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Editorial on the Research Topic 
Novel ligands and receptors in endocrine disorders


Abnormal interactions between ligands and receptors can promote various endocrine disorders. However, due to the complexity of endocrine systems and physiological processes, deciphering mechanisms for the diagnostic and treatment of these diseases remains a challenge. We thank authors from various research fields for their invaluable contributions to this Research Topic. The papers collected in this topic mainly encompass reproductive endocrine disorders, thereby enriching our knowledge on endocrine regulation involving well-known ligands and receptors in other systems. These identified targets shed light on further investigation of their mechanisms.
When an endogenous ligand binds to its receptor in the endocrine tissue cells, the ligand-receptor systems play an imperative role in regulating various physiological functions. Zhang et al. discovered that the chemerin-CMKLR1 system could regulate placental development and vascular remodeling during early pregnancy. Another Zhang et al. provided a comprehensive understanding of osteoprotegerin-RANK in endocrine regulation, reviewing the roles of osteoprotegerin in endocrine and metabolic disorders through the RANKL/RANK signaling. Furthermore, G protein-coupled receptors (GPCRs) family, as potential targets, contain many receptor candidates involved in endocrine disorders. For instance, Yin et al. reviewed the role of secretin/adhesion (Class B) GPCRs in placental development and preeclampsia. Lin et al. reviewed the emergent roles of GPR158 in regulating the endocrine system. And Luo et al. reviewed the effects of GPER on age-associated memory impairment induced by decreased estrogen levels. These three reviews highlight the multifaceted functions of GPCRs in endocrine disorders. In addition, Huang et al. discovered that the membrane ion channel protein, AQP8, could regulate ovarian secretion by modulating granulosa cell autophagy, suggesting that endocrine cells are not regulated solely by the ligand-receptor system.
Besides, receptors in endocrine cells can also be activated by exogenous ligands, including environmental endocrine disrupting chemicals (EDCs) and pharmaceutical molecules. In the field of exposure science, increasing studies focus on EDCs and their potential roles in endocrine disorders. As ligand analogs, EDCs disrupt endocrine hormone functions, leading to endocrine disorders and abnormal tissue development. Zhang et al. found that di-(2-ethylhexyl) phthalate (DEHP) exposure induced liver injury by promoting ferroptosis via downregulation of GPX4 in pregnant mice. Additionally, Zeng et al. reviewed the impact of early-life exposure to DEHP in children with endocrine disorders. Similarly, pharmaceutical molecules could be used to treat endocrine disorders by activating corresponding receptors. Kong et al. reviewed recent advances in our understanding of the effects of Salvia miltiorrhiza active compounds on placenta-mediated pregnancy complications, indicating that many receptors play essential roles in the multiple endocrine events during pregnancy. These traditional Chinese medicine monomers could directly activate the corresponding receptors and improve the clinical symptoms, although the mechanism remains largely unknown.
Regarding research methods, Qu et al. established the three-dimensional visualization of mouse endometrial remodeling after superovulation, which is a valuable attempt. The response of the endometrial tissue to endocrine disturbance can be observed using the uterine 3D reconstruction technology.
In summary, this Research Topic aims to explore target ligands and receptors that regulate endocrine disorders, with a particular emphasis on the emerging roles of EDCs. Mechanism research, focusing on ligands or receptors, is still ongoing. It is hopeful that the discovery of more suitable drug targets, especially GPCRs, would aid in the treatment of endocrine disorders.
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Chemerin is an adipokine that regulates metabolism in pregnancy. An elevation of serum chemerin level is associated with pregnancy complications. Consistently, we demonstrated that the chemerin expression was increased in placenta of preeclamptic patients at deliveries. The G protein-coupled receptor chemokine-like receptor 1 (CMKLR1) mediates the actions of chemerin. The functions of the chemerin-CMKLR1 axis in maintaining pregnancy are still unknown. In this study, we demonstrated that CMKLR1 was expressed in the decidual natural killer (dNK) cells and chorionic villi of human. Chemerin suppressed the proliferation of the dNK cells in vitro. Specific antagonist of CMKLR1, α-Neta abolished the suppressive effect of spent medium from chemerin-treated dNK cells culture on extravillous trophoblast invasion. Activation of the chemerin-CMKLR1 axis promoted fusion and differentiation of human cytotrophoblast to syncytiotrophoblast in vitro. We generated Cmklr1 knockout mice and showed that the Cmklr1 deficiency negatively affected pregnancy outcome in terms of number of implantation sites, litter size and fetal weight at birth. Histologically, the Cmklr1 deficiency impaired formation of the syncytiotrophoblast layer II, induced enlargement of the maternal lacunae in the labyrinth, increased the diameter of the spiral arteries and increased trophoblast invasion in the decidua. The Cmklr1 deficient placenta also displayed an increased number of dNK cells and serum IL-15 level. In summary, the chemerin-CMKLR1 axis regulated placental development and spiral artery remodeling in early pregnancy.
