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The human endometrium plays a vital role in providing the site for embryo implantation and maintaining the normal development and survival of the embryo. Recent studies have shown that stress is a common factor for the development of unexplained reproductive disorders. The nonreceptive endometrium and disturbed early maternal-fetal interaction might lead to infertility including the repeated embryo implantation failure and recurrent spontaneous abortion, or late pregnancy complications, thereby affecting the quality of life as well as the psychological status of the affected individuals. Additionally, psychological stress might also adversely affect female reproductive health. In recent years, several basic and clinical studies have tried to investigate the harm caused by psychological stress to reproductive health, however, the mechanism is still unclear. Here, we review the relationship between psychological stress and endometrial dysfunction, and its consequent effects on female infertility to provide new insights for clinical therapeutic interventions in the future.
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Introduction

Infertility is a disease characterized by the failure to establish a clinical pregnancy after 12 months of regular and unprotected intercourse. Studies have estimated that approximately 12% of married women have difficulty getting pregnant or maintaining a pregnancy (1). Even with the latest whole-genome sequencing technology to select the high quality embryo, the pregnancy rate for euploid embryo transfer has been found to be approximately 45% in the general infertility population (2, 3) and approximately 60% in patients with donor egg embryos (4) undergoing in vitro fertilization-embryo transfer (IVF-ET)practices. In recent years, researchers have focused on the role of endometrium in infertility, assuming that endometrial dysfunction might contribute to a large part of pregnancy failure. Thus, reproductive scientists have performed various procedures to analyze the endometrium of patients with recurrent implantation failure (RIF), including hysteroscopy, scratching of the uterine cavity before embryo transfer. Recently, the high-throughput techniques, such as RNA-seq has been utilized to identify new biomarkers of endometrial receptivity to improve the clinical pregnancy rate in IVF-ET technology. However, there have been no relevant advances in diagnosing and improving endometrial receptivity at the molecular level.

The human endometrium is a highly dynamic tissue that is cyclically shed, regenerated, and remodeled. This is mainly regulated by changes in estrogen and progesterone secreted by the ovaries, and the endometrium is only receptive to implantation for a few days during the midpoint of the menstrual cycle (5). Spatiotemporal changes in the endometrium are tightly controlled by cyclic regulation of endocrine hormones from the hypothalamic-pituitary-ovarian axis as well as paracrine morphogens, cytokines, and growth factors generated by the different cellular constituents of the endometrium, including epithelial cells, stromal cells, local immune cells, and the vasculature (6–8). Any factors that might disturb paracrine and autocrine signaling pathways that regulate endometrial function might cause endometrial dysfunction. Embryo implantation and the following decidualization are essential for a successful pregnancy. If the implantation fails, endometrium will manifest as menstruation, followed by regeneration and repair, to prepare for the next implantation window (6). Studies have estimated that approximately one-third of implantation failures occur due to embryos, and the remaining two-thirds are attributed to poor endometrial reception and altered embryo-endometrial dialogue (9–11).

Female infertility has been shown to be associated with high levels of anxiety and depression. Recently, it was reported that mental illness could also increase the incidence of infertility and undesirable pregnancy, such as repeated implantation failure and miscarriage (12–14). Moreover, psychological stress, depression, and anxiety during pregnancy are thought to affect the development of the fetus and might have a long-term impact on the prognosis of the offspring (15). Additionally, numerous studies have shown the efficacy of psychological interventions in reducing psychological distress as well as in increasing pregnancy rates (16, 17). Hormones are known to regulate endometrial function in vivo, and psychological distress might affect the secretion and regulation of the endocrine hormones (18) (Figure 2). Furthermore, neurotransmitters and their corresponding receptors are widely distributed across the endometrium (19–22) (Table 1). The local content of neurotransmitters in the endometrium and the expression of their receptors might also interfere with the normal function of the endometrium. Therefore, there is a high probability that psychological stress might directly cause endometrial dysfunction. However, the impact of psychological stress on treatment outcomes is unclear, and the specific mechanism of stress-induced fertility disorders is still a mystery. Here, we mainly review the general adaptation strategies and specific mechanisms of endometrial dysfunction caused by psychological stress for female infertility.


Table 1 | Potential stress mediators in human endometrium.





The Role Of Human Endometrium In Reproductive Health

The endometrium is a complex multicellular tissue that dynamically remodels to create a microenvironment suitable for supporting pregnancy (39, 40). The embryo implantation occurs in the functional layer of the endometrium, which is regulated by changes in the ovarian hormones, mainly progesterone and estrogen. In a healthy endometrium, progesterone and estrogen signals are tightly coordinated to drive a normal menstrual cycle and enhance the receptive status of the endometrium for embryo implantation in the implantation window. The local levels of autocrine and paracrine molecules change during the menstrual cycle and play an important role for directing the establishment of uterine receptivity (41, 42). During the process of blastocyst implantation into the uterus, the endometrium stromal bed implanted by the blastocyst undergoes extensive differentiation, revascularization, and recruitment of immune cells. This process is called “decidualization”, which is essential for a successful pregnancy (8). In humans, the rate of natural conception per cycle is poor (about 30%), and 75% of failed pregnancies are due to implantation disorders (43). Previous studies have shown that impaired endometrial stromal proliferation and differentiation are associated with recurrent miscarriage, preeclampsia, intrauterine growth restriction, and unexplained infertility in the clinical setting (44, 45).


The Dynamic Changes in Human Endometrium

In humans, female reproductive physiology involves a complex interaction between neuroendocrine and endocrine signals that are affected by the hypothalamus, pituitary gland, and ovaries. The hypothalamic-pituitary-ovarian (HPO) axis is a tightly regulated system that controls the human endometrium (Figure 1). The hypothalamus secretes gonadotropin-releasing hormone (GnRH) pulses, which activate the pituitary to release two gonadotropins, namely follicle-stimulating hormone (FSH) and luteinizing hormone (LH) (46, 47). FSH and LH in turn, act on the ovaries to stimulate follicle growth and produce high level of progesterone after ovulation (48). During the proliferative phase (follicle phase), an increase in the pituitary gonadotropin levels, results in the development of follicles as well as the selection of dominant follicles. The developing ovarian follicles produce estrogen, which promotes the proliferation of epithelial cells, interstitium and vascular endothelium, thereby regenerating and thickening of the endometrium. In the middle of the menstrual cycle, there occurs a surge in LH gonadotropins, resulting in ovulation. Then, the endometrium enters the secretory phase under the action of the continuously increasing progesterone 4 (P4). The early secretory (luteal) phase is characterized by the rupture of the follicle to form the corpus luteum (CL), followed by the secretion of P4 to prepare for implantation (49). During this period, the endometrial stromal cells undergo differentiation (pre-decidualization) to prepare for embryo implantation (50). In the middle secretory (luteal) phase (cycle days 20–24), the elevated estrogen (E2) levels along with P4 define the window of receptivity, which implies uterine receptivity conducive to implantation and subsequent pregnancy (44). Endometrial stromal fibroblasts are transformed into specialized secretory decidual cells, which provide essential nutrients and immune-privileged substrates for embryo implantation and placental development. In the late secretion phase, if there are no surviving embryos, the superficial layer becomes denser, and leukocyte infiltration begins 2-3 days before menstrual shedding, thus resetting the  cycle (cycle 0/28 days). On the contrary, implanted blastocysts secrete lutealtrophic factors such as chorionic gonadotropin to sustain the progesterone production in, thereby supporting pregnancy.




Figure 1 | Dynamic Changes of Human Endometrium in Response to Hormones.





The Role of Endometrial Receptivity in Embryo Implantation

Pregnancy is a physiological process involving multiple independent and cascading performance events, such as embryo implantation, decidualization, placental development, and final fetal delivery (43). The successful completion of the previous event is a prerequisite for the occurrence of the latter event. The progesterone and estrogen secreted by the ovaries are known to precisely control the orderly occurrence of these events. Here, we emphasize the research progress of implantation from the perspective of the endometrium, which is usually a barrier to implantation.

For more than 80 years, scientists have been interested in investigating endometrial receptivity, leading to an in-depth understanding of embryo-endometrial cross-talk and implantation-related processes. In humans, the endometrium receptivity is optimum during the mid-luteal phase of a regular cycle, thus, the LH surge before ovulation occurs between days 6-10 (51, 52). The endometrium is composed of two major tissue compartments: epithelial cells and stromal cells. During the receptivity establishment stage, the epithelial and stromal cells undergo proliferation and differentiation to adapt to embryo implantation as well as post-implantation embryonic development. The receptivity of the endometrium is a complex process that facilitates the attachment, invasion, and development of the embryo. After ovulation, there occur an increase in the levels of progesterone and local cyclic adenosine monophosphate (cAMP). Endometrial stromal fibroblasts transform into specialized secreting decidual cells. The decidual process passes through different phenotypic changes to support the receptivity of the endometrium, embryo selection, and finally, pregnancy resolution (6). Previous studies have shown that several molecules are expressed and silenced in the uterus during the peri-implantation period, which guides the sequential proliferation and differentiation of different cell types in the uterus (45, 53–55). Further analysis has shown that defects in uterine receptivity, such as failure of epithelial clearance and aberrant expression of uterine receptivity-related genes, are the main causes for implantation defects (56, 57).



