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Endometrial decidualization is a uterine process essential for spiral artery remodeling, embryo implantation, and
trophoblast invasion. Defects in endometrial decidualization and spiral artery remodeling are important contributing
factors in preeclampsia, a major disorder in pregnancy. Atrial natriuretic peptide (ANP) is a cardiac hormone that
regulates blood volume and pressure. ANP is also generated in non-cardiac tissues, such as the uterus and
placenta. In recent human genome-wide association studies, multiple loci with genes involved in natriuretic peptide

signaling are associated with gestational hypertension and preeclampsia.

ANP corin endometrial decidualization natriuretic peptides

| 1. Introduction

Pregnancy is associated with major hormonal changes, including increased production and release of chorionic
gonadotropin from trophoblasts and progesterone from the corpus luteum in the ovary. These hormones induce
profound cellular and functional changes in the uterine tissue, e.g., endometrial decidualization and spiral artery
remodeling. Such changes are essential for embryo implantation and an adequate uteroplacental blood flow to

support the developing placenta and fetus.

Preeclampsia is a disorder characterized by the new onset of high blood pressure after ~20 weeks of pregnancy @
[, 1t occurs in ~4—8% of all pregnancies and often leads to damages in major organs, including the kidney, liver,
and placenta 8. The cause of preeclampsia is not fully understood. One of the common pathological findings in the
preeclamptic uterus is incompletely remodeled spiral arteries, which limits blood flow to the placenta MEl. Placental
ischemia and oxidative stress in turn lead to the release of detrimental placental factors into the maternal
circulation, causing inflammatory responses, endothelial dysfunction, and systemic complications 48, |t has been
shown that aberrant expression and/or function of angiogenic factors, e.g., vascular endothelial growth factor
(VEGF) and its receptors, e.g., soluble VEGF receptor 1, also called soluble fms-like tyrosine kinase-1 (sFlt1), play

a major role in the pathogenesis of preeclampsia W,

Poor endometrial decidualization, also called decidualization resistance, is another pathological characteristic in
preeclampsia BRI Decreased circulating levels of insulin-like growth factor-binding protein-1 (IGFBP-1), an
endometrial decidualization marker, in preeclamptic women are well documented RIL1, These findings indicate that
impaired molecular mechanisms controlling uterine endometrial decidualization and tissue remodeling are potential

contributing factors in preeclampsia.
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Atrial natriuretic peptide (ANP) is a versatile hormone produced largely in cardiomyocytes 12131141 The main
function of ANP is to control electrolyte homeostasis, body fluid balance, and blood pressure. Studies in cultured
cells and mouse models indicate that ANP also acts in the pregnant uterus to stimulate endometrial
decidualization, spiral artery remodeling, and trophoblast invasion L3I18IL7] Recent large-scale genetic studies in

humans have also implicated impaired ANP generation and signaling in gestational hypertension and preeclampsia
[18](19]

| 2. The Soil, Seeds, and Roots

Endometrial decidualization involves a cascade of gene expression and cellular changes necessary for embryo
implantation and trophoblast invasion 29, Trophoblast invasion is a process, in which trophoblast cells from the
developing embryo invade the decidualized endometrium and make connections with maternal spiral arteries [21]

(221 This process is crucial for the access of an adequate maternal blood supply to nourish the developing fetus.

In an analogy of soil and seed, the decidualized endometrium represents the receptive soil that provides a fertile
environment for invading trophoblasts, i.e., the seeds. For the trophoblasts to grow effectively, endometrial
decidualization must be adequate. Upon entering the decidualized endometrium, the trophoblasts interact with the
decidual cells, extend invasive projections, like roots, into the decidualized tissue, and release signaling molecules
to modify the endometrium, making it easier for the roots to extend. Such an intricate interplay between the
decidual cells and the invading trophoblasts is critical for proper spiral artery remodeling, a healthy maternal—fetal
interface, and an ultimately successful pregnancy.