Keywords: chemerin, CMKLR1, placental development, trophoblast invasion, spiral artery remodeling
INTRODUCTION
Successful pregnancy depends on proper formation of the placenta, which forms the site of maternal-fetal exchange for nutrients and wastes (King et al., 2000; Ahokas and McKinney, 2008). The placenta comprises of trophoblastic layers with distinct ontogeny and function (Marsh and Blelloch, 2020). In mice, these layers arise from the spongiotrophoblast, trophoblast giant cells, and syncytiotrophoblasts in the labyrinth (Rossant and Cross, 2001). The development of labyrinth is initiated by fusion of the chorion with the allantois at around E8.5 (Cross et al., 2003), followed by invagination of the allantoic capillaries into the chorionic trophoblast layer that triggers the differentiation of syncytiotrophoblasts (Woods et al., 2018). Then the extensive process of branching morphogenesis forms an intricate network of syncytiotrophoblast-lined maternal blood spaces and allantoic mesoderm-derived fetal components of the placental vascular network (Maltepe and Fisher, 2015).
Trophoblast invasion is crucial to placentation which is achieved by the orchestrated effort of various cell types such as dNK cells, macrophages, and extravillous trophoblasts (EVTs) (Lyall, 2005; Whitley and Cartwright, 2009). After implantation, the cytotrophoblasts differentiate into EVTs and form the migratory cell columns that invade the decidua and contribute to the spiral arteries remodeling (Hiden et al., 2007). Disruption of this process in humans impairs placental blood flow and is associated with pregnancy complications such as recurrent pregnancy loss, fetal growth restriction, and preeclampsia (PE) (Jim and Karumanchi, 2017; Knöfler et al., 2019). In vivo studies demonstrated that the EVTs directly interact with the dNK cells during EVT invasion (Tilburgs et al., 2015), suggesting that their functions are modulated in the interactions (Co et al., 2013; Pollheimer et al., 2018). In addition, multiple dNK cells-derived factors regulate the EVTs-related processes in vivo as well as in vitro (Lash et al., 2006; Zhang et al., 2013; Pollheimer et al., 2018). However, much of the molecular mechanisms on the actions of decidual immune cells on EVT invasion and spiral artery remodeling remain unknown.
Chemerin, also known as tazarotene-induced gene 2 (TIG2), is secreted by various cell types, including adipocytes, epithelial and endothelial cells (ECs), fibroblasts, and trophoblasts (Carlino et al., 2012; Helfer and Wu, 2018; Xie et al., 2020). Chemokine-like receptor 1 (CMKLR1, encoded by the Cmklr1 gene), also known as ChemR23, is a G protein-coupled receptor and the natural receptor of chemerin (Mariani and Roncucci, 2015). CMKLR1 is widely expressed in the whole body including the placenta, ECs, and immune cells (Carlino et al., 2012; Zabel et al., 2014; Cetin et al., 2017; Yang et al., 2018). Chemerin-CMKLR1 axis participates in various biological responses such as inflammation (Xie et al., 2020), insulin resistance (Sell et al., 2009), chemotaxis, endocytosis, and carbohydrate/fat metabolic process (Yoshimura and Oppenheim, 2011; Helfer and Wu, 2018). The serum levels of chemerin are notably increased during pregnancy, suggesting that the chemerin-CMKLR1 signaling may play a regulatory role in the process (Yang et al., 2018). Besides, the concentration of chemerin in maternal serum is significantly higher in preeclamptic patients than in normal pregnant women (Spradley et al., 2015; Cetin et al., 2017). However, the in vivo biological functions of chemerin-CMKLR1 in the maintenance of early pregnancy and placental development have not been elucidated.
To understand the role of the chemerin-CMKLR1 signaling in pregnancy, we generated Cmklr1 knockout mice and demonstrated its regulatory roles in embryonic and placental development. In this study, we also investigated the role of the chemerin-CMKLR1 axis in trophoblast invasion, dNK cells proliferation, syncytiotrophoblast fusion, and differentiation in vitro.
MATERIALS AND METHODS
Immunohistochemistry of Chemerin for Human Placenta
The sections of term placentas of normal pregnancy and PE patients were subsequently de-waxed, rehydrated, the antigen was retrieved by using a 1× Universal HIER antigen retrieval reagent (ab208572, Abcam, MA 02453, United States) and incubated with 3% H2O2. Sections were then blocked with 10% goat serum (ab7481, Abcam) for 1 h at room temperature. The sections were incubated in chemerin (1: 100, ab72965, Abcam) overnight in the cold room. Chemerin staining was visualized using a DAB substrate kit for peroxidase from Vector Laboratories and counterstained and mounted as described above. Digital photographs at 4× and 10× were taken, and Image J software was used to quantify the H-score.