Potential Factors Affecting Endometrial Function

Molecular evidence indicates that locally produced signaling molecules, including cytokines, growth factors, homeobox transcription factors, lipid mediators, morphogens and ovarian hormones, act as autocrine, paracrine, and juxtacrine factors to determine the uterine receptivity (58). In this section, we discuss a novel signaling network involving cytokines, homeotic proteins, and morphogens upon implantation. The principal hormones that guide uterine receptivity are ovarian P4 and E2. P4 is produced by the CL in the ovary, and it facilitates embryo implantation and maintenance of pregnancy. In the peri-implantation period before embryo attachment, P4 signaling mediates uterine epithelial growth arrest and stroma proliferation, which is called uterine proliferation-differentiation transition (PDS). Uterine PDS is an important hallmark of uterine receptivity. Some genes, such as HAND2 and BMI1, participate in uterine PDS by modulating P4-PR signaling (59). In mice, estrogen and progesterone act through the estrogen receptor (ER) and progesterone receptor (PR) expressed in the nucleus. Both receptors have two different subtypes, namely ERα/ERβ and PRA/PRB (60). Both subtypes of PRs are expressed in the uterus (61). Gene knockout of PRA and PRB in female mice results in infertility, mainly due to multiple functional defects of the ovary and uterus, however, these functions are normal in female mice lacking PRB alone, indicating that progesterone-mediated uterine function is mainly mediated by PRA (62–64). ERα and ERβ are also expressed in the uterus of mice (61), ERα–/– uteri are hypoplastic and unable to support implantation, whereas ERβ–/– uteri retain biological functions that allow normal implantation (65, 66). This suggests that ERα plays a dominant role in the uterus. Although gene knockout of ERβ does not cause reproductive defects, studies have shown that they may still be involved in the pregnancy process. For example, the expression of ERβ in the endometrium suggests that it might regulate changes in angiogenesis and vasodilation (67, 68). Correspondingly, women with infertility exhibit a significantly reduced expression of ERβ (69, 70). In addition to nuclear receptor transcription factors, such as ER and PR, studies on knockout mice have shown that multiple transcription factors, including Hox family transcription factors, Msx transcription factors, and Kruppel-like transcription factors, also regulate uterine receptivity (71–78). In the reproductive system, Hox genes are known to be widely involved in the development of mouse and human reproductive systems, and consequently in the maintenance of early pregnancy.

Many important signaling pathways are known to regulate cell proliferation, differentiation, and apoptosis, as well as endometrial function. Different from most mammals, before the establishment of endometrial receptivity, human endometrial stromal cells (HESCs) initiate differentiation (pre-decidualization) stimulated by progesterone in the absence of embryos (6, 44, 50). The increased levels of progesterone and local cAMP promote the process of transformation of HESCs into specialized secretory decidual cells, which is a key step in the establishment of endometrial receptivity. The activity of adenylyl cyclase in the endometrium is higher than in the myometrium, CL, or fallopian tube (79). Unlike other types of cells, the continuous increase in intracellular cAMP concentration is critical to the decidualized status in HESCs (80). PKA signaling establishes a feed-forward mechanism, including the selective down-regulation of regulatory PKA subunits during the decidualization of HESCs (81). Other major pathways and kinases activated during the differentiation of HESCs include the WNT/-catenin and JAK-STAT pathways (82–84), Notch signaling pathway (85), ERK1/2 pathway (86, 87), AKT pathway (also known as protein kinase B) (88) and c-Src pathway (89). Meanwhile, stress-induced signaling pathways, such as the JNK and p38 pathways, are completely inhibited when HESCs differentiate into decidual cells (90). Experimental evidence from knockout mice has suggested that Wnt4 might be involved in the proliferation of uterine stromal cells (91). Bone morphogenic protein (BMP), a member of TGF-β signaling, functions through related receptors expressed on the cell membrane. The TGF signaling pathway is known to be involved in regulating the differentiation of uterine epithelial cells (92). ALK3, a member of the BMP protein receptor family, the uterine conditional knocked out ALK3, leading to the continuous proliferation of the uterine epithelium. During the establishment of the endometrial receptive state, the microvillus did not disappear, leading to the abnormal establishment of the receptive state and the failure of implantation (92, 93).




The Speculative Mechanism Of Stress-Induced Endometrial Dysfunction

The previous section describes that the HPO axis-mediated secretion of hormones determines the functional differentiation and response of the endometrium. Also, various paracrine and autocrine regulatory molecules combined endocrine hormones drive the functional differentiation of the endometrium during the menstrual cycle. Any factors that lead to changes of paracrine and autocrine that regulate endometrial function will cause the dysfunction of the endometrium. In recent years, studies have suggested the role of psychological stress in triggering unexplained infertility and miscarriages may be associated with dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis. The abnormal abundance of neurotrophic factors, sex steroids, metabolic and/or inflammatory cytokines can cause alterations in neurotransmitters, intracellular signaling, gene transcription, and translation. Epigenetic change is a regular and natural occurrence in the regulation of gene expression and activity. It has been proposed that epigenetic changes also contribute to the short-term and long-term imbalances in neuronal function and behavior (15, 94), which may interfere with the normal functioning of the endometrium. The World Health Organization recognizes that women and men suffer considerable psychological pain when they encounter reproductive health problems, including low self-esteem, isolation, loss of control, lack of sexual performance, and depression. The psychological symptoms associated with infertility are consistent with those associated with other diseases, such as cancer, cardiac rehabilitation, and high blood pressure (95). Studies performing the stress in pregnant mice have enabled the exploration of the potential mechanism of stress-induced abnormal pregnancy in mice. Next, we review the role of hormones and local micro-environmental changes in stress-related endometrial dysfunction.


Psychological Stress Interferes With the Secretion of Endocrine Hormones

The primary endocrine components involved in the response of the stress system include the HPA axis and locus coeruleus-norepinephrine (LC/NE) autonomic nervous system (96) (Figure 2). Within a few minutes of stress-induced activation of the HPA axis, the medial parvocellular region of the paraventricular nucleus of the hypothalamus stimulates the release of corticotropin-releasing hormone (CRH) from axonal terminal boutons in the median eminence, which in turn stimulates the corticotrophs in the anterior pituitary gland to release adrenocorticotropic hormone (ACTH) into the systemic circulation (97, 98). When the brain detects a homeostasis challenge, it activates the sympathetic nervous system (SNS), releasing catecholamine-epinephrine (EPI) and norepinephrine (NE), resulting in physiological stress response. This is followed by slow activation of the HPA axis.




Figure 2 | Schematic diagram showing the impact of stress on human endometrium.



Stressors affect all levels of the hypothalamic-pituitary-gonad axis (HPG) (Figure 2), resulting in a decrease in the frequency and amplitude of GnRH and LH pulses and a delay in the LH mid-luteal surge, which interferes with the temporal process of reproductive hormone release during the follicular period. These results suggest that the stressors modulate the hypothalamus or the higher centers of the brain (99). Stress can interfere with reproductive function at all levels of the reproductive axis, inhibit sexual desire, reward, and mating behavior at the brain level, especially in the ventral tegmental area, interfering with the release of GnRH pulse generator in the hypothalamus as well as LH and FSH release from the anterior pituitary (100). Different stressors are known to activate different pathways at different duration to affect our health, and the stress adaptation response is affected by the dominant role of certain sex steroids in the circulation (101). Studies have revealed that acute stress can inhibit the HPO axis by inhibiting the secretion of GnRH, thereby inhibiting the release of pituitary LH in female mice (102). Acute injections of CRH into the lateral ventricle of female rats without gonads and adrenal glands showed a rapid and sustained dose-related LH suppression, without the inhibition of FSH secretion (103). Additionally, daily injections of CRH in female rats for the first 12 days after mating was shown to cause 40% of pregnancy interruptions, indicating that CRH directly affected reproductive function in the absence of circulating steroid hormones derived from the adrenal gland and/or gonads (103). A study analyzed the effects of CRH on estradiol and progesterone released from granulosa cells obtained from women undergoing IVF, and found that CRH could significantly reduce media E2 and P4 levels (104). Another study demonstrated CRH significantly inhibited the production of estradiol (E2) and progesterone (P4) in rat and human granulosa cells in vitro, acting through the CRH receptor (105). In acutely stressed rats, alteration of sexual behavior, a significant increase in plasma ACTH, prolactin (PRL), corticosterone, and progesterone, and a decrease in FSH were observed (97). The response to acute stress is known to be a highly adaptive phenomenon that enables the individual to properly combat the stressor and recover. However, if the stressor becomes chronic, it can result in complications (106–108). Chronically elevated glucocorticoids (GCs) can result in various complications, including obesity, memory impairment, and mood disorders, as well as affects fertility (100). Chronic stress prolongs this adaptive shift towards a generalized catabolic state. Therefore, sustained HPA hyperactivity gradually leads to a decrease in lean body mass, an increase in visceral fat, and insulin resistance. However, the specific mechanisms of stress-induced endocrine changes and abnormal reproductive function are still worthy of in-depth study and discussion.



