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Abstract

A healthy pregnancy requires strict coordination of genetic, physiologic, and environmental
factors. The relatively common incidence of infertility and pregnancy complications has resulted
in increased interest in understanding the mechanisms that underlie normal versus abnormal
pregnancy. The peptide hormone adrenomedullin has recently been the focus of some exciting
breakthroughs in the pregnancy field. Supported by mechanistic studies in genetic animal models,
there continues to be a growing body of evidence demonstrating the importance of adrenomedullin
protein levels in a variety of human pregnancy complications. With more extensive mechanistic
studies and improved consistency in clinical measurements of adrenomedullin, there is great
potential for the development of adrenomedullin as a clinically-relevant biomarker in pregnancy
and pregnancy complications.

The calcitonin gene-related peptide (CGRP) family

There are a multitude of genetic, physiologic, and environmental factors that must all work
in perfect harmony throughout pregnancy to produce the so-called “miracle” that is a
healthy, full-term baby. Any aberration in this process may result in pregnancy
complications, which can include implantation failure, miscarriage, fetal growth restriction,
gestational diabetes, preeclampsia (PE), and preterm birth. Given this complexity, there is a
currently major interest and effort in the field, to expand our understanding of the factors
that contribute to healthy versus unhealthy pregnancies.

One of these active areas of study is the calcitonin gene-related peptide (CGRP) family and
the critical roles these peptides play in female reproductive biology. The CGRP family is
composed of five known peptides: CGRP, adrenomedullin (AM), calcitonin (CT), amylin
(AMY), and intermedin/adrenomedullin 2 (IMD), that share a similar molecular structure
and overlapping biological functions. The critical role of the CGRP family in sustaining life
is suggested by the fact that these peptides are highly conserved throughout vertebrate
evolution, with CGRP family genes dating as far back as the evolutionarily-distant teleost
fish species [1]. The peptides of this family have little sequence homology but share similar
secondary structures consisting of an amino acid ring structure formed by a single disulfide
bond and a carboxyl terminus amidation [2-4]. CGRP family peptides are widely expressed
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in both peripheral tissues as well as the central nervous system and they are involved in
diverse physiological functions, including vasodilation (AM, CGRP, IMD), angiogenesis
(AM, CGRP), pain perception (CGRP), glucose metabolism (AMY), and bone mineral
metabolism (CT) [5]. In addition to these previously known roles, emerging research
implicates the CGRP family as having multiple essential roles in the establishment and
maintenance of the healthy pregnancy. This review will focus on the CGRP family member
adrenomedullin and the many well-characterized and emerging roles it has in reproduction.

Adrenomedullin was first identified in 1993 from human pheochromocytoma tissue extracts
and is perhaps best known for its potent vasodilatory action [6]. The AM signaling paradigm
is a unique one, in which AM binds its G protein-coupled receptor, calcitonin receptor-like
receptor (CLR), when the receptor is associated with receptor activity modifying protein 2
or 3 (RAMP2 or 3). The RAMPs dictate ligand binding specificity, so when CLR associates
with RAMP1 this complex forms a receptor for the peptide CGRP rather than AM [7]. Other
CGRP family members utilize different receptor and RAMP combinations. CT binds the
calcitonin receptor without a RAMP present, but when RAMPsL1, 2, or 3 associate with the
calcitonin receptor it forms a receptor for AMY [2]. The receptor for IMD is not well
characterized and is perhaps as yet unknown. This signaling paradigm adds a layer of
complexity to interpreting experimental findings related to AM. The fact that CLR binds
both CGRP and AM as ligands means that changes in CLR cannot always be extrapolated to
indicate changes in AM signaling. Similarly, the RAMP family members interact with other
receptors besides CLR [8] so RAMP alterations are also not necessarily specific to AM.
Since its discovery, AM signaling has been implicated in numerous biological functions
including cellular growth, regulation of blood pressure, protection from vascular
hypertrophy and inflammation, inhibition of left ventricular hypertrophy and remodeling,
stimulation of diuresis and natriuresis, and promotion of both angiogenesis and
lymphangiogenesis [9]. However, recent studies using genetic animal models add
complimentary evidence of critical roles for AM in reproductive biology.