Isolation of Primary Human dNK Cells
This study was approved by the Institutional Review Board (IRB) of The University of Hong Kong/Hospital Authority Hong Kong West Cluster (IRB No: UW 17-057). Human dNK cells were isolated as described (Male et al., 2012; Lee et al., 2018) from late first-trimester decidual tissues collected from patients who had undergone surgical termination of pregnancy due to psychosocial reasons with written consent. The tissues were minced and digested with collagenase (300 U/ml) and DNase I (50 μg/ml), and the cells were passed through 100 and 40 μm filters followed by Ficoll-Paque (17,144,002, GE Healthcare Illinois, United States) density gradient centrifugation. The cells were then cultured on a plastic plate overnight. The non-adherent cells were collected, and dNK cells were further enriched using CD56 microbeads (Miltenyi Biotec, Germany). The isolated dNK were cultured with RPMI medium supplemented with 10% FBS and 1% penicillin-streptomycin under standard culture conditions in a 37°C and 5% CO2 incubator.
Determination of Proliferation and Cytokine Secretions of Human dNK Cells
The CyQUANT® cell proliferation assay (CyQUANTTM NF Cell Proliferation assay kit, C35006, Invitrogen) was employed as a measurement of cell proliferation according to the manufacturer’s instructions. Primary dNK cells (5 × 103 cells/well) were seeded in 96 well plate and cultured for 24 h with 0.5 µM chemerin (SRP6002, Sigma, St. Louis, UnitedStates), or 0.5 µM chemerin +1 µM 2-(alpha-Naphthoyl)ethyl trimethylammonium iodide (α-Neta, sc-221190A, Santa Cruz Biotechnology, United States) in RPMI1640 incomplete medium with 500 U/ml interleukin (IL)-2. The fluorescence intensity was measured using a fluorescence microplate reader (Infinite F Nano+) with an excitation wavelength at 485 nm and an emission wavelength at 530 nm. The concentrations of IL-8, IL-10 and TNF-α in the spent medium of dNK cells were determined using commercially available enzyme-linked immunosorbent assay (ELISA) kits (KHC3012, BMS215-2 and KHC0081, Abgent, San Diego, CA, United States). The samples were analyzed in quadruplicate.
In Vitro Models to Study Human Trophoblast Invasion
JEG-3 cells (HTB-36, ATCC) were cultured in DMEM/Ham’s F-12 medium (Sigma, St. Louis, MO) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, at 37°C, in an atmosphere of 5% CO2. The trophoblast invasion was measured by invasion assay (BD BioCoat™ Matrigel™ Invasion Assay, BD Biosciences). In brief, JEG3 cells (1 × 104 cells/well) were placed in the upper invasion chamber, with the spent medium from dNK cells (1 × 105 cells/well) treated with 0.5 µM chemerin, or 0.5 µM chemerin + 1 µM α-Neta treatment for 24 h were added into the upper chamber. FBS (10%) was added as a chemoattractive agent in the lower chamber. The invaded cells on the lower membrane of the chamber were stained with crystal violet, and images were acquired under light microscopy. The cells were then dissolved by 10% acetic acid, and the absorbance was measured at 595 nm.
In Vitro Models to Study Human Trophoblast Fusion and Differentiation
The BeWo cell line has been widely used as an in vitro model for studying trophoblast intercellular fusion and differentiation (Heaton et al., 2008). BeWo cells (CCL-98, ATCC) were cultured in DMEM/Ham’s F-12 medium (Sigma, St. Louis, MO) containing 10% FBS and 1% penicillin-streptomycin, at 37°C, in an atmosphere of 5% CO2. BeWo cells (1 × 106 cells/well) were plated in 6 well multi-dishes and maintained in culture until the cells were 70–80% conﬂuent. Differentiation was induced by the addition of 20 µM forskolin (F6886, St. Louis, MO, as positive control) with or without 0.5 µM chemerin, or 0.5 µM chemerin +1 µM α-Neta, in a serum-free medium for 48 h. All experiments involving the cell treatment were accompanied in parallel by vehicle controls. The quantification of BeWo cell fusion under different stimulatory conditions was performed by calculating the fusion index in 20 randomly selected microscopic fields of each condition. The fusion index = number of nuclei in syncytia/total number of nuclei x 100%. The cells were harvested to measure the expression of relevant differentiation markers by qPCR.