Psychological Stress Acts on the Local Endometrial Microenvironment

The regulation and integration of biological, psychological, and social factors in human physiology benefit from the analysis of precise biomarkers that indicate accurate stress responses. In the past decade, there has been an extensive growth in the use of RNAi in cells, as well as transgenic, knockout, and conditional knockout mouse models, which provide valuable insights into the stress-induced endometrial dysfunction. Additionally, psychological stress not only interferes with the functioning of the endometrium by affecting endocrine hormones but also directly regulates the local microenvironment of the endometrium.


Estrogen and Progesterone-Related Stress Molecules in the Endometrium

The human endometrium contains specific cells that undergo cyclic changes under the influence of steroid hormones as well as numerous local paracrine and autocrine factors. The stressors trigger the endometrial endoplasmic reticulum (ER) stress to deplete energy and cause periodic changes in the menstrual cycle (109). Emerging evidence has confirmed that heat shock 70 KDa protein (HSPA5, also known as GRP78/BiP), a molecular chaperone within the ER, plays a crucial role in stress conditions, and is dynamically expressed throughout the menstrual cycle, and has been found to be closely related to the levels of E2 in the normal human endometrium (26). The mitogen-activated protein kinase (MAPK) cascade mediates cellular responses to environmental signals and helps cells adapt to high temperatures, which is a prerequisite for mammalian pathogens (110). During the secretory phase of the menstrual cycle, prolactin (PRL) and PRL receptors are expressed in human endometrial tissue, which, in turn, stimulates the tyrosine phosphorylation of the human endometrial MAPK/ERK pathway (27). Protease-activated receptor 2 (PAR2) is also expressed in the endometrium, which can activate downstream MAPKs and plays an important role in human endometrial remodeling (28). Unequivocal evidence indicates that in human endometrium stromal cells, the nuclear PGR mediates rapid nongenomic progestin responses, which in turn, triggers rapid MAPK and AKT activation in response to progestin signaling (111).



Human Endometrial Adrenaline-Related Molecules

The expression of the mouse uterine adrenergic receptor Adrb2 temporarily increases during the peri-implantation period. Abnormal activation of the receptor Adrb2 signal can destroy the space between embryos during implantation. The activation of the cAMP-PKA pathway can lead to a significant increase in the loss of mid-pregnancy and is known to be accompanied by a specific down regulation of LPA3 (19). Previously, the LPA3 gene was known to be essential for uterine contraction and embryo spacing (112). Abnormal Adrb2 activation in early pregnancy provided a molecular clue that explained how early maternal stress could adversely affect pregnancy outcomes (113). Adrenergic receptors play an important role in promoting angiogenesis and maintaining normal embryonic development at the maternal-fetal interface. A study found that the selective knockout of the adrenergic receptors Adra2a, Adra2b, and Adra2c in the mouse placenta blocked the activation of downstream ERK signaling, leading to defects in the development of blood vessels in the yolk sac and placental labyrinth layer, in turn affecting the exchange of nutrients and gas between the mother and fetus, leading to death between E9.5 and E11.5 (114). Human endometrial and ectopic endometrial tissues exhibit a sympathetic nerve distribution similar to the rat uterus (115). A study used the single-cell transcriptome sequencing technology to analyze the difference in gene expression of human endometrial stromal cells before and after differentiation and found that the expression of ADRA2C and monoamine-related transporters in decidualized stromal cells presented a dynamic expression pattern, which gradually increased with the process of decidual differentiation (36). This result indicated that the human endometrium could regulate and accept adrenergic nerve signals. Various interactions between the signaling pathways of the stress and depression systems, especially the growth factor signaling pathway and Akt, S6K, GSK3β, and mTORC1 signaling (94, 116) have been confirmed to be involved in the decidual transformation process of endometrial stromal cells (117–121).



Stress-Related Neurogenic Molecules Participate in the Regulation of Endometrial Function

During the process of embryo implantation and pregnancy preparation, uterine epithelial cells undergo genomic and biological transformations, which mediate the adhesion and invasion of blastocysts. GCs is an important mediator involved in psychological stress. The whole-genome microarray analysis of a human endometrial cancer cell line revealed that GC and GC receptor were expressed in the uterine epithelial-like cell line (NR3C1). This suggested that GC signaling regulated important biological functions, including immune cell trafficking and embryonic development (24). Brain-derived neurotrophic factor (BDNF) is a stress-related gene and a member of the neurotrophic growth factor family (122). Recent studies have shown that BDNF levels play an important role in regulating the proliferation of endometrial cells (123). Endogenous opioids play an important role in regulating stress-related behaviors. Research has defined the dynamics of the expression and localization of the opioid receptor in human endometrium throughout the menstrual cycle (37). In addition, Kappa opioids exerted a time- and dose-dependent inhibitory effect on TGF-β1 production from endometrial stromal and epithelial cells (38). Neuropeptide Y (NPY), a neuroendocrine/peptide mediator that coexists with NE in many sympathetic nerves and participates in the regulation of psychological stress was found in maternal decidua and fetal membranes (25). Additionally, recent studies showed that high-dose NPY could inhibit the proliferation of human adipose-derived stem cells and promote their differentiation (124). Researchers expected used NPY to repair the human endometrium and treat endometrial damage-induced female infertility (125). The uterus is innervated by adrenergic sympathetic nerve fibers, and the endometrium can synthesize endogenous monoamines. Several studies have shown that monoaminergic neurotransmission involving serotonin (5-HT), NE, and dopamine (DA) significantly impact the brain circuits related to mood regulation and psychological stress response (126–128). Monoamines play an important role in reproductive processes, such as decidua, implantation, immune regulation, and inflammation, and are an effective vasoactive mediator, regulating blood flow, and capillary permeability (23, 29). Studies on the effects of monoamines have shown that the normal endometrium contains monoamine transporter (EMT), NE transporter (NET), and vesicles throughout the menstrual cycle and early decidua. The vesicle monoamine transporter (VMAT) and plasma membrane monoamine transporter (PMAT) might affect endometrial decidualization and blastocyst implantation by uptake of extracellular histamine and could be subsequently released on demand (23, 29–31). Tyrosine hydroxylase (TH) and phenylethanolamine-N-methyltransferase (PNMT) are vital for NE to synthesize EPI, while catechol-O-methyltransferase Enzyme (COMT) and monoamine oxidase (MAO) are used for metabolizing both NE and enzymes for adrenaline synthesis. They are considered as sympathetic markers, they regulate psychological stress and provide an important physiological mechanism for controlling endometrial activities during pregnancy and parturition (22, 32, 33). MAO is an important psychological stress regulator and is involved in the process of adrenaline metabolism. MAO is widely distributed in the body, exists on the outer membrane of mitochondria, and participates in the pathophysiological regulation of neuropsychiatry-related diseases, including major depression, addiction, and violent psychological diseases. Studies have shown that MAO is highly expressed in the receptive state of the endometrium. The activity of MAO increases significantly in the endometrium and changes periodically during the menstrual cycle (34). The expression and localization of MAO in the endometrium are known to show periodic changes with the changes in the levels of estrogen and progesterone in vivo (129). This hormone-dependent temporal and spatial specific expression and localization pattern has been shown to be an important factor in establishing endometrial receptivity. MAO is regarded as an important marker for the establishment of endometrial receptivity, which helps in embryo transfer in clinician-assisted reproduction practice and improves embryo implantation rate (130). The expression of MAO-A in the glands and stromal cells of the human endometrium during the receptive phase has been found to be significantly higher than that in the pre-receptive phase. The expression is reduced during the window in patients with repeated implantation failure, indicating that MAO-A has physiological significance in the preparation of the endometrium for implantation (35). Additionally, MAO inhibitors are considered to be potential contraceptives in rats, which can significantly reduce the pregnancy rate in mice (131).

Thus, psychological stress is closely related to the functioning of the human endometrium. The stressors not only interfere with the reproductive hormones that regulate the endometrium but also directly participate in the regulation of the microenvironment of the endometrium (Table 1).





Conclusions And Future Perspectives

Psychological stress includes the physiological reaction to threat or pressure, which is common in various physical illnesses and is increasingly recognized as a risk factor for disease onset and progression. If left untreated, chronic stress or burnout might develop, resulting in the need for medical assistance. Many studies have indicated that psychological stress might be an important risk factor underlying infertility. Here, we showed that abnormal endometrial function affects the establishment of receptivity and decidual development, leading to female infertility. The current clinical treatments for monitoring pathological endometrium changes include hysteroscopy, transcriptome sequencing of endometrial biopsy to select the best period for embryo transfer, intrauterine perfusion of human chorionic gonadotropin (HCG), uterine scratching before embryo transfer, and stem cell therapy (132–135). However, these invasive treatments have no significant effect on restoring endometrial function and increasing the pregnancy rate. In this review, we systematically analyzed the direct and indirect potential molecular basis of endometrial dysfunction caused by psychological stress in term of endometrial system and local microenvironment. We focused on the impact of psychological stress factors on the female endometrial function which should not be ignored for the treatment of RIF. Studying the interplay between psychological stress and the human endometrium, especially understanding how psychological stress changes the molecular mechanisms and signaling pathways in reproductive system tissues, would provide insight into the specific mechanisms of stress-mediated dysfunction of the human endometrium.