Adrenomedullin and normal pregnancy

1. Expression of Adrenomedullin

AM and its receptor components are highly expressed in reproductive tissues, including the
uterine endometrium [10], fetal membranes [11], placenta [12], stromal macrophages [13],
and trophoblast cells [14-17]. AM expression is regulated by multiple factors involved in
the physiology of reproduction. Hypoxia, via hypoxia-inducible factor 1 alpha (HIF-1a),
potently upregulates AM expression in multiple tissue types in culture, including placental
cytotrophoblast cells [18—-20]. The regulation of AM by HIF-1a in hypoxia is of particular
relevance to pregnancy because physiological hypoxia in the first trimester placenta is
essential for normal trophoblast invasion and proper placental and embryonic development
[21]. In contrast, the low oxygen tension that is necessary for first trimester development
would be considered pathological in later pregnancy, and late pregnancy hypoxia is
associated with complications including preeclampsia and intrauterine growth restriction
[22]. Therefore, it is likely that both normal and abnormal levels of oxygen tension during
pregnancy directly contribute to the expression and secretion of AM from reproductive
tissues. However, the downstream physiological effects of hypoxia-induced AM expression
in placental tissues have yet to be resolved.

Figure 1 summarizes the pattern of AM expression in multiple stages of pregnancy.
Watanabe et. al. administered estrogen to mice and found that with estrogen treatment AM
and one of its receptor components, RAMP3, are transcriptionally upregulated in the
endometrial stroma, by estrogen receptor alpha (ERa) (Figure 1a) [23]. ERa is expressed in
the blastocyst trophectoderm and the uterine luminal epithelium in the peri-implantation
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period [24-25]. Estradiol levels reach their peak at ovulation, which prepares the uterus for
implantation by stimulating cellular proliferation and differentiation of the luminal and
glandular epithelium, and by induction of progesterone receptor expression in the
endometrial stroma and myometrium. This process, as well as the upregulation of AM and
RAMP3 gene expression, fails in mice lacking ERa., resulting in implantation failure and
infertility [25]. By genome-wide microarray analysis, RAMP3 was identified as one of the
most potently estrogen-induced genes in the uterus [26]; thus it is likely that AM signaling
through a CLR/RAMP3 complex plays an important function in regulating some of the
estrogenic effects of uterine receptivity and implantation.

The dynamic regulation of AM expression in female reproductive tissues results in
significant changes in plasma AM levels during the course of human gestation. During
normal pregnancy, plasma AM concentration increases steadily, reaching levels four to five
times higher than the pre-pregnancy state by the third trimester [12, 27-31]. Plasma AM
levels rapidly drop back to pre-pregnancy values within 24 hours after delivery [12], which
supports the notion that maternal plasma AM is derived largely from the placenta.

2. Adrenomedullin in fertility and implantation

An important role of AM in fertility and implantation has come from well-characterized
animal models. Recent findings have implicated AM in even the earliest stages of
pregnancy. Lei et. al. showed that in a rat model, ovarian AM expression increases from
small antral follicles to large antral follicles to the formation of the corpus luteum, and AM
appears to be involved in the regulation of progesterone production from the corpus luteum
[32]. AM also increases ciliary beat frequency and reduces contraction in the rat oviduct,
pointing to a role for AM-mediated regulation of embryo transport to the uterus [33].
Expression of AM and its receptor components are induced in the luminal epithelium of the
murine uterus as early as pregnancy day 0.5. By the peri-implantation period, AM is
expressed both by the blastocyst trophectoderm and the uterine luminal epithelium and
stroma at the implantation site (Figure 1a—b) [34]. Therefore, the peptide is abundantly
expressed throughout the female reproductive tract from the earliest stages of pregnancy.