Semi-Quantitative RT-PCR
Total RNA was extracted from placentas or BeWo cells after 48 h of treatment using Illustra RNAspin Mini RNA isolation kit (25-0500-71, GE Healthcare, United States). RT-PCR was performed following the protocol for Taqman Gold RT-PCR (Manufacturer). For cDNA amplifications, highly specific forward and reverse primers were used with initial heating at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The TaqMan™ Gene Expression Assay primers were purchased from Life Technologies, including mouse Interleukin (IL)-6 (Mm00446191_m1); IL-8 (Mm04208136_m1); IL-10 (Mm01288386_m1); Tumor necrosis factor-alpha (TNF-α) (Mm00443258_m1); Matrix metalloproteinase-2 (MMP)2 (Mm01253624_m1); MMP9 (Mm00600157_g1); Human Glial Cells Missing-1 (GCM1) (Hs00961601_m1); syncytin-1 (Hs00835189_CE); Caudal-type homeobox gene 2 (CDX2) (Hs01078080_m1); Human leukocyte antigen G (HLA-G) (Hs00365950_g1); and CK7 (Hs00559840_m1).
Mouse Model
C57BL/6 mice (8 weeks) were obtained from the Guangdong Medical Laboratory Center (Guangdong, China). Cmklr1−/− mice were obtained from The Jackson Laboratory (Bar Harbor, ME United States). Estrous Cmklr1-deficient females were paired with Cmklr1−/− males to obtain timed pregnancy, and copulation plug detection the next morning was designated as gestation day (GD) 1. The same procedure was performed between wildtype mice. Animals were housed in a controlled environment where constant temperature, humidity, and a 12-h light-dark cycle with free access to chow diet and water were given. All animal usage has complied with the procedures approved by the Committee on the Use of Live Animals for Teaching and Research, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences (Permit Number: SIAT-IRB-120223-A0009).
Measurement of Placental Layers
Undissected GD 12 mice enveloped within uterine tissue were collected. Tissue samples were fixed in fixative solution (Pyrocitric acid: formaldehyde: glacial acetic acid 15: 5: 1) and processed for embedding in paraffin. Paraffin-embedded tissues were sectioned into 5 µm for hematoxylin and eosin staining. Digital photographs of three central sections of each placenta were taken. Image J software was used to measure the relevant stained or unstained regions of each section. For each placental section, the area of the whole placenta, labyrinth, junctional, and decidua zone was measured.
Lectin Histochemistry for Fetal Blood Vessels and Mice dNK
The sections of GD12 placenta from both wildtype and Cmklr1-deficient pregnant mice mounted on glass slides were subsequently de-waxed, rehydrated, and incubated with 3% H2O2. It was then washed three times with PBS, and the antigen was retrieved by using a 1× Universal HIER antigen retrieval reagent (ab208572, Abcam, MA 02453, United States). Sections were then blocked with 10% goat serum (ab7481, Abcam) for 1 h at room temperature. The sections were incubated in isolectin B4 (BSI-B4)(1: 100 in PBS, L-5391, Sigma-Aldrich, St Louis, United States) for fetal blood vessels and biotinylated-Dolichos biflorus (DBA) lectin (1: 1,000 in 1% BSA/PBS, L6533, Sigma Aldrich, Saint Louis, MO, United States) for dNK. The sections were incubated for 1 h and then washed three times in PBS. The lectin binding was detected by 30 min incubation with streptavidin-peroxidase (Extraditing-peroxidase; E2886, Sigma Aldrich, Saint Louis, MO, United States) and peroxidase-labeling kit (Vector Laboratories, city, country). The slides were then counterstained with hematoxylin, and then mounted followed by dehydration and clearing through a graded series of ethanol and xylene washes.
Immunofluorescent Staining of MCT4 for Syncytiotrophoblast II Development and TPBPA for the Glycogen Trophoblast Cells, Giant Cells and Spongiotrophoblasts in the Junctional Zone
For immunostaining, antigen retrieval was performed in the deparaffinized sections as described above. The sections were permeabilized by eBioscience™ Permeabilization Buffer (00-8333-56, Thermo Fisher Scientific, Massachusetts, United States), followed by blocking in 10% goat serum (ab7481, Abcam) for 1 h. The sections were incubated with anti-monocarboxylate transporter 4 (MCT4, 1: 100, AB3314P, Merck Millipore) or anti-trophoblast specific protein alpha (TPBPA, 1: 100, ab104401, Abcam) antibodies overnight. After incubation, sections were washed three times in PBS. Primary antibodies were detected with appropriate fluorescence-conjugated secondary antibodies (1: 500 dilutions in PBS) for 1-h incubation. After incubation, sections were washed by PBS three times for 15 min. Nuclei were then counterstained with 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI, 1:500 dilution in PBS, D9542, MERCK, United States) for 2 min followed by washing with PBS five times. The sections were then mounted with a fluorescence mounting medium (S3023, DAKO, United States) and digital images were captured under a fluorescent microscope.