Here, we evaluated the effects of psychological stress on the human endometrium and subsequently on pregnancy outcome. It is necessary to understand how these mechanisms work during gestational stress in vivo and to understand how these mechanisms work in the human endometrium. Psychological interventions for women with infertility have the potential to decrease anxiety and depression and may well lead to significantly higher pregnancy rates. Therefore, infertility patients must be psychologically counseled and supported as they go through assisted reproductive technology (ART) treatment. We recommend that the Society of Reproductive Medicine or the Center of Reproductive Medicine to incorporate psychological assessment and intervention into the routine diagnosis and treatment of ART. In addition, how do epinephrine or glucocorticoids caused by stress affect the nervous system and reproductive system? How do the signals between the nervous system and the reproductive system influence and feed back to each other? Is the abnormal reproductive function caused by stress reversible? What kind of psychological intervention is the most effective for infertile couples? These are all worth exploring and answering in the future.



Author Contributions

J-xW and S-bK prepared the manuscript. SL give an intensive suggestion and discussion. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National Natural Science Foundation of China (81901481 to J-xW).



References

1. Rooney, KL, and Domar, AD. The Relationship Between Stress and Infertility. Dialogues Clin Neurosci (2018) 20:41–7. doi: 10.31887/DCNS.2018.20.1/klrooney

2. Cimadomo, D, Soscia, D, Vaiarelli, A, Maggiulli, R, Capalbo, A, Ubaldi, FM, et al. Looking Past the Appearance: A Comprehensive Description of the Clinical Contribution of Poor-Quality Blastocysts to Increase Live Birth Rates During Cycles With Aneuploidy Testing. Hum Reprod (2019) 34:1206–14. doi: 10.1093/humrep/dez078

3. Munné, S, Kaplan, B, Frattarelli, JL, Child, T, Nakhuda, G, Shamma, FN, et al. Preimplantation Genetic Testing for Aneuploidy Versus Morphology as Selection Criteria for Single Frozen-Thawed Embryo Transfer in Good-Prognosis Patients: A Multicenter Randomized Clinical Trial. Fertil Steril (2019) 112:1071–9.e7. doi: 10.1016/j.fertnstert.2019.07.1346

4. Masbou, AK, Friedenthal, JB, McCulloh, DH, McCaffrey, C, Fino, ME, Grifo, JA, et al. A Comparison of Pregnancy Outcomes in Patients Undergoing Donor Egg Single Embryo Transfers With and Without Preimplantation Genetic Testing. Reprod Sci (2019) 26:1661–5. doi: 10.1177/1933719118820474

5. Okada, H, Tsuzuki, T, and Murata, H. Decidualization of the Human Endometrium. Reprod Med Biol (2018) 17:220–7. doi: 10.1002/rmb2.12088

6. Gellersen, B, and Brosens, JJ. Cyclic Decidualization of the Human Endometrium in Reproductive Health and Failure. Endocr Rev (2014) 35:851–905. doi: 10.1210/er.2014-1045

7. Zhang, S, Kong, S, Lu, J, Wang, Q, Chen, Y, Wang, W, et al. Deciphering the Molecular Basis of Uterine Receptivity. Mol Reprod Dev (2013) 80:8–21. doi: 10.1002/mrd.22118

8. Zhang, S, Lin, H, Kong, S, Wang, S, Wang, H, Wang, H, et al. Physiological and Molecular Determinants of Embryo Implantation. Mol aspects Med (2013) 34:939–80. doi: 10.1016/j.mam.2012.12.011

9. Edwards, RG. Implantation, Interception and Contraception. Hum Reprod (1994) 9:985–95. doi: 10.1093/oxfordjournals.humrep.a138673

10. Simón, C, Moreno, C, Remohí, J, and Pellicer, A. Cytokines and Embryo Implantation. J Reprod Immunol (1998) 39:117–31. doi: 10.1016/S0165-0378(98)00017-5

11. Franasiak, JM, Forman, EJ, Hong, KH, Werner, MD, Upham, KM, Treff, NR, et al. The Nature of Aneuploidy With Increasing Age of the Female Partner: A Review of 15,169 Consecutive Trophectoderm Biopsies Evaluated With Comprehensive Chromosomal Screening. Fertil Steril (2014) 101:656–63.e1. doi: 10.1016/j.fertnstert.2013.11.004

12. Lynch, CD, Sundaram, R, Maisog, JM, Sweeney, AM, and Buck Louis, GM. Preconception Stress Increases the Risk of Infertility: Results From a Couple-Based Prospective Cohort Study–the LIFE Study. Hum Reprod (2014) 29:1067–75. doi: 10.1093/humrep/deu032

13. Louis, GM, Lum, KJ, Sundaram, R, Chen, Z, Kim, S, Lynch, CD, et al. Stress Reduces Conception Probabilities Across the Fertile Window: Evidence in Support of Relaxation. Fertil Steril (2011) 95:2184–9. doi: 10.1016/j.fertnstert.2010.06.078

14. Geraghty, AC, Muroy, SE, Zhao, S, Bentley, GE, Kriegsfeld, LJ, and Kaufer, D. Knockdown of Hypothalamic RFRP3 Prevents Chronic Stress-Induced Infertility and Embryo Resorption. eLife (2015) 4:1–14. doi: 10.7554/eLife.04316

15. De Weerth, C. Prenatal Stress and the Development of Psychopathology: Lifestyle Behaviors as a Fundamental Part of the Puzzle. Dev Psychopathol (2018) 30:1129–44. doi: 10.1017/S0954579418000494

16. Smeenk, JM, Verhaak, CM, Eugster, A, van Minnen, A, Zielhuis, GA, and Braat, DD. The Effect of Anxiety and Depression on the Outcome of In-Vitro Fertilization. Hum Reprod (2001) 16:1420–3. doi: 10.1093/humrep/16.7.1420

17. Bai, CF, Cui, NX, Xu, X, Mi, GL, Sun, JW, Shao, D, et al. Effectiveness of Two Guided Self-Administered Interventions for Psychological Distress Among Women With Infertility: A Three-Armed, Randomized Controlled Trial. Hum Reprod (2019) 34:1235–48. doi: 10.1093/humrep/dez066

18. Valsamakis, G, Chrousos, G, and Mastorakos, G. Stress, Female Reproduction and Pregnancy. Psychoneuroendocrinology (2019) 100:48–57. doi: 10.1016/j.psyneuen.2018.09.031

19. Chen, Q, Zhang, Y, Peng, H, Lei, L, Kuang, H, Zhang, L, et al. Transient {Beta}2-Adrenoceptor Activation Confers Pregnancy Loss by Disrupting Embryo Spacing at Implantation. J Biol Chem (2011) 286:4349–56. doi: 10.1074/jbc.M110.197202

20. Novella-Maestre, E, Carda, C, Ruiz-Sauri, A, Garcia-Velasco, JA, Simon, C, and Pellicer, A. Identification and Quantification of Dopamine Receptor 2 in Human Eutopic and Ectopic Endometrium: A Novel Molecular Target for Endometriosis Therapy. Biol Reprod (2010) 83:866–73. doi: 10.1095/biolreprod.110.084392

21. Scotchie, JG, Savaris, RF, Martin, CE, and Young, SL. Endocannabinoid Regulation in Human Endometrium Across the Menstrual Cycle. Reprod Sci (2015) 22:113–23. doi: 10.1177/1933719114533730

22. Hobel, CJ, Parvez, H, Parvez, S, Lirette, M, and Papiernik, E. Enzymes for Epinephrine Synthesis and Metabolism in the Myometrium, Endometrium, Red Blood Cells, and Plasma of Pregnant Human Subjects. Am J Obstetrics Gynecol (1981) 141:1009–18. doi: 10.1016/S0002-9378(16)32692-8

23. Bottalico, B, Pilka, R, Larsson, I, Casslen, B, Marsal, K, and Hansson, SR. Plasma Membrane and Vesicular Monoamine Transporters in Normal Endometrium and Early Pregnancy Decidua. Mol Hum Reprod (2003) 9:389–94. doi: 10.1093/molehr/gag052

24. Whirledge, S, Xu, X, and Cidlowski, JA. Global Gene Expression Analysis in Human Uterine Epithelial Cells Defines New Targets of Glucocorticoid and Estradiol Antagonism. Biol Reprod (2013) 89:66. doi: 10.1095/biolreprod.113.111054

25. Petraglia, F, Calzà, L, Giardino, L, Zanni, M, Florio, P, Ferrari, AR, et al. Maternal Decidua and Fetal Membranes Contain Immunoreactive Neuropeptide Y. J endocrinol Invest (1993) 16:201–5. doi: 10.1007/BF03344947

26. Guzel, E, Basar, M, Ocak, N, Arici, A, and Kayisli, UA. Bidirectional Interaction Between Unfolded-Protein-Response Key Protein HSPA5 and Estrogen Signaling in Human Endometrium. Biol Reprod (2011) 85:121–7. doi: 10.1095/biolreprod.110.089532