Poor spiral artery remodeling, reduced uteroplacental blood flow, and ensuing placental ischemia have been
recognized as central pathological mechanisms in preeclampsia. Increased systemic blood pressure in
preeclamptic women may reflect, in part, a compensatory response to placental ischemic signals, to maintain
steady blood flow in the presence of narrow uterine spiral arteries. Endometrial decidualization is essential for
spiral artery remodeling 29(23], Thus, poorly decidualized endometrium could be a major reason for defective spiral
artery remodeling in preeclampsia. Indeed, studies with uterine samples from preeclamptic women have shown
altered gene and protein profiles that are indicative of improper endometrial decidualization and sFItl expression
(19241 pecreased circulating levels of decidualization markers, such as prolactin and IGFBP-1, have also been
found in preeclamptic women L1231, These findings support the idea that defective endometrial decidualization is
an important mechanism in the pathogenesis of preeclampsia. These studies also point to ANP signaling as a
potential regulatory mechanism in early cellular events of decidualization and spiral artery remodeling, as well as in

subsequent trophoblast invasion in the pregnant uterus.

| 3. Role of ANP in Decidual and Vascular Cell Interactions

3.1. Decidualization and Spiral Artery Remodeling
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Endometrial decidualization and uterine spiral artery remodeling occur before direct contact with invading
trophoblasts 28, In fact, morphological changes in endometrial arteries were observed in women with ectopic
pregnancies, i.e., the implantation occurs outside the uterus 28, These findings indicate that the initial cellular
events in spiral artery remodeling are mediated mostly by signaling molecules from decidual stromal cells, but not

trophoblasts.

Studies in animal models also support the role of decidual stromal cells in regulating cellular changes in spiral
arteries. In mice, for example, apoptosis is markedly increased in the pregnant uterus 13, Sequential death in
smooth muscle cells and endothelial cells was observed in endometrial arterial segments, where no adjacent
intravascular or interstitial trophoblast invasion was detected 121, In cell culture, decidualized human endometrial
stromal cells were found to secrete TNF-related apoptosis-inducing ligand (TRAIL), a death protein that triggered
apoptosis in uterine smooth muscle cells 13, Subsequently, the apoptotic smooth muscle cells released cyclophilin
B, a proinflammatory protein that upregulates TRAIL receptor in cancer cells via MAPK/ERK signaling [27128],
Similar cyclophilin B-mediated MAPK/ERK signaling and TRAIL receptor upregulation were observed in cultured
uterine endothelial cells. As a result, the uterine endothelial cells became responsive to TRAIL-induced cell death
(131 These findings could explain the observed sequential cell death, first in arterial smooth muscle cells and then in

endothelial cells in the mouse pregnant uterus.

In pregnant ANP KO mice, uterine endometrial decidualization is compromised, as indicated by reduced prolactin
and IGFBP-1 expression 18, When cultured human endometrial stromal cells were treated with ANP, prolactin,
IGFBP-1, and TRAIL expression was increased. The conditioned medium from the ANP-treated endometrial
stromal cells also had an increased activity in inducing apoptosis in uterine smooth muscle cells 22, On the other
hand, ANP treatment in cultured human endothelial cells did not alter cell proliferation and migration or prevent
TNFa-induced dysfunction 22, These findings are consistent, indicating an important role for ANP in inducing
TRAIL expression and release from endometrial stromal cells, causing apoptosis in arterial smooth muscle cells
(23] Cyclophilin B release from smooth muscle cells and TRAIL receptor induction eventually lead to apoptosis in
arterial endothelial cells. These well-orchestrated cellular events are probably an important part of the spiral artery
remodeling process. The loss of arterial smooth muscle cells and endothelial cells may pave the way for
intravascular invasion of placental trophoblasts. More studies are required to understand the ANP-mediated

signaling mechanism in uterine stromal cells.

ANP is expressed in the uterus and placenta LARBYBL |n principle, the effects on decidual stromal cells could be
due to ANP from either the uterus or the placenta, or both. To distinguish the role of uterine ANP from placental
ANP, mouse models with either uterine or placental ANP deficiency were analyzed 22, As indicated by reduced
prolactin and IGFBP1 expression, uterine decidualization was defective in mice lacking either uterine or placental
ANP, indicating that ANP from both tissues contributes to the decidualization process 3. However, impaired
decidualization was more profound in mice lacking uterine ANP than placental ANP, indicating that ANP made in
the uterus is most critical for decidualization. Consistently, studies in Corin KO mice also show that uterine corin is
more important than placental corin in promoting spiral artery remodeling 181, In addition, low uterine TRAIL levels