Immunohistochemistry of Cytokeratin 8 for Trophoblast
The sections were incubated with, anti-CK8 antibody (ab53280, Abcam). CK8 staining was visualized using a DAB substrate kit for peroxidase from Vector Laboratories and counterstained and mounted as described above. Digital photographs at 4× and 10× were taken, and Image J software was used to quantify the ratios of the invaded vessel to the amount vessels in wildtype and Cmklr1 deficient decidual zone.
Serum IL-15 Measurement
The blood from wildtype and Cmklr1−/− mice in GD 12 were collected. Serum was collected and frozen at −20°C in aliquots. According to the manufacturer’s protocol, serum IL-15 levels were measured using commercially available and sandwich enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, CA, United States). The samples were analyzed in triplicate.
Statistical Analysis
All values were expressed as mean ± SD. One-way ANOVA on Rank test was used to test the statistical differences between groups. Parametric Student’s t-test or non-parametric Mann Whitney U test was used where appropriate as the post-test. GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA, United States) was used for all statistical analyses. A p-value of less than 0.05 was considered significant.
RESULTS
Chemerin-CMKLR1 Axis Regulates the Proliferation and Cytokine Secretion of Human dNK Cells
Chemerin immunoreactivities were positively stained in the trophoblast layer of human placental tissues. Compared with normal pregnancy, the expression of chemerin was reduced in the term pregnancy placental villi from women who presented with PE (Figure 1A). The biological effects of chemerin are mediated by CMKLR1. By using flow cytometry and immunohistochemistry, we demonstrated CMKLR1 expressions in CD16−CD56+ dNK (Figure 1B) cells and chorionic villi (Figure 1C) of first-trimester pregnancies respectively. To determine the role of CMKLR1 in regulating dNK cell proliferation, dNK cells were treated with chemerin with or without α-Neta, a specific antagonist of CMKLR1 for 24 h. Our results showed that while 0.5 µM chemerin suppressed the proliferation of the dNK cells, the inclusion of 1 µM α-Neta abolished the suppressive effect of chemerin (Figure 1D). The results indicated that the interaction of chemerin-CMKLR1 inhibited dNK cell proliferation.
[image: Figure 1]FIGURE 1 | Chemerin-CMKLR1 axis regulates the proliferation and cytokine secretion of human dNK cells (A) Representative chemerin staining in placentas and the H-score of the area displaying chemerin positivity. Scale bar = 100 µm (B) The expression of CMKLR1 was detected in human dNK cells (CD56+CD16−) using flow cytometry (C) Location of CMKLR1 in human villi in early pregnancy based on immunohistochemistry using antibodies specific for CMKLR1. Brown color indicates specific CMKLR1 staining (D) The proliferation of primary dNK cells after being treated with 0.5 μM chemerin, 0.5 μM chemerin +1 µM α-Neta or vehicle for 24 h was assessed by proliferation kit. The concentration of IL-8 (E), IL-10 (F) and TNF-α (G) in spent medium of primary dNK cells after being treated with 0.5 μM chemerin, 0.5 μM chemerin +1 µM α-Neta or vehicle were measured by ELISA. As isotype controls, sections were incubated with Isotype IgG control (H) The effect of spent medium from dNK cells treated with 0.5 μM chemerin, 0.5 μM chemerin +1 µM α-Neta on trophoblast invasion in a transwell assay. Invasive cells were stained with crystal violet. Scale bar = 200 µm. The invasive index was calculated as the percentage of invasion in treatment groups to the percentage of control group invasion. The results were represented as Mean ± SD, analyzed by One-way ANOVA; *p < 0.05 and **p < 0.01 vs. Control group; N = 5. dNK: decidual Natural Killer.
The dNK cells are in close proximity to EVTs and regulate EVT functions by secretory factors. For example, dNK cell-derived IL-6, IL-8, hepatocyte growth factor, granulocyte-macrophage colony-stimulating factor (GM-CSF), and interferon-inducible protein-10 have been demonstrated to regulate human EVT motility and/or invasion (Hanna et al., 2006; Wallace et al., 2012). Therefore, we investigated the possible roles of chemerin on IL-8, IL-10 and TNF-α secretions by dNK cells. Our data revealed that IL-8 (Figure 1E) production was downregulated, while IL-10 (Figure 1F) and TNF-α (Figure 1G) were upregulated in dNK cells after chemerin treatment. The inclusion of 1 µM α-Neta abolished the effect of chemerin, indicating the involvement of CMKLR1.