27. Gubbay, O, Critchley, HO, Bowen, JM, King, A, and Jabbour, HN. Prolactin Induces ERK Phosphorylation in Epithelial and CD56(+) Natural Killer Cells of the Human Endometrium. J Clin Endocrinol Metab (2002) 87:2329–35. doi: 10.1210/jcem.87.5.8515

28. Hirota, Y, Osuga, Y, Hirata, T, Koga, K, Yoshino, O, Harada, M, et al. Evidence for the Presence of Protease-Activated Receptor 2 and its Possible Implication in Remodeling of Human Endometrium. J Clin Endocrinol Metab (2005) 90:1662–9. doi: 10.1210/jc.2004-0726

29. Hansson, SR, Bottalico, B, Noskova, V, and Casslén, B. Monoamine Transporters in Human Endometrium and Decidua. Hum Reprod Update (2009) 15:249–60. doi: 10.1093/humupd/dmn048

30. Noskova, V, Bottalico, B, Olsson, H, Ehinger, A, Pilka, R, Casslén, B, et al. Histamine Uptake by Human Endometrial Cells Expressing the Organic Cation Transporter EMT and the Vesicular Monoamine Transporter-2. Mol Hum Reprod (2006) 12:483–9. doi: 10.1093/molehr/gah259

31. Bottalico, B, Noskova, V, Pilka, R, Larsson, I, Domanski, H, Casslén, B, et al. The Organic Cation Transporters (OCT1, OCT2, EMT) and the Plasma Membrane Monoamine Transporter (PMAT) Show Differential Distribution and Cyclic Expression Pattern in Human Endometrium and Early Pregnancy Decidua. Mol Reprod Dev (2007) 74:1303–11. doi: 10.1002/mrd.20697

32. Sheikhi, A, Ganji, HB, and Sheikhi, R. Positional Relationship Between Natural Killer Cells and Distribution of Sympathetic Nerves in Decidualized Mouse Uterus. Iranian J Immunol IJI (2007) 4:79–84. doi: 10.1210/jc.2004-1014

33. Salih, SM, Salama, SA, Fadl, AA, Nagamani, M, and Al-Hendy, A. Expression and Cyclic Variations of catechol-O-methyl Transferase in Human Endometrial Stroma. Fertil Steril (2008) 90:789–97. doi: 10.1016/j.fertnstert.2007.01.042

34. Ryder, TA, MacKenzie, ML, Lewinsohn, R, Pryse-Davies, J, and Sandler, M. Amine Oxidase Histochemistry of the Human Uterus During the Menstrual Cycle. Histochemistry (1980) 67:199–204. doi: 10.1007/BF00493237

35. Henriquez, S, Tapia, A, Quezada, M, Vargas, M, Cardenas, H, Rios, M, et al. Deficient Expression of Monoamine Oxidase A in the Endometrium is Associated With Implantation Failure in Women Participating as Recipients in Oocyte Donation. Mol Hum Reprod (2006) 12:749–54. doi: 10.1093/molehr/gal082

36. Pavličev, M, Wagner, GP, Chavan, AR, Owens, K, Maziarz, J, Dunn-Fletcher, C, et al. Single-Cell Transcriptomics of the Human Placenta: Inferring the Cell Communication Network of the Maternal-Fetal Interface. Genome Res (2017) 27:349–61. doi: 10.1101/gr.207597.116

37. Totorikaguena, L, Olabarrieta, E, Matorras, R, Alonso, E, Agirregoitia, E, and Agirregoitia, N. Mu Opioid Receptor in the Human Endometrium: Dynamics of its Expression and Localization During the Menstrual Cycle. Fertil Steril (2017) 107:1070–77.e1. doi: 10.1016/j.fertnstert.2017.01.020

38. Chatzaki, E, Margioris, AN, Makrigiannakis, A, Castanas, E, Georgoulias, V, and Gravanis, A. Kappa Opioids and TGFbeta1 Interact in Human Endometrial Cells. Mol Hum Reprod (2000) 6:602–9. doi: 10.1093/molehr/6.7.602

39. Singh, M, Chaudhry, P, and Asselin, E. Bridging Endometrial Receptivity and Implantation: Network of Hormones, Cytokines, and Growth Factors. J Endocrinol (2011) 210:5–14. doi: 10.1530/JOE-10-0461

40. Lessey, BA, and Young, SL. Homeostasis Imbalance in the Endometrium of Women With Implantation Defects: The Role of Estrogen and Progesterone. Semin Reprod Med (2014) 32:365–75. doi: 10.1055/s-0034-1376355

41. Plaisier, M. Decidualisation and Angiogenesis. Best Practice & Research. Clin Obstetrics Gynaecol (2011) 25:259–71. doi: 10.1016/j.bpobgyn.2010.10.011

42. Okada, H, Tsuzuki, T, Shindoh, H, Nishigaki, A, Yasuda, K, and Kanzaki, H. Regulation of Decidualization and Angiogenesis in the Human Endometrium: Mini Review. J Obstetrics Gynaecol Res (2014) 40:1180–7. doi: 10.1111/jog.12392

43. Cha, J, Sun, X, and Dey, SK. Mechanisms of Implantation: Strategies for Successful Pregnancy. Nat Med (2012) 18:1754–67. doi: 10.1038/nm.3012

44. Wang, H, and Dey, SK. Roadmap to Embryo Implantation: Clues From Mouse Models. Nat Rev Genet (2006) 7:185–99. doi: 10.1038/nrg1808

45. Tu, Z, Ran, H, Zhang, S, Xia, G, Wang, B, and Wang, H. Molecular Determinants of Uterine Receptivity. Int J Dev Biol (2014) 58:147–54. doi: 10.1387/ijdb.130345wh

46. Belchetz, PE, Plant, TM, Nakai, Y, Keogh, EJ, and Knobil, E. Hypophysial Responses to Continuous and Intermittent Delivery of Hypopthalamic Gonadotropin-Releasing Hormone. Sci (New York N.Y.) (1978) 202:631–3. doi: 10.1126/science.100883

47. Haisenleder, DJ, Dalkin, AC, Ortolano, GA, Marshall, JC, and Shupnik, MA. A Pulsatile Gonadotropin-Releasing Hormone Stimulus is Required to Increase Transcription of the Gonadotropin Subunit Genes: Evidence for Differential Regulation of Transcription by Pulse Frequency In Vivo. Endocrinology (1991) 128:509–17. doi: 10.1210/endo-128-1-509

48. Evans, NP, Dahl, GE, Mauger, DT, Padmanabhan, V, Thrun, LA, and Karsch, FJ. Does Estradiol Induce the Preovulatory Gonadotropin-Releasing Hormone (GnRH) Surge in the Ewe by Inducing a Progressive Change in the Mode of Operation of the GnRH Neurosecretory System. Endocrinology (1995) 136:5511–9. doi: 10.1210/endo.136.12.7588302

49. Marshall, JC, and Griffin, ML. The Role of Changing Pulse Frequency in the Regulation of Ovulation. Hum Reprod (1993) 8(Suppl 2):57–61. doi: 10.1093/humrep/8.suppl_2.57

50. Dimitriadis, E, Stoikos, C, Baca, M, Fairlie, WD, McCoubrie, JE, and Salamonsen, LA. Relaxin and Prostaglandin E(2) Regulate Interleukin 11 During Human Endometrial Stromal Cell Decidualization. J Clin Endocrinol Metab (2005) 90:3458–65. doi: 10.1210/jc.2004-1014

51. Bergh, PA, and Navot, D. The Impact of Embryonic Development and Endometrial Maturity on the Timing of Implantation. Fertil Steril (1992) 58:537–42. doi: 10.1016/S0015-0282(16)55259-5

52. Achache, H, and Revel, A. Endometrial Receptivity Markers, the Journey to Successful Embryo Implantation. Hum Reprod Update (2006) 12:731–46. doi: 10.1093/humupd/dml004

53. Nakamura, H, Hosono, T, Kumasawa, K, and Kimura, T. Prospective Evaluation of Uterine Receptivity in Mice. Reprod fertil Dev (2018) 30:619–23. doi: 10.1071/RD17209

54. Lessey, BA. Endometrial Integrins and the Establishment of Uterine Receptivity. Hum Reprod (1998) 13(Suppl 3):247–58. doi: 10.1093/humrep/13.suppl_3.247

55. Makker, A, and Goel, MM. Uterine Leiomyomas: Effects on Architectural, Cellular, and Molecular Determinants of Endometrial Receptivity. Reprod Sci (2013) 20:631–8. doi: 10.1177/1933719112459221

56. Esmaeilzadeh, S, Mohammadi, A, Mahdinejad, N, Ghofrani, F, and Ghasemzadeh-Hasankolaei, M. Receptivity Markers in Endometrial Mesenchymal Stem Cells of Recurrent Implantation Failure and non-Recurrent Implantation Failure Women: A Pilot Study. J Obstetrics Gynaecol Res (2020) 46:1393–402. doi: 10.1111/jog.14340

57. Sebastian-Leon, P, Garrido, N, Remohí, J, Pellicer, A, and Diaz-Gimeno, P. Asynchronous and Pathological Windows of Implantation: Two Causes of Recurrent Implantation Failure. Hum Reprod (2018) 33:626–35. doi: 10.1093/humrep/dey023