Homozygous deletion of Adm results in embryonic lethality with abnormal development of
the heart and lymphatic vascular system [35]. However, female mice heterozygous for Adm
(50% AM expression) survive and are a very useful model for the study of
haploinsufficiency of AM during pregnancy. Adm*/~ female mice have a significantly
reduced pregnancy success rate compared to wild type females, despite the fact that
ovulation and fertilization occurs normally in these mice. This reduced pregnancy rate
persists even when wild type blastocysts are transferred to the Adm™~ female, indicating
that reduced maternal AM is responsible for the uterine receptivity defects in this model
[36].

Furthermore, Adm™~ female mice have reduced numbers of uterine pinopodes (referred to
as uterodomes in humans), which are plasma membrane extravasations of the uterine
luminal epithelium that faithfully mark the window of uterine receptivity [34]. Even when
implantation is successful in the Adm™~ female, fertility defects persist. The litter sizes of
Adm*’~ female mice are reduced when mated to wild type males, while normal litter sizes
are born to wild type females mated to Adm*~ males. The implantation sites in pregnant
Adm*’~ females are abnormally spaced and overcrowded, resulting in increased rates of
embryo loss and remarkable subfertility [36]. Therefore, even a modest 50% reduction in
maternal expression of AM is sufficient to cause major implantation and fertility
complications in genetic mouse models.
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This strong genetic and physiological evidence from rodent models is beginning to be
translated to clinical medicine as well. For example, Marinoni et. al. have recently found
that elevated AM levels in follicular fluid is associated with negative outcomes in in vitro
fertilization patients [37].

3. AM in placentation and maternal-fetal circulation

One of the most essential maternal responses to pregnancy is the vascular remodeling of
uterine spiral arteries, which ensures adequate blood flow to the developing fetus. The
development of the placenta is central to this process. The earliest stages of placental
development in humans and rodents occur during implantation, when trophectoderm cells
from the blastocyst attach and invade into the wall of the receptive uterus. These
trophectoderm cells differentiate into multinucleate trophoblast cells termed extravillous
cytotrophoblasts in humans and giant trophoblast cells in rats and mice, which invade the
uterine lining and establish the vascular connection between fetal placental tissue and the
maternal blood supply [38]. High AM expression is present in the trophectoderm cells and
persists in trophoblast giant cells in the mouse [17, 36] while AM expression in the
extravillous cytotrophoblast lineage has been shown in the normal term placenta in humans
(Figure 1c) [14-15, 39]. Support for a role for AM in trophoblast invasion has come from /in
vitro studies. Zhang et. al. showed that AM induces proliferation and invasion in JAr cells, a
choriocarcinoma cell line, and in HTR-8/SV neo cells, a first-trimester cytotrophoblast cell
line [40]. In isolated fetoplacental vascular beds and stem villous arteries previously
constricted with a thromboxane sympathomimetic, AM infusion induces a dose-dependent
vasodilation, suggesting that AM may help maintain low placental vascular resistance [41-
42]. Recently, Ross et. al. found that AM treatment in rats induces relaxation of the uterine
artery and this effect is enhanced in pregnancy or with estradiol treatment, providing further
evidence for a functional role for AM in maintaining vascular tone in pregnancy [43]. In
women with unexplained recurrent pregnancy loss, high plasma AM was associated with
increased uterine artery pulsatily index and an increased number of previous miscarriages,
from which the authors suggest that increased AM may be acting in a compensatory role
[44].

Adrenomedullin in pregnancy complications

Defects in the ability of trophectoderm cells to fully invade the maternal uterine wall and
remodel vessels are thought to underlie many serious reproductive conditions [45-46].
Given that female mice heterozygous for Adm exhibit marked subfertility, and that
homozygous deletion of Adm causes embryonic lethality, it is not surprising that altered AM
expression has been associated with several of these preghancy complications. Table 1
summarizes many of the clinical studies that have measured AM in pregnancy
complications.

1. Intrauterine growth restriction

Numerous rodent models have provided evidence for the necessity of AM in normal fetal
growth. Yallampalli’s laboratory found that antagonism of AM during pregnancy resulted in
intrauterine growth restriction (IUGR), abnormal placental vascularization, and increased
fetal resorption, in the rat [47-48]. Similar studies in the mouse have shown that Adm™~
mothers have a high rate of fetal growth restriction, which occurs in all fetal genotypes. The
incidence of fetal growth restriction was highest among Adm ™~ embryos, indicating that
both maternal and fetal AM may contribute to normal fetal growth [36].

