prodynorphin gene in the R2C
Leydig tumor cell line. Endocrinology 124: 49-56.

Chen C, Chang C, Krieger DT, Bardin CW, 1986 Expres-
sion and regulation of proopiomelanocortin-like gene in
the ovary and placenta: comparison with the testis. En-
docrinology 118: 2382-2389.

Kilpatrick DL, Howell RD, Noe M, Bailey CI, Udenfriend
S, 1985 Expression of preproenkephalin-like mRNA and
its peptide products in mammalian testis and ovary. Proc
Natl Acad Sci 82: 7467-7472.

Lim AT, Lolait S, Barlow JW, Wai Sum O, Zos I, Toh
BH, Funder JW, 1983 Immunoreactive b-endorphin in
sheep ovary. Nature 303: 709-717.

Lolait SJ, Autelitano DJ, Lim ATW, Smith AI, Toh BH,
Funder JW, 1985 Ovarian immunoreactive b-endorphin
and estrus-cycle in the rat. Endocrinology 117: 161-169.
Facchineti F, Storchi AR, Petraglia F, Volpe A, Genaz-
zani AR, 1988 Expression of proopiomelanocortin-relat-
ed peptides in human follicular fluid. Peptides 9: 1089-
1097.

Sanders SL, Melner MH, Curry Jr TE, 1990 Cellular lo-
calization of ovarian proopiomelanocortin messenger
RNA during follicular and luteal development in the rat.
Mol Endocrinology 4: 1311-1319.



Endometrial Stress Neuropeptides

147

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

Makrigiannakis A, Zoumakis E, Margioris AN, Theodo-
ropoulos P, Stournaras C, Gravanis A, 1995 The cortico-
tropin-releasing hormone in normal and tumoral epithe-
lial cells of human endometrium. J Clin Endocrinol Me-
tab 80: 185-193.

. Mastorakos G, Scopa CD, Kao LC, Vryonidou A, Fried-

man TC, Kattis D, Phenekos C, Rabin D, Chrousos GP
1996, Presence of immunoreactive corticotropin-releas-
ing hormone in human endometrium. J Clin Endocrinol
Metab 81: 1046-1053.

Makrigiannakis A, Margioris AN, LeGoascogne C, Zou-
makis E, Nikas G, Stournaras C, Psychoyos A, Gravanis
A, 1995 Corticotropin-releasing hormone (CRH) is ex-
pressed at the implantation sites of early pregnant rat
uterus. Life Sci 57: 1869-1874.

Petraglia F, Tabanelli S, Galassi C, Garuti GC, Mancini
A, Genazzani A, Gurpide E, 1992 Human decidua and in
vitro decidualized endometrial stromal cells at term con-
tain immunoreactive CRF and CRF mRNA. J Clin En-
docrinol Metab 74: 1427-1433.

DiBlasio A, Peroci-Giraldi F, Vigano P, Petraglia F, Vig-
nall M, Cavagnini F, 1997 Expression of corticotropin-
releasing hormone and its R1 receptor in human endome-
trial stromal cells. J Clin Endocrinol Metab 82: 1594-1597.
Papadopoulou N, Vlad M, Klentzeris L, Grammatopou-
los D, Hillhouse E, 1998 Expression of corticotropin-re-
leasing hormone receptor type 1a in human endometrial
epithelial cells. P3-31. Proc 80th Meeting of the Endo-
crine Society New Orleans, LA; p, 202.

Hillhouse EW, Grammatopoulos D, Milton NG, Quarte-
ro HW, 1993 The identification of a human myometrial
corticotropin-releasing hormone receptor that increases
in affinity during pregnancy. J Clin Endocrinol Metab 76:
736-741.

Grammatopoulos D, Milton NG, Hillhouse EW, 1994 The
human myometrial CRH receptor: G proteins and sec-
ond messengers. Mol Cell Endocrinol 99: 245-250.
Grammatopoulos D, Stirrat GM, Williams SA, Hillhouse
EW, 1996 The biological activity of the corticotropin-re-
leasing hormone receptor-adenylate cyclase complex in
human myometrium is reduced at the end of pregnancy.
J Clin Endocrinol Metab 81: 745-751.

Makrigiannakis A, Zoumakis E, Margioris AN, Stournar-
as C, Chrousos GP, Gravanis A, 1996 Regulation of the
promoter of the human corticotropin-releasing hormone
gene in transfected human endometrial cells. Neuroen-
docrinology 64: 85-93.

Makrigiannakis A, Margioris A, Zoumakis E, Stournaras
C, Gravanis A, 1999 The transcription of corticotropin-
releasing hormone in human endometrial cells is regu-
lated by cytokines. Neuroendocrinology 70: 451-459.
Makrigiannakis A, Margioris A, Markogiannakis E, Stour-
naras C, Gravanis A, 1992 Steroid hormones regulate the
release of immunoreactive b-endorphin from Ishikawa
human endometrial cell line. J Clin Endocrinol Metab
75: 584-592.

Chatzaki E, Margioris A, Makrigiannakis A, Castanas E,
Gravanis A, 2000 Kappa opioids and Transforming

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Growth Factor beta 1 interact in human endometrial cells.
Mol Human Reprod 6: 602-609.

Hatzoglou A, Gravanis A, Margioris AN, Zoumakis E,
Castanas E, 1995 Identification and characterization of
opioid-binding sites present in the Ishikawa human en-
dometrial adenocarcinoma cell line. J Clin Endocrinol
Metab 80: 418-427.

Karalis K, H Sano, J Redwine, S Listwark, R Wilder,
Chrousos G, 1991 Autocrine or paracrine inflammatory
actions of corticotropin-releasing hormone in vivo. Sci-
ence 254: 421-424.