58. Dey, SK, Lim, H, Das, SK, Reese, J, Paria, BC, Daikoku, T, et al. Molecular Cues to Implantation. Endocr Rev (2004) 25:341–73. doi: 10.1210/er.2003-0020

59. Fukui, Y, Hirota, Y, Matsuo, M, Gebril, M, Akaeda, S, Hiraoka, T, et al. Uterine Receptivity, Embryo Attachment, and Embryo Invasion: Multistep Processes in Embryo Implantation. Reprod Med Biol (2019) 18:234–40. doi: 10.1002/rmb2.12280

60. Edwards, DP. Regulation of Signal Transduction Pathways by Estrogen and Progesterone. Annu Rev Physiol (2005) 67:335–76. doi: 10.1146/annurev.physiol.67.040403.120151

61. Tan, J, Paria, BC, Dey, SK, and Das, SK. Differential Uterine Expression of Estrogen and Progesterone Receptors Correlates With Uterine Preparation for Implantation and Decidualization in the Mouse. Endocrinology (1999) 140:5310–21. doi: 10.1210/endo.140.11.7148

62. Conneely, OM, Mulac-Jericevic, B, Lydon, JP, and De Mayo, FJ. Reproductive Functions of the Progesterone Receptor Isoforms: Lessons From Knock-Out Mice. Mol Cell Endocrinol (2001) 179:97–103. doi: 10.1016/S0303-7207(01)00465-8

63. Mulac-Jericevic, B, Mullinax, RA, DeMayo, FJ, Lydon, JP, and Conneely, OM. Subgroup of Reproductive Functions of Progesterone Mediated by Progesterone Receptor-B Isoform. Sci (New York N.Y.) (2000) 289:1751–4. doi: 10.1126/science.289.5485.1751

64. Lydon, JP, DeMayo, FJ, Funk, CR, Mani, SK, Hughes, AR, Montgomery, CA Jr., et al. Mice Lacking Progesterone Receptor Exhibit Pleiotropic Reproductive Abnormalities. Genes Dev (1995) 9:2266–78. doi: 10.1101/gad.9.18.2266

65. Krege, JH, Hodgin, JB, Couse, JF, Enmark, E, Warner, M, Mahler, JF, et al. Generation and Reproductive Phenotypes of Mice Lacking Estrogen Receptor Beta. Proc Natl Acad Sci USA (1998) 95:15677–82. doi: 10.1073/pnas.95.26.15677

66. Lubahn, DB, Moyer, JS, Golding, TS, Couse, JF, Korach, KS, and Smithies, O. Alteration of Reproductive Function But Not Prenatal Sexual Development After Insertional Disruption of the Mouse Estrogen Receptor Gene. Proc Natl Acad Sci USA (1993) 90:11162–6. doi: 10.1073/pnas.90.23.11162

67. Albrecht, ED, Babischkin, JS, Lidor, Y, Anderson, LD, Udoff, LC, and Pepe, GJ. Effect of Estrogen on Angiogenesis in Co-Cultures of Human Endometrial Cells and Microvascular Endothelial Cells. Hum Reprod (2003) 18:2039–47. doi: 10.1093/humrep/deg415

68. Oehler, MK, Rees, MC, and Bicknell, R. Steroids and the Endometrium. Curr med Chem (2000) 7:543–60. doi: 10.2174/0929867003374958

69. Curtis, SW, Clark, J, Myers, P, and Korach, KS. Disruption of Estrogen Signaling Does Not Prevent Progesterone Action in the Estrogen Receptor Alpha Knockout Mouse Uterus. Proc Natl Acad Sci USA (1999) 96:3646–51. doi: 10.1073/pnas.96.7.3646

70. Paria, BC, Tan, J, Lubahn, DB, Dey, SK, and Das, SK. Uterine Decidual Response Occurs in Estrogen Receptor-Alpha-Deficient Mice. Endocrinology (1999) 140:2704–10. doi: 10.1210/endo.140.6.6825

71. He, B, Ni, ZL, Kong, SB, Lu, JH, and Wang, HB. Homeobox Genes for Embryo Implantation: From Mouse to Human. Anim Models Exp Med (2018) 1:14–22. doi: 10.1002/ame2.12002

72. Sun, X, Park, CB, Deng, W, Potter, SS, and Dey, SK. Uterine Inactivation of Muscle Segment Homeobox (Msx) Genes Alters Epithelial Cell Junction Proteins During Embryo Implantation. FASEB J Off Publ Fed Am Soc Exp Biol (2016) 30:1425–35. doi: 10.1096/fj.15-282798

73. Nallasamy, S, Li, Q, Bagchi, MK, and Bagchi, IC. Msx Homeobox Genes Critically Regulate Embryo Implantation by Controlling Paracrine Signaling Between Uterine Stroma and Epithelium. PloS Genet (2012) 8:e1002500. doi: 10.1371/journal.pgen.1002500

74. Daikoku, T, Cha, J, Sun, X, Tranguch, S, Xie, H, Fujita, T, et al. Conditional Deletion of Msx Homeobox Genes in the Uterus Inhibits Blastocyst Implantation by Altering Uterine Receptivity. Dev Cell (2011) 21:1014–25. doi: 10.1016/j.devcel.2011.09.010

75. Sun, X, Zhang, L, Xie, H, Wan, H, Magella, B, Whitsett, JA, et al. Kruppel-Like Factor 5 (KLF5) is Critical for Conferring Uterine Receptivity to Implantation. Proc Natl Acad Sci USA (2012) 109:1145–50. doi: 10.1073/pnas.1118411109

76. Benson, GV, Lim, H, Paria, BC, Satokata, I, Dey, SK, and Maas, RL. Mechanisms of Reduced Fertility in Hoxa-10 Mutant Mice: Uterine Homeosis and Loss of Maternal Hoxa-10 Expression. Dev (Cambridge England) (1996) 122:2687–96. doi: 10.1242/dev.122.9.2687

77. Satokata, I, Benson, G, and Maas, R. Sexually Dimorphic Sterility Phenotypes in Hoxa10-deficient Mice. Nature (1995) 374:460–3. doi: 10.1038/374460a0

78. Zhu, LH, Sun, LH, Hu, YL, Jiang, Y, Liu, HY, Shen, XY, et al. PCAF Impairs Endometrial Receptivity and Embryo Implantation by Down-Regulating β3-Integrin Expression Via HOXA10 Acetylation. J Clin Endocrinol Metab (2013) 98:4417–28. doi: 10.1210/jc.2013-1429

79. Tanaka, N, Miyazaki, K, Tashiro, H, Mizutani, H, and Okamura, H. Changes in Adenylyl Cyclase Activity in Human Endometrium During the Menstrual Cycle and in Human Decidua During Pregnancy. J Reprod Fertil (1993) 98:33–9. doi: 10.1530/jrf.0.0980033

80. Telgmann, R, Maronde, E, Taskén, K, and Gellersen, B. Activated Protein Kinase A is Required for Differentiation-Dependent Transcription of the Decidual Prolactin Gene in Human Endometrial Stromal Cells. Endocrinology (1997) 138:929–37. doi: 10.1210/endo.138.3.5004

81. Telgmann, R, and Gellersen, B. Marker Genes of Decidualization: Activation of the Decidual Prolactin Gene. Hum Reprod Update (1998) 4:472–9. doi: 10.1093/humupd/4.5.472

82. Li, Q, Kannan, A, Das, A, Demayo, FJ, Hornsby, PJ, Young, SL, et al. WNT4 Acts Downstream of BMP2 and Functions Via β-Catenin Signaling Pathway to Regulate Human Endometrial Stromal Cell Differentiation. Endocrinology (2013) 154:446–57. doi: 10.1210/en.2012-1585

83. Dimitriadis, E, Stoikos, C, Tan, YL, and Salamonsen, LA. Interleukin 11 Signaling Components Signal Transducer and Activator of Transcription 3 (STAT3) and Suppressor of Cytokine Signaling 3 (SOCS3) Regulate Human Endometrial Stromal Cell Differentiation. Endocrinology (2006) 147:3809–17. doi: 10.1210/en.2006-0264

84. Mak, IY, Brosens, JJ, Christian, M, Hills, FA, Chamley, L, Regan, L, et al. Regulated Expression of Signal Transducer and Activator of Transcription, Stat5, and its Enhancement of PRL Expression in Human Endometrial Stromal Cells In Vitro. J Clin Endocrinol Metab (2002) 87:2581–8. doi: 10.1210/jcem.87.6.8576

85. Mikhailik, A, Mazella, J, Liang, S, and Tseng, L. Notch Ligand-Dependent Gene Expression in Human Endometrial Stromal Cells. Biochem Biophys Res Commun (2009) 388:479–82. doi: 10.1016/j.bbrc.2009.07.037

86. Lee, CH, Kim, TH, Lee, JH, Oh, SJ, Yoo, JY, Kwon, HS, et al. Extracellular Signal-Regulated Kinase 1/2 Signaling Pathway is Required for Endometrial Decidualization in Mice and Human. PloS One (2013) 8:e75282. doi: 10.1371/journal.pone.0075282