Results from human studies have not been as consistent. Two early studies found that
elevated AM levels in the umbilical plasma and amniotic fluid, respectively, were associated
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with reduced fetal growth [49-50], which could be a compensatory effect. However, a 2001
study by Yamashiro et. al. and a more recent study by Akturk et. al. showed no difference in
AM concentrations between small for gestational age and appropriate for gestational age
infants [51-52]. Based on animal studies, it is likely that altered AM levels may contribute
to either the development of IUGR or the resulting adaptive compensation to other primary
causes of IUGR. However, the inconsistencies between studies in the human population
points to the necessity of further studies to determine with certainty how changes in AM
levels may be involved in the pathogenesis of growth restricted pregnancies.

2. Adrenomedullin in gestational diabetes

To date, there is relatively limited data available on whether AM levels are altered in
gestational diabetes. Martinez et. al. showed no change in plasma AM levels in pregnant
women with gestational diabetes, compared to pregnant women without gestational diabetes
[53]. Di lorio et. al. also found that AM levels were not changed in the maternal circulation,
but found higher AM levels in the amniotic fluid of pregnant diabetic women [54]. Plasma
AM was found to be unchanged in pregnant women with type | diabetes mellitus (TLDM)
[55], and in a subsequent study AM was found to be unchanged in the plasma of women
with gestational diabetes [56]. These data suggest that circulating AM may not be altered in
pregnant women with gestational diabetes, but fetal or placental AM production may be
elevated, potentially resulting in the observed increased amniotic fluid AM concentration.

3. Adrenomedullin in preeclampsia

Based on the known roles for AM in trophoblast invasion and vascular adaptation to
pregnancy, there is significant interest in determining whether changes in AM peptide or
expression levels contributes to the pathogenesis of preeclampsia (PE). Results from an
experimental rat model of maternal hypertension further piqued this interest. In this model,
whereby administration of the inhibitor of nitric oxide synthases L-NAME (nitro-L-arginine
methyl ester) during gestation, results in hypertension and pup mortality, maternal infusion
of AM attenuated the hypertensive phenotype [57].

However, results from human studies have been highly variable and controversial. One of
the earliest studies examining AM levels in PE, by Hata et. al., found that circulating AM
levels were reduced in women with PE [58]. But a multitude of other studies have found
markedly variable results. For example, studies have shown either decreased [59-61] or
increased [14] AM mRNA levels in placental tissues of preeclamptic patients. Attempts to
look at AM protein levels have been equally variable. AM peptide production from purified
cytotrophoblast cultures of preeclamptic patients was shown to be decreased [62], and the
majority of studies looking at plasma levels of AM have been inconsistent, showing both
increased [31, 63-65], decreased [66], and unchanged [12, 42] AM levels in PE. Al-Ghafra
et. al. attempted to clarify the role of AM in PE by limiting their study to patients with
severe PE and by separating patients by term versus preterm delivery; they found that AM
protein levels were increased in fetal membranes in PE patients with both term and preterm
gestation, and AM mRNA levels were also increased in preterm choriodecidual tissue in PE
patients [67]. Though there is strong evidence for altered AM levels being either a cause or a
secondary effect in PE, it is clear that more controlled experiments to address the direction
of the change and the exact role of AM in PE are needed.

4. Adrenomedullin and preterm birth

It has long been thought that altered AM levels may be present in cases of preterm birth.
Human studies dating back over 10 years ago have suggested that AM protein may be
elevated in patients with preterm birth. The Di lorio laboratory has published several studies
on this subject, finding increased amniotic AM levels in cases of preterm premature rupture
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of membranes (PPROM) [68], and increased amniotic fluid AM in patients with preterm
labor [69]. Elevated second trimester amniotic fluid levels of AM have also been reported in
patients that go on to preterm deliveries [50]. Glucocorticoids may be involved in the
regulation of AM levels in pregnancy, as administration of betamethasone to stimulate fetal
lung maturity in patients at risk for preterm birth resulted in significantly increased maternal
and fetal plasma AM levels [70]. However, a 2009 study by lavazzo et. al. found that there
was no change in AM levels in spontaneous preterm delivery or PPROM [71], suggesting
that further studies may still be needed in this area.