To further confirm the implication of chemerin-CMKLR1 interaction in the regulatory activities of dNK cells on EVT functions, the spent medium of dNK cells after chemerin treatment was collected and applied to the EVTs. The dNK cells without chemerin treatment or with chemerin treatment in the presence of α-Neta were served as control. Our results showed that the spent medium of chemerin-treated dNK cells significantly decreased EVT invasion when compared to the controls, and such effect was abolished by α-Neta (Figure 1H).
Chemerin-CMKLR1 Interaction Promotes Human Trophoblast Syncytialization
Fusion of the cytotrophoblasts forms the multinucleated syncytiotrophoblast responsible for hormone production and maintenance of homeostasis of pregnancy. By using BeWo cells, an established model of forskolin induced syncytialization of cytotrophoblasts (Supplementary Figure S1), we demonstrated that chemerin-CMKLR1 interaction reduced E-cadherin expression, and thereby promoted syncytialization (Figures 2A,B). The inclusion of 1 µM α-Neta abolished the stimulatory effect of chemerin on syncytialization, indicating the involvement of CMKLR1 in cytotrophoblast syncytialization. The observations were supported by the upregulation of GCM1 (a trophoblastic differentiation marker) and Synctin-1 (a syncytiotrophoblast marker), and downregulation of CDX2 (a trophectoderm marker) in BeWo cells after chemerin treatment.
[image: Figure 2]FIGURE 2 | Chemerin-CMKLR1 interaction promotes human trophoblast syncytialization (A) Immunofluorescence staining of BeWo cells was also used to quantify BeWo cell fusion under the different stimulatory conditions. There was a low level of spontaneous fusion of BeWo cells, but most cells were in a mononucleated state. Chemerin stimulated the fusion of BeWo cells while the presence of chemerin in combination with α-NETA showed that chemerin-induced cell fusion was inhibited by α-NETA (B) Fusion index of BeWo cells treated with the vehicle, 0.5 µM chemerin and 0.5 µM chemerin +1 µM α-Neta for 48 h (C) The relative expression of trophoblast differentiation maker GCM1 (D) syncytiotrophoblast markers Synctin-1 were quantified by quantitative real-time PCR (E) The relative expression of trophectoderm marker CDX2 was analyzed by real-time PCR. The results were represented as Mean ± SD, analyzed by One-way ANOVA; *p < 0.05 and ***p < 0.001 vs. Control group; N = 5. GCM1: Human Glial Cells Missing-1; Synctin-1; CDX2: caudal-type homeobox gene 2. Scale bar = 100 µm.
Cmklr1 Knockout Affects the Pregnancy Outcome in Vivo
To assess the role of Cmklr1 in placental development in vivo, a Cmklr1-deficient mouse model was generated (Supplementary Figure S2A). Successful ablation of Cmklr1 was confirmed by PCR analysis (Supplementary Figure S2B). Cmklr1 knockout had no effect on chemerin expression (Supplementary Figure S2C). The Cmklr1 deficient mice exhibited larger litter size (Figure 3A) and more implantation sites (Figures 3B,C) but reduced fetal weight at birth (Figure 3D) when compared to the wildtype mice.
[image: Figure 3]FIGURE 3 | Cmklr1 knockout affects the pregnancy outcome in vivo (A) Quantification of average litter size (N = 20 pregnant mice/genotype) (B) Representative embryos within uteri in wildtype and Cmklr1−/− mice at GD5. Arrowheads indicate viable implantation sites visualized as blue bands by uptake of Chicago Blue dye (C) Quantification of average implantation sites at GD5 (N = 20 pregnant mice/genotype) (D) The fetus weight at birth from wildtype mice and Cmklr1−/− mice. The results were represented as mean ± SD, n = 5. *p < 0.05. SD: standard deviation.
Cmklr1 Knockout Affects Placental Development and Spiral Arterial Remodeling in Vivo
Cellular morphology of the wildtype and the Cmklr1-deficient placentas were compared (Figure 4A) which showed a significant reduction of the junctional zone thickness as indicated by TPBPA staining, and thus a proportionally increased labyrinth zone in the Cmklr1-knockout placentas. Significant enlargement of the luminal diameter of the spiral artery was also observed in the Cmklr1−/− mice (Figure 4B) which was accompanied by accumulation of the CK8 positive trophoblast (Figure 4C). In contrast, there was no difference in size of the decidua basalis between the Cmklr1−/− and the wildtype pregnant mice (Figure 4A).