Ferrari A, Petraglia F, Gurpide E, 1995 Corticotropin
releasing factor decidualizes human endometrial strom-
al cells in vitro. Interaction with progestin. J Steroid Bio-
chem Mol Biol 54: 251-259.

Makrigiannakis A, Margioris A, Chatzaki E, Zoumakis
E, Chrousos G, Gravanis A, 1999 The decidualizing ef-
fect of progesterone may involve direct transcriptional
activation of corticotropin-releasing hormone (CRH)
from human endometrial stroma cells. Mol Hum Reprod
5:788-796.

Psychoyos A, Nikas G, Gravanis A, 1995 The role of pros-
taglandins on blastocyst implantation. Human Reprod 10:
30-45.

Frank GR, Brar AK, Cedars MI, and Handwerger S, 1994
Prostaglandin E2 enhances human endometrial stromal
cell differentiation. Endocrinology 134: 258-263.

Frank GR, Brar AK, Jikihara H, Cedars MI, and Handw-
erger S, 1995 Interleukin-1 beta and the endometrium:
an inhibitor of stromal cell differentiation and possible
autoregulator of decidualization in humans. Biol Reprod
52: 184-191.

Kariya M, Kanzaki H, Takakura K, Imai K, Okamoto N,
Emi N, Kariya Y, and Mori K, 1991 Interleukin 1 inhibits
in vitro decidualization of human endometrial stromal
cells. J Clin Endocrinol Metab 73: 1170-1174.

Zoumakis E, Margioris A, Stournaras C, Dermitzaki I,
Angelakis E, Makrigiannakis A, Koumantakis E, Gravanis
A, 2000 Corticotropin-releasing hormone (CRH) inter-
acts with inflammatory prostaglandins and interleukins
and affects decidualization of human endometrial stro-
ma. Mol Human Reprod 6: 344-351.

Sheth KV, Roca GL, Al-Sedairy S, Parhar R, Hamilton
G, Al-Abdul Jabbar F, 1991 Prediction of successful em-
bryo implantation by measuring interleukin-1-alpha and
immunosuppressive factor(s) in preimplantation. Fertil
Steril 55: 952-958.

Athanassakis I, Farmakiotis V, Aifantis I, Gravanis A,
Vassiliadis S, 1999 Expression of corticotropin-releasing
hormone in the mouse uterus: participation in embryo
implantation. J Endocrinol 163: 221-227.
Makrigiannakis A, Zoumakis E, Kalantaridou S, Couti-
faris C, Margioris A, Coulos G, Rice KC, Gravanis A,
Chrousos GP, 2001 Corticotropin-releasing hormone pro-
motes blastocyst implantation and early maternal toler-
ance. Nat Immunol 2: 1018-1024.

Smith GW, 1998 Corticotropin releasing factor receptor
1-deficient mice display decreased anxiety, impaired stress



A. GRAVANIS ET AL

66.

67.

68.

69.

70.

71.

response, and aberrant neuroendocrine development.
Neuron 20: 1093-1102

Muglia L, Jacobson L, Dikkes P, Majzoub JA, 1995 Cor-
ticotropin-releasing hormone deficiency reveals major
fetal but not adult glucocorticoid need. Nature 373: 427-
432.

Itoh N, Yonehara S, Ishii A, Yonehara M, Mizushima S,
Sameshima M, Hase A, Seto Y, Nagata S, 1991 The
polypeptide encoded by the cDNA for human cell sur-
face antigen Fas can mediate apoptosis. Cell 66 : 233-243.
Runic R, Lockwood CJ, Ma Y, Dipasquale B, Guller S,
1996 Expression of Fas ligand by human cytotrophoblasts:
implication in placentation and fetal survival. J Clin En-
docrinol Metab 81: 3119-3122.

Lockwood CJ, 1994 Recent advances in elucidating the
pathogenesis of preterm delivery, the detection of patients
at risk, and preventative therapies. Curr Opin Obstet
Gynecol 6: 7-18.

Yamashita H, Otsuki Y, Matsumoto K, Ueki K., and Ueki
M, 1999 Fas ligand, Fas antigen and Bcl-2 expression in
human endometrium during the menstrual cycle. Mol
Hum Reprod 5: 358-364.

Tabibzadeh S, Zupi E, Babaknia A, Liu R, Marconi D,

72.

73.

74.

75.

Romanini C, 1995 Site and menstrual cycle-dependent
expression of proteins of the tumour necrosis factor
(TNF) receptor family, and BCL-2 oncoprotein and
phase-specific production of TNF alpha in human en-
dometrium. Hum Reprod 10: 277-286.

Otsuki Y, Misaki O, Sugimoto O, Ito Y, Tsujimoto Y,
Akao Y, 1994 Cyclic bel-2 gene expression in human uter-
ine endometrium during menstrual cycle. Lancet 344: 28-
39.

Gompel A, Sabourin JC, Martin A, Yaneva H, Audouin
J, Decroix Y, Poitout P, 1994 Bcl-2 expression in normal
endometrium during the menstrual cycle. Am J Pathol
144: 1195-1202.

Tao XJ, Sayegh RA, Tilly JL, Isaacson KB, 1998 Elevat-
ed expression of the proapoptotic Bcl-2 family member,
Bak, in the human endometrium coincident with apopto-
sis during the secretory phase of the cycle. Fertil Steril
70: 338-343.

Chatzaki E, Makrigiannakis A, Margioris A, Kouimt-
zoglou E, Gravanis A, 2001 The Fas/FasL apoptotic path-
way is involved in kappa-opioid induced apoptosis in hu-
man endometrial stromal cells. Mol Hum Reprod 7: 867-
874.