In addition to genetic and environmental causes, it is interesting to speculate as to whether
AM may play a role in another major cause of preterm birth — ascending intrauterine
bacterial infections, which are thought to account for 25-40% of preterm births [72]. The
spread of microorganisms to the amniotic cavity causes the activation of toll-like receptors
and the release of proinflammatory cytokines, leading to increased prostaglandins and the
stimulation of premature uterine contractions and degradation of fetal membranes [73-74].
There are multiple characteristics of AM that implicate it as a regulator of innate immunity
and host defense [75]. These include its six-member cysteine ring structure which is a
characteristic of both human and murine beta-defensins [76] and which allows these
molecules to penetrate bacterial cell membranes, and the known anti-inflammatory effects of
AM [77]. The potent bactericidal properties of AM [78] and its high level of expression in
the skin, oral cavity cervical mucosa, fetal membranes, and breast milk [11, 79] also support
its role as a possible mediator of host defense. Future studies exploring a potential role for
AM in providing antimicrobial effects in relation to preterm birth have the potential to be
highly informative.

5. Caveats to current AM detection methods and MR-proADM

The broad expression pattern of AM, its variety of biological activities during pregnancy,
and the variation in clinical criteria between studies are complicating factors that may be
responsible for some of the inconsistencies in characterizing AM levels in abnormal
pregnancies (Table 1). However, the assay systems used to measure AM are also likely
culprits in this controversy. The accurate measurement of AM is technically challenging,
due in large part to the short half life of AM peptide (22 min) [80], and that it is highly
unstable and “sticky”. Issues regarding antibody specificity and species differences in
detection methods can also be confounding factors. However, the precursor prohormone to
AM, the midregional fragment of pro-adrenomedullin (MR-proADM) has been identified as
a stable circulating peptide [81]. MR-proADM is an excellent proxy for measuring AM
levels as it is highly stable, in contrast to the mature form of AM [82]. Measurement of MR-
proADM via a sandwich fluoroimmunoassay has been described [82-83] and has been used
to measure AM in patients with sepsis [84], community-acquired pneumonia [85], and heart
failure [86-87] and demonstrates excellent clinical utility for MR-proADM as a diagnostic
and prognostic biomarker.

Application of this new assay has been limited in the reproductive and pregnancy field so
far, but to date two groups have measured MR-proADM levels in neonates. Miguel et. al.
established reference values for MR-proADM in umbilical cord blood of newborn infants
[88], while Cao et. al. found that serum levels of MR-proADM were significantly elevated
by more than two-fold in newborns with severe infection, compared to those with mild or no
infection [89]. Though this study was performed in newborns, it provides an interesting
correlation with the hypothesis that AM may act as a regulator in host defense preventing
infections during pregnancy, and suggests that this AM precursor could potentially be used
as a laboratory marker of bacterial infection in neonates. Further studies utilizing the MR-
proADM assay in the study of pregnancy have the potential to yield newly accurate and
exciting results, improving our understanding of how AM levels change in healthy versus
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complicated pregnancies in humans and perhaps even validating MR-proAM as a potential
biomarker for pregnancy-related diseases.