87. Cloke, B, Huhtinen, K, Fusi, L, Kajihara, T, Yliheikkilä, M, Ho, KK, et al. The Androgen and Progesterone Receptors Regulate Distinct Gene Networks and Cellular Functions in Decidualizing Endometrium. Endocrinology (2008) 149:4462–74. doi: 10.1210/en.2008-0356

88. Mei, J, Yan, Y, Li, SY, Zhou, WJ, Zhang, Q, Li, MQ, et al. CXCL16/CXCR6 Interaction Promotes Endometrial Decidualization Via the PI3K/AKT Pathway. Reproduction (2019) 157:273–82. doi: 10.1530/REP-18-0417

89. Yamamoto, Y, Maruyama, T, Sakai, N, Sakurai, R, Shimizu, A, Hamatani, T, et al. Expression and Subcellular Distribution of the Active Form of c-Src Tyrosine Kinase in Differentiating Human Endometrial Stromal Cells. Mol Hum Reprod (2002) 8:1117–24. doi: 10.1093/molehr/8.12.1117

90. Leitao, B, Jones, MC, Fusi, L, Higham, J, Lee, Y, Takano, M, et al. Silencing of the JNK Pathway Maintains Progesterone Receptor Activity in Decidualizing Human Endometrial Stromal Cells Exposed to Oxidative Stress Signals. FASEB J Off Publ Fed Am Soc Exp Biol (2010) 24:1541–51. doi: 10.1096/fj.09-149153

91. Franco, HL, Dai, D, Lee, KY, Rubel, CA, Roop, D, Boerboom, D, et al. WNT4 is a Key Regulator of Normal Postnatal Uterine Development and Progesterone Signaling During Embryo Implantation and Decidualization in the Mouse. FASEB J Off Publ Fed Am Soc Exp Biol (2011) 25:1176–87. doi: 10.1096/fj.10-175349

92. Monsivais, D, Clementi, C, Peng, J, Titus, MM, Barrish, JP, Creighton, CJ, et al. Uterine ALK3 is Essential During the Window of Implantation. Proc Natl Acad Sci USA (2016) 113:E387–95. doi: 10.1073/pnas.1523758113

93. Zhang, Y, Zhu, H, Chang, HM, and Leung, PCK. Alk3-Smad1/5 Signaling Mediates the BMP2-Induced Decrease in PGE2 Production in Human Endometrial Stromal Cells and Decidual Stromal Cells. Front Cell Dev Biol (2020) 8:573028. doi: 10.3389/fcell.2020.573028

94. Duman, RS, Aghajanian, GK, Sanacora, G, and Krystal, JH. Synaptic Plasticity and Depression: New Insights From Stress and Rapid-Acting Antidepressants. Nat Med (2016) 22:238–49. doi: 10.1038/nm.4050

95. Domar, AD, Zuttermeister, PC, and Friedman, R. The Psychological Impact of Infertility: A Comparison With Patients With Other Medical Conditions. J Psychosomatic Obstetrics Gynaecol (1993) 14(Suppl):45–52.

96. Chrousos, GP, and Gold, PW. The Concepts of Stress and Stress System Disorders. Overview of Physical and Behavioral Homeostasis. JAMA (1992) 267:1244–52. doi: 10.1001/jama.267.9.1244

97. Windle, RJ, Wood, SA, Shanks, N, Lightman, SL, and Ingram, CD. Ultradian Rhythm of Basal Corticosterone Release in the Female Rat: Dynamic Interaction With the Response to Acute Stress. Endocrinology (1998) 139:443–50. doi: 10.1210/endo.139.2.5721

98. Smith, R, Grossman, A, Gaillard, R, Clement-Jones, V, Ratter, S, Mallinson, J, et al. Studies on Circulating Met-Enkephalin and Beta-Endorphin: Normal Subjects and Patients With Renal and Adrenal Disease. Clin Endocrinol (1981) 15:291–300. doi: 10.1111/j.1365-2265.1981.tb00668.x

99. Bauer, M, Priebe, S, Kürten, I, Gräf, KJ, and Baumgartner, A. Psychological and Endocrine Abnormalities in Refugees From East Germany: Part I. Prolonged Stress, Psychopathology, and Hypothalamic-Pituitary-Thyroid Axis Activity. Psychiatry Res (1994) 51:61–73. doi: 10.1016/0165-1781(94)90047-7

100. Sominsky, L, Hodgson, DM, McLaughlin, EA, Smith, R, Wall, HM, and Spencer, SJ. Linking Stress and Infertility: A Novel Role for Ghrelin. Endocr Rev (2017) 38:432–67. doi: 10.1210/er.2016-1133

101. Biran, D, Braw-Tal, R, Gendelman, M, Lavon, Y, and Roth, Z. ACTH Administration During Formation of Preovulatory Follicles Impairs Steroidogenesis and Angiogenesis in Association With Ovulation Failure in Lactating Cows. Domest Anim Endocrinol (2015) 53:52–9. doi: 10.1016/j.domaniend.2015.05.002

102. Wagenmaker, ER, and Moenter, SM. Exposure to Acute Psychosocial Stress Disrupts the Luteinizing Hormone Surge Independent of Estrous Cycle Alterations in Female Mice. Endocrinology (2017) 158:2593–602. doi: 10.1210/en.2017-00341

103. Rivier, C, and Vale, W. Influence of Corticotropin-Releasing Factor on Reproductive Functions in the Rat. Endocrinology (1984) 114:914–21. doi: 10.1210/endo-114-3-914

104. Ghizzoni, L, Mastorakos, G, Vottero, A, Barreca, A, Furlini, M, Cesarone, A, et al. Corticotropin-Releasing Hormone (CRH) Inhibits Steroid Biosynthesis by Cultured Human Granulosa-Lutein Cells in a CRH and Interleukin-1 Receptor-Mediated Fashion. Endocrinology (1997) 138:4806–11. doi: 10.1210/endo.138.11.5474

105. Murase, M, Uemura, T, Kondoh, Y, Funabashi, T, and Hirahara, F. Role of Corticotropin-Releasing Hormone in Ovarian Steroidogenesis. Endocrine (2002) 18:255–60. doi: 10.1385/ENDO:18:3:255

106. Spencer, SJ, and Tilbrook, A. The Glucocorticoid Contribution to Obesity. Stress (Amsterdam Netherlands) (2011) 14:233–46. doi: 10.3109/10253890.2010.534831

107. Papadimitriou, A, and Priftis, KN. Regulation of the Hypothalamic-Pituitary-Adrenal Axis. Neuroimmunomodulation (2009) 16:265–71. doi: 10.1159/000216184

108. Walker, JJ, Terry, JR, and Lightman, SL. Origin of Ultradian Pulsatility in the Hypothalamic-Pituitary-Adrenal Axis. Proc Biol Sci (2010) 277:1627–33. doi: 10.1098/rspb.2009.2148

109. Cao, W, Gao, W, Zheng, P, Sun, X, and Wang, L. Medroxyprogesterone Acetate Causes the Alterations of Endoplasmic Reticulum Related mRNAs and lncRNAs in Endometrial Cancer Cells. BMC Med Genomics (2019) 12:163. doi: 10.1186/s12920-019-0601-9

110. Segorbe, D, Di Pietro, A, Pérez-Nadales, E, and Turrà, D. Three Fusarium Oxysporum Mitogen-Activated Protein Kinases (Mapks) Have Distinct and Complementary Roles in Stress Adaptation and Cross-Kingdom Pathogenicity. Mol Plant Pathol (2017) 18:912–24. doi: 10.1111/mpp.12446

111. Vallejo, G, Ballaré, C, Barañao, JL, Beato, M, and Saragüeta, P. Progestin Activation of Nongenomic Pathways Via Cross Talk of Progesterone Receptor With Estrogen Receptor Beta Induces Proliferation of Endometrial Stromal Cells. Mol Endocrinol (2005) 19:3023–37. doi: 10.1210/me.2005-0016

112. Ye, X, Hama, K, Contos, JJ, Anliker, B, Inoue, A, Skinner, MK, et al. LPA3-Mediated Lysophosphatidic Acid Signalling in Embryo Implantation and Spacing. Nature (2005) 435:104–8. doi: 10.1038/nature03505

113. Zhu, L, Che, HS, Xiao, L, and Li, YP. Uterine Peristalsis Before Embryo Transfer Affects the Chance of Clinical Pregnancy in Fresh and Frozen-Thawed Embryo Transfer Cycles. Hum Reprod (2014) 29:1238–43. doi: 10.1093/humrep/deu058

114. Philipp, M, Brede, ME, Hadamek, K, Gessler, M, Lohse, MJ, and Hein, L. Placental Alpha(2)-Adrenoceptors Control Vascular Development at the Interface Between Mother and Embryo. Nat Genet (2002) 31:311–5. doi: 10.1038/ng919

115. Berkley, KJ, Dmitrieva, N, Curtis, KS, and Papka, RE. Innervation of Ectopic Endometrium in a Rat Model of Endometriosis. Proc Natl Acad Sci United States America (2004) 101:11094–8. doi: 10.1073/pnas.0403663101