[image: Figure 4]FIGURE 4 | Cmklr1 knockout affects the placental development and spiral arterial remodeling in vivo (A) Representative H&E-stained transverse sections of placentas. The immunofluorescent staining of TPBPA for outlining the junctional zone. The ratio of the junctional zone, labyrinth layer, and decidual zone to total placental areas (B) H&E staining of placental sections from wildtype mice and Cmklr1−/− mice at GD12 in different magnifications. Quantification of the spiral arterial luminal diameter. The middle placenta section from each litter (four litters from four mothers per group) was used for analysis. The spiral arteries are indicated by arrowheads (C) The invasion ability of the trophoblast was examined. Transverse sections of wildtype and Cmklr1−/− placentas at GD12 were immunohistochemically stained with antibodies against trophoblast marker CK8 in different magnifications. Invading trophoblasts are indicated by arrowheads. The trophoblast invaded vessels percentage was analyzed in 3 mid-sagittal implantation site sections per mouse (n = 4/group) and averaged using ImageJ software. Quantification of the ratios of the invaded vessel to the amount vessels in wildtype and Cmklr1−/− decidua zone (D) Immunofluorescent staining with MCT4 showing the syncytiotrophoblast II in the transverse sections of placentas in wildtype and Cmklr1−/− mice at GD 12 in different magnifications. Quantification of the MCT4 expression in the labyrinth layers in wildtype and Cmklr1−/− placentas (E) Immunohistochemistry with isolectin BSI-B4 staining shows the fetal blood vessels in the transverse placenta’s sections in wildtype and Cmklr1−/− mice at GD 12 in different magnifications. H-score of BSI-B4 positive staining in the labyrinth trophoblasts around fetal blood vessels in wildtype and Cmklr1−/− placentas. The maternal lacunae are indicated by arrowheads. The middle placenta section from each litter (four litters from four mothers per group) was used for analysis. The results were represented as the mean ± SD. *p < 0.05, **p < 0.01. Scale bar = 200 μm. BS1: isolectin BSI-B4 (GSL I-B4); MCT4: Monocarboxylate transporter 4; SD: standard deviation.
To determine syncytialization in the Cmklr1-knockout placenta, we stained for MCT4, a monocarboxylate transporter specifically expressed in the syncytiotrophoblast II layer. The thickness of the syncytiotrophoblast II layer and the MCT4 staining were significantly reduced in the Cmklr1-deficient labyrinth. As the syncytiotrophoblast II layer enclosed fetal blood vessels in the labyrinth, the reduced MCT4 staining suggested that the fetal blood vessels were not properly developed in the region (Figure 4D), consistent with the diminished BSI-B4 staining that outlines the matrix surrounding the fetal vessels in the Cmklr1-deficient placenta when compared to the wildtype (Figure 4E).
Cmklr1 Knockout Is Associated With Increased dNK Cells
Successful placental development and spiral arterial remodeling require dNK cells. The Cmklr1−/− mice had a significant increase in the number of DBA-lectin positive dNK cells (Figure 5A) in the decidual zone when compared to the wildtype. IL-15 is involved in activating the proliferation of the CD56Bright NK cells (Felices et al., 2018). Therefore, we analyzed the serum IL-15 level of the Cmklr1−/− pregnant mice at GD 12. We detected a 5-fold increment in serum IL-15 level in the Cmklr1−/− mice when compared to the wildtype (Figure 5B). We also investigated the downstream factors responsible for the altered placental development in the Cmklr1-knockout placenta. These factors, including IL-6 (Champion et al., 2012), IL-8 (Jovanović et al., 2010), IL-10 (Pang et al., 2008), MMP2, MMP9 (Staun-Ram et al., 2004), and TNF-α have been associated with the regulatory activities of dNK cells on trophoblast functions. Our data revealed that IL-8 (Figure 5C), MMP2 (Figure 5D), and MMP9 (Figure 5E) were upregulated while IL-10 (Figure 5F) and TNF-α (Figure 5G) were downregulated. The expression of IL-6 was not significantly affected (Figure 5H).
[image: Figure 5]FIGURE 5 | Cmklr1 knockout is associated with increased dNK cells. (A) The amount and distribution of dNK cells of wildtype and Cmklr1−/− were investigated by immunohistochemically staining with antibodies against DBA Lectin in different magnifications. Scale bar = 200 μm. Quantification of the number of dNK cells. (B) The concentration of IL-15 in serum of wildtype and Cmklr1−/− at GD 12 was measured by ELISA. Total RNA samples from wildtype and Cmklr1−/− placentas at GD12 were subjected to qRT-PCR. The middle placenta section from each litter (four litters from four mothers per group) was used for analysis. The expression of (C) IL-8, (D) MMP2, (E) MMP9, (F) IL-10, (G) TNF-α and (H) IL-6 were examined. The results were represented as mean ± SD, n = 4. *p < 0.05 and **p < 0.01. IL: Interleukin; TNF-α: Tumor necrosis factor-alpha; MMP: Matrix Metallopeptidase; TIMP: Tissue inhibitor of metalloproteinases. qRT-PCR: quantitative reverse-transcription polymerase chain reaction; SD: standard deviation. TPBPA: trophoblast-specific protein alpha.