were observed in pregnant ANP and Corin KO mice X3, which exhibit a preeclampsia-like phenotype. Thus, in
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addition to its vasorelaxation function, uterine ANP, activated by corin in situ, may promote decidualization and
TRAIL expression in endometrial stromal cells. The stromal cell-derived TRAIL induces arterial smooth muscle cell
death and cyclophilin B release. Cyclophilin B in turn upregulates TRAIL receptor expression in endothelial cells,
subjecting the cells to TRAIL-induced apoptosis (Figure 1). Defects in the corin and ANP function are expected to
impair endometrial decidualization and spiral artery remodeling, thereby contributing to gestational hypertension
and preeclampsia. Additional investigations will be important to verify this hypothesis in other animal models and to
test if a similar mechanism exists in the human pregnant uterus. It will be also important to examine if ANP

signaling contributes to uterine structural changes during the normal menstrual cycle in humans.
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Figure 1. A model of ANP function in endometrial decidualization and spiral artery remodeling in the pregnant
uterus. In the pregnant uterus, ANP stimulates stromal cell decidualization and TNF-related apoptosis-inducing
ligand (TRAIL) expression and secretion, inducing apoptosis in arterial smooth muscle cells (SMCs). Apoptotic
SMCs release cyclophilin B (CyPB) to upregulate TRAIL receptor (TRAILR) expression in endothelial cells (ECs),
making the cells susceptible to TRAIL-mediated apoptosis. The sequential death in SMCs and ECs facilitates spiral

artery remodeling.

3.2. Trophoblast Invasion

As discussed above, the initiation of endometrial decidualization and spiral artery remodeling is independent of
trophoblasts 29, However, embryo implantation and the subsequent trophoblast invasion are expected to act in a
reciprocal manner to enhance endometrial decidualization. It is well documented that trophoblasts can secrete a
variety of proteins, such as proteolytic enzymes, cytokines, and signaling molecules, to promote endometrial
decidualization, extracellular matrix degradation, and uterine tissue remodeling B2I23134] Trophoblasts also secrete
proapoptotic factors, such as TRAIL, TNFa, and FAS ligand, to induce apoptosis in arterial smooth muscle cells
and endothelial cells, as shown in cell experiments and mouse models B3, These activities are expected to

accelerate the structural changes in arterial walls and facilitate trophoblast penetration, leading to the
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transformation of the uterine arteries from high- to low-resistance vessels. Such transformation ensures an
increased uteroplacental blood flow with low velocity, which is necessary for supporting the growth of the
developing fetus [28],

The placenta is another site for corin and pro-ANP expression, indicating a role of ANP in trophoblast function 12!
(371381 |n supporting this hypothesis, the ANP receptor NPR-A is expressed in human trophoblasts and decidual
stromal cells 28189 |n cultured human trophoblasts, ANP treatment increases intracellular cGMP levels and
promotes trophoblast invasion in Matrigel assays, whereas NPR-A knockdown suppresses trophoblast invasion 18]
(40141l Moreover, markedly decreased placental corin and NPR-A expression and increased levels of pro-ANP are
found in preeclamptic women (941l These results indicate that ANP-mediated signaling probably has a role in
promoting trophoblast invasion, and that defects in ANP signaling may contribute to uterine and/or placental

pathology in preeclampsia.

The ANP signaling mechanism in trophoblasts is not fully understood. In the heart, ANP modulates autophagy, a
process of regulating cellular function depending on pathophysiological conditions 4243l |n a recent study in
human trophoblasts and chorionic villi, a molecular mechanism has been suggested, in which ANP activates NPR-
A and subsequent adenosine 5-monophosphate-activated protein kinase (AMPK) and the mammalian target of
rapamycin complex 1 (mTORC1) signaling to inhibit autophagy and induce protein kinase N3 (PKN3) expression,
thereby increasing metalloproteinase expression and trophoblast invasiveness 41l (Figure 2). Autophagy activation
or downregulation of PKN3 diminishes the effect of ANP on trophoblast invasion ¥, Moreover, placentas from
preeclamptic women had reduced PKN3 protein levels 41, These results are intriguing, indicating a potential link
between impaired ANP signaling and low PKN3 activity in the pathogenesis of preeclampsia. It appears that ANP
can stimulate multiple signaling pathways to modify a wide range of cellular functions in endometrial

decidualization and trophoblast invasion, which are important in pregnancy.
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Figure 2. A model of ANP signaling in placental trophoblasts. ANP activates natriuretic peptide receptor A (NPR-A)
to enhance adenosine 5'-monophosphate-activated protein kinase (AMPK) and the mammalian target of rapamycin
complex 1 (mMTORC1) signaling, leading to autophagy inhibition and protein kinase N3 (PKN3) upregulation,

thereby increasing trophoblast invasiveness.
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