116. Reaven, GM. The Metabolic Syndrome: Time to Get Off the Merry-Go-Round? J Internal Med (2011) 269:127–36. doi: 10.1111/j.1365-2796.2010.02325.x

117. Zhu, H, Pan, Y, Jiang, Y, Li, J, Zhang, Y, and Zhang, S. Activation of the Hippo/TAZ Pathway is Required for Menstrual Stem Cells to Suppress Myofibroblast and Inhibit Transforming Growth Factor β Signaling in Human Endometrial Stromal Cells. Hum Reprod (2019) 34:635–45. doi: 10.1093/humrep/dez001

118. Cheong, ML, Lai, TH, and Wu, WB. Connective Tissue Growth Factor Mediates Transforming Growth Factor β-Induced Collagen Expression in Human Endometrial Stromal Cells. PloS One (2019) 14:e0210765. doi: 10.1371/journal.pone.0210765

119. Yen, CF, Kim, SH, Liao, SK, Atabekoglu, C, Uckac, S, Arici, A, et al. Increased Expression of Integrin-Linked Kinase During Decidualization Regulates the Morphological Transformation of Endometrial Stromal Cells. Fertil Steril (2017) 107:803–12. doi: 10.1016/j.fertnstert.2016.11.025

120. Baek, MO, Song, HI, Han, JS, and Yoon, MS. Differential Regulation of mTORC1 and mTORC2 is Critical for 8-Br-cAMP-induced Decidualization. Exp Mol Med (2018) 50:1–11. doi: 10.1038/s12276-018-0165-3

121. Tamura, K, Takashima, H, Fumoto, K, Kajihara, T, Uchino, S, Ishihara, O, et al. Possible Role of α1-Antitrypsin in Endometriosis-Like Grafts From a Mouse Model of Endometriosis. Reprod Sci (2015) 22:1088–97. doi: 10.1177/1933719115570901

122. Peng, H, Zhu, Y, Strachan, E, Fowler, E, Bacus, T, Roy-Byrne, P, et al. Childhood Trauma, Dna Methylation of Stress-Related Genes, and Depression: Findings From Two Monozygotic Twin Studies. Psychosomatic Med (2018) 80:599–608. doi: 10.1097/PSY.0000000000000604

123. Dong, F, Zhang, Q, Kong, W, Chen, J, Ma, J, Wang, L, et al. Regulation of Endometrial Cell Proliferation by Estrogen-Induced BDNF Signaling Pathway. Gynecological Endocrinol Off J Int Soc Gynecological Endocrinol (2017) 33:485–9. doi: 10.1080/09513590.2017.1295439

124. Wu, W, Hu, P, Liang, F, Song, X, and Liu, M. (High-Dose Neuropeptide Y Inhibits Proliferation and Promotes Differentiation of Human Adipose-Derived Stem Cells). Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi = Chin J Cell Mol Immunol (2016) 32:185–90. doi: 10.1002/mrd.20697

125. Zhao, YX, Chen, SR, Su, PP, Huang, FH, Shi, YC, Shi, QY, et al. Using Mesenchymal Stem Cells to Treat Female Infertility: An Update on Female Reproductive Diseases. Stem Cells Int (2019) 2019:9071720. doi: 10.1155/2019/9071720

126. Hamon, M, and Blier, P. Monoamine Neurocircuitry in Depression and Strategies for New Treatments. Prog Neuropsychopharmacol Biol Psychiatry (2013) 45:54–63. doi: 10.1016/j.pnpbp.2013.04.009

127. Delgado, PL, and Moreno, FA. Role of Norepinephrine in Depression. J Clin Psychiatry (2000) 61(Suppl 1):5–12. doi: 10.1007/BF00493237

128. Gold, PW. The Organization of the Stress System and its Dysregulation in Depressive Illness. Mol Psychiatry (2015) 20:32–47. doi: 10.1038/mp.2014.163

129. Collins, GG, Pryse-Davies, J, Sandler, M, and Southgate, J. Effect of Pretreatment With Oestradiol, Progesterone and DOPA on Monoamine Oxidase Activity in the Rat. Nature (1970) 226:642–3. doi: 10.1038/226642a0

130. Zhang, D, Lei, C, and Zhang, W. Up-Regulated Monoamine Oxidase in the Mouse Uterus During the Peri-Implantation Period. Arch Gynecol Obstetrics (2011) 284:861–6. doi: 10.1007/s00404-010-1765-x

131. Spector, WG. Anti-Fertility Action of a Monoamine Oxidase Inhibitor. Nature (1960) 187:514–5. doi: 10.1038/187514a0

132. Utida, GM, and Kulak, J Jr. Hysteroscopic and Aspiration Biopsies in the Histologic Evaluation of the Endometrium, a Comparative Study. Medicine (2019) 98:e17183. doi: 10.1097/MD.0000000000017183

133. Díaz-Gimeno, P, Ruiz-Alonso, M, Blesa, D, Bosch, N, Martínez-Conejero, JA, Alamá, P, et al. The Accuracy and Reproducibility of the Endometrial Receptivity Array is Superior to Histology as a Diagnostic Method for Endometrial Receptivity. Fertil Steril (2013) 99:508–17. doi: 10.1016/j.fertnstert.2012.09.046

134. Wang, M, Deng, H, and Ye, H. (Intrauterine Injection of Human Chorionic Gonadotropin Improves Pregnancy Outcome in Patients With Repeated Implantation Failure in Frozen-Thawed Embryo Transfer). Zhong Nan Da Xue Xue Bao Yi Xue Ban = J Cent South University Med Sci (2019) 44:1247–51. doi: 10.11817/j.issn.1672-7347.2019.180469

135. Lensen, S, Osavlyuk, D, Armstrong, S, Stadelmann, C, Hennes, A, Napier, E, et al. A Randomized Trial of Endometrial Scratching Before In Vitro Fertilization. New Engl J Med (2019) 380:325–34. doi: 10.1056/NEJMoa1808737




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wu, Lin and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2021.690255_cover.jpg
, frontlers
n Endocrinology

Psychological Stress and Functional
Endometrial Disorders: Update
of Mechanism Insights





OEBPS/Images/fendo-12-690255-g002.jpg
‘ Stress

o
‘ Brain 77

Hypothalamus
Pituitary

Stress hormones 1 HPG axis disruption (GnRH |, FSH1)

HPA axis activation

&P ovary (E2 and P4 altered)
» Lover Gt level
7 Lower FSH/LH ratio

3 > Altered the secretion of 2 and P4,
Stress mediators
in human endometrium

Adrenal gland #%

Inhibition of the epithelial and stromal celproliferation
Inhibition of the stromal cell fferentiation

> Altered the endometrial gene expression

> Impaired endometrial receptivity

Human endometrial > Affected embryo implantation and development
dysfunction






OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo-12-690255-g001.jpg
FoH |

i.é" & f’“’;;;

o 4
Mensialprase [

- Suomol oo g prointanetor somscol (p Oacvel st ) Somoscan sucicel at





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Psychological Stress and Functional Endometrial Disorders: Update of Mechanism Insights

      

        		

          Introduction

        



        		

          The Role Of Human Endometrium In Reproductive Health

        

          		

            The Dynamic Changes in Human Endometrium

          



          		

            The Role of Endometrial Receptivity in Embryo Implantation

          



          		

            Potential Factors Affecting Endometrial Function

          



        



        



        		

          The Speculative Mechanism Of Stress-Induced Endometrial Dysfunction

        

          		

            Psychological Stress Interferes With the Secretion of Endocrine Hormones

          



          		

            Psychological Stress Acts on the Local Endometrial Microenvironment

          

            		

              Estrogen and Progesterone-Related Stress Molecules in the Endometrium

            



            		

              Human Endometrial Adrenaline-Related Molecules

            



            		

              Stress-Related Neurogenic Molecules Participate in the Regulation of Endometrial Function

            



          



          



        



        



        		

          Conclusions And Future Perspectives

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Stress gene Location and phase of present Potential function References
BDNF Human endometrium Regulate endometrial cells proliferation (23)
NR3C1 Uterine epithelial cell line Immune cell trafficking and embryonic development (24)

NPY Decidua Immunoreactive of fetal membranes (25)
HSPAS Human endometrium Response the paracrine and autocrine factors (26)
MAPK Human endometrium Immunomodulatory, regulate stress adaptation and endometrial remodeling 27)
PAR2 Human endometrium Endometrial remodeling (28)

NET Late proliferative epithelium Decidualization (23, 29)
EMT Secretory stroma Decidualization (23, 29)
VMAT2 Proliferative stroma and secretory epithelium Proliferation and decidualization (23, 29, 30, 31)
PMAT Proliferative stroma Stromal proliferation (23, 29, 30, 31)
PNMT Human endometrium Uterine activity during pregnancy and parturition (22, 32)
CcomT Human endometrial stroma Inhibit endometrial stroma cell proliferation (22, 33)
MAO-A Human endometrium Embryo implantation and endometrial receptivity (34, 35)
MAO-B Human endometrium Endometrial receptivity (34)
ADRA2C Human endometrium Unclear (36)
Opioid receptor Human endometrium Proliferation and decidualization (37, 38)