6. Adrenomedullin system polymorphisms

Though the intriguing results from human studies characterizing AM levels in pregnancy
conditions are still relatively inconclusive when taken together, the potential clinicial
significance of altered levels of AM and its receptor components is bolstered by the
discovery of polymorphisms in the human AM system genes. Figure 2 depicts the structure
of the ADM gene and the location of clinically relevant polymorphisms. The ADM gene is
flanked by a 3’ microsatellite cytosine adenine (CA) repeat region, and in a Japanese patient
population, an ADM allele with 19 CA repeats was found with significantly increased
frequency in individuals with essential hypertension (EH) compared to normotensive
controls [90]. This same polymorphism has been associated with predisposition to
proteinuria in EH and is found with greater frequency in type Il diabetic patients in renal
failure compared to controls or diabetic patients without nephropathy [91-92]. Specific
single nucleotide polymorphisms (SNPs) in AM have also been associated with reduced
systolic blood pressure, lower pulse pressure, and reduced urinary sodium excretion in a
Chinese population [93], increased risk of developing dysglycemia in a Chinese population
[94], and altered response to the antidepressant paroxetine [95]. A particular SNP in the AM
receptor gene, CALCRL was found with increased frequency specifically among women
with EH in a Japanese population [96], and other studies have found CLR SNPs associated
with severe periodontitis [97] and acute primary angle closure glaucoma [98]. Recently,
different ADM haplotypes have been shown to correlate with changes in plasma AM levels
[99], making the connection between polymorphisms in the ADM gene and level of
expression.

With relation to the important role of AM signaling in female reproduction, a study by
Wang et. al. tested SNPs from 41 genes associated with fetal growth. Interestingly, a SNP in
the AM receptor CALCRL, was one of just six SNPs in five genes that were significantly
associated with birth weight in a population of African-American women [100], indicating
that CLR levels (and by extension, AM signaling) may be important for fetal growth in
human subjects. Boc-Zalewska et. al. have now shown that ADM gene polymorhpisms are
associated with changes in AM mRNA expression and increased incidence of gestational
hypertension and preeclampsia [61, 65], providing additional evidence for a role for AM in
the pathogenesis of this condition. Further characterization of ADM polymorphisms and
whether they are associated with pregnancy complications is an emerging translational
research target with great potential.

Concluding Remarks

The importance of CGRP family peptide AM in the establishment and maintenance of the
healthy pregnancy is clearly supported by many studies spanning the past 15 years. Our
understanding of the functions of AM in normal and in complicated pregnancies has
advanced significantly in the past five years in large part to studies using genetic animal
models. However, unanswered questions remain. Inconsistent results from human studies
attempting to characterize changes in AM levels in pregnancy-related diseases have left us
with few definitive conclusions. A newly available method to detect AM with accuracy
holds great promise in clarifying these variable findings. Furthermore, additional /n vitro
and /n vivo methods should be employed to gain a greater understanding of the mechanisms
by which AM mediates its effects in reproductive biology, with the intention of linking the
biological functions of the peptide to physiologically relevant paradigms such as host
defense, vasodilation, angiogenesis or regulation of innate immunity. While there is still
much to learn, given the essential roles of AM in reproduction, there is potential for the

Trends Endocrinol Metab. Author manuscript; available in PMC 2013 October 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Lenhart and Caron

Page 8

development of AM as a clinically-relevant biomarker in pregnancy and pregnancy
complications.

Outstanding Questions

« What are the downstream physiological effects of hypoxia-induced AM
expression in placental tissue?

»  What role does AM signaling through the CLR/RAMP3 complex play in
regulating estrogenic effects in the uterus?

e Are AM levels altered in human pregnancy complications such as intrauterine
growth restriction, gestational diabetes, preeclampsia, or preterm birth?

e If AM levels are altered in human pregnancy complications, are the changes in
AM involved in the pathogenesis of the conditions or are they a compensatory
effect?

»  What role does the antimicrobial properties of AM play in relation to normal
reproductive physiology and preterm birth?

e Can the application of newer detection methods for AM (i.e. the MR-proADM
assay) be used to clarify conflicting clinical findings regarding changes in AM
in pregnancy-related conditions?

» Do polymorphisms in the ADM gene have clinically significant effects in
human pregnancy?

» What are the downstream molecular mechanisms by which AM exerts its effects
during pregnancy?

e Can AM be developed as a biomarker or therapeutic target in pregnancy and
pregnancy complications?
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Glossary

Adrenomedullin
(AM=peptide,
ADM=gene)

Amylin (AMY)

Calcitonin (CT)

Calcitonin gene-
related peptide
(CGRP)

Calcitonin gene-
related peptide
family

Calcitonin receptor -

like receptor
(CLR=peptide,
CALCRL=gene)

Intermedin (IMD)/
Adrenomedullin 2

Receptor Activity

Modifying Protein

(RAMPY, -2, -3)

a multifunctional 52-amino acid peptide hormone that belongs to
the calcitonin gene-related peptide family. In humans, AM is
highly expressed in endothelial cells and vascular smooth muscle
cells and thus is produced at high levels in highly vascularized
tissues including the placenta, lung, heart, and kidney. AM acts as
a potent vasodilator, angiogenic factor, growth factor, natriuretic
factor, immune modulator, and antimicrobial factor.

a 37-amino acid peptide hormone that belongs to the calcitonin
gene-related peptide family. AMY is co-secreted from pancreatic
islet cells along with insulin. It acts to inhibit gastric emptying
and gastric acid secretion resulting in reduced nutrient intake.

a 32-amino acid peptide hormone that belongs to the calcitonin
gene-related peptide family. In humans, it is produced by the
parafollicular cells of the thyroid. It acts to reduce blood calcium
levels by opposing the effects of parathyroid hormone.

a 37-amino acid peptide that belongs to the calcitonin gene-
related peptide family. CGRP is highly expressed in central and
peripheral neurons and functions in pain perception. It is a potent
vasodilator and can influence uterine contractility.

a family of peptides composed of five known members: calcitonin
gene-related peptide (CGRP), adrenomedullin (AM) calcitonin
(CT), amylin (AMY), and intermedin/adrenomedullin 2 (IMD).
These peptides share a similar molecular structure and
overlapping biological functions.

a G protein-coupled receptor that is related to the calcitonin
receptor. CLR functionally dimerizes to one of three single
transmembrane domain receptor activity-modifying proteins
(RAMPs) that are essential for its binding to AM and CGRP
ligands.

a 47-amino acid peptide that belongs to the calcitonin gene-
related peptide family. Intermedin is highly expressed in the
pituitary and gastrointestinal tract. In mice, it inhibits gastric
emptying and food intake and acts as a vasodilator.

a family of chaperone proteins that modulate G protein-coupled
receptor trafficking, ligand binding and G protein-coupling
efficiency consisting of three members, RAMPL, 2, and 3.
RAMPs were first identified in association with the calcitonin
receptor-like receptor (CLR). Association of CLR with RAMP1
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forms a receptor that binds to CGRP, while association of
RAMP2 or RAMP3 with CLR forms a receptor that binds to AM.
Since their discovery, RAMPs have been shown to partner with a
variety of different G protein-coupled receptors.
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Figure 1. Adrenomedullin expression in multiple stages of pregnancy

A) AM expression is regulated by estrogen (E2), progesterone, and hypoxia inducible factor
la (HIF-1a). At the pre-implantation stage, AM is expressed by both the trophectoderm
cells and the luminal epithelium, promoting uterine receptivity. The maternal components
are colored blue and red while the fetal components are depicted in green and gray. B) At
the site of implantation, AM continues to be expressed from the trophectoderm cells and
from the luminal epithelium, which is important for successful implantation. C) In the
developed placenta, AM is most highly expressed by trophoblast giant cells (mice) or
extravillous cytotrophoblasts (humans) and may contribute to the maintenance of placental
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vascular tone. For both B and C, maternal components are colored blue and red and the fetal
components are depicted in green and yellow.
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Figure 2. Clinically relevant AM polymor phisms

The structure of the adrenomedullin gene and the location of clinically relevant AM
polymorphisms are shown. The dark green box represents AM, light green represents
proAM, the prohormone for both AM and proadrenomedullin N-terminal 20 peptide
(PAMP). and blue represents noncoding regions of the AM gene. Polymorphisms in AM
have been associated with changes in plasma AM levels, drug responses, blood pressure,
proteinuria, renal disease, dysglycemia, and preeclampsia.
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