DISCUSSION
The increased placental chemerin level was related to human PE and overexpression of chemerin in trophoblast contributed to the development of PE-like symptoms via its receptor CMKLR1 (Tan et al., 2022). Here, to elucidate the role of chemerin-CMKLR1 in pregnancy, we generated mice knockout for Cmklr1. We found that the weight of Cmklr1−/− fetus at birth was reduced by around 15%. It could be speculated that the reduced fetus growth was related to defective placental development. During labyrinth formation, the syncytiotrophoblast layers facilitate fetomaternal exchanges by intercrossing between the fetal vessel and maternal blood lacunae (Dupressoir et al., 2011). The extent of the trophoblast branch contributes to blood vessels in the mature labyrinth development (Watson and Cross, 2005). Here we demonstrated that the Cmklr1−/− mice showed 1) an increased total labyrinth area with enlarged maternal blood lacunae; 2) degenerative changes in interhemal trophoblasts; 3) defects in syncytial formation of the syncytiotrophoblast II, facing the embryonic vessels, which was confirmed by the ability of α-Neta in abolishment of observed effect on syncytialization. The defective syncytiotrophoblast II development may attenuate the interactions and functions of neighboring trophoblast cells leading to the observed reduced interhemal trophoblasts and disorganization of the maternal-fetal transferring network in the labyrinth, and ﬁnally to reduced fetal growth. As summarized above, we proposed the working model for CMKLR1 in placental development (Figure 6).
[image: Figure 6]FIGURE 6 | The working model shows the regulation of CMKLR1 signaling during placental development. Upper: The strategy of Cmklr1 gene knockout in mouse. Lower: Cmklr1−/− led to increased trophoblast invasion by increased proliferation of dNK cells and reduced JZ by reduced syncytiotrophoblast II differentiation. My: myometrium; De: decidua; JZ: junctional zone; La: Labyrinth; TGC: trophoblast giant cells; dNK: decidual Natural Killer; SA: spiral artery; GC: giant cells; CT: chronic trophoblast; ST: syncytiotrophoblast; LV: labyrinth vasculature.
Patients suffering from hypertension and PE showed significantly higher serum chemerin concentrations (Cetin et al., 2017; Xie and Liu, 2022). The increased placental chemerin was also found in the villi of preeclamptic women (Xu et al., 2014; Tan et al., 2022). Our findings demonstrated that Cmklr1 knockout mice had more invaded trophoblasts and larger arteries in the decidua and myometrium than those in wildtype mice. Consistently, overexpression of trophoblastic chemerin diminishes trophoblast invasion (Tan et al., 2022). These observations indicate that CMKLR1 mediates the role of chemerin in pregnancy.
Trophoblast invasion and dNK cell functions are indispensable for spiral artery remodeling (James et al., 2010). During placental development, dNK cells (CD56brightCD16−) are the predominant lymphocyte population (around 70–80%) at the implantation sites (Liu et al., 2017), where trophoblast invasion and vascular remodeling happen (Hanna et al., 2006). Our data showed that CMKLR1 was expressed in the CD16−CD56bright NK cells, in line with a previous report (Carlino et al., 2012). The interaction of chemerin-CMKLR1 inhibited dNK cell proliferation and decreased EVTs invasion. These are in line with our in-vivo study showing increased trophoblast invasion deeply into the spiral artery in the Cmklr1-knockout mice placenta. The regulation of trophoblast invasion at the maternal-fetal interface is controlled by various factors, including cytokines, chemokines, growth factors, sex hormones, critical protease, and adhesion molecules (Harris et al., 2009) through autocrine or paracrine action (Bischoff et al., 2000). These factors are secreted from the trophoblast, decidual endothelial cells and dNK cells, suggesting a complex network to regulate trophoblast invasiveness (Knöfler, 2010). Based on the increased dNK cell number in the mouse placenta and the increased proliferation of human dNK cells treated with chemerin, the deep trophoblast invasion of the Cmklr1−/− mice placentas may be regulated by secretions of the dNK cells.
The dNK cells are well known to express killer cell immunoglobulin-like receptors and produce angiogenic cytokines and proteins such as TNF-α, interferon-γ, and vascular endothelial growth factor (VEGF) that regulate trophoblastic invasion, angiogenesis, and vascular remodeling (Ashkar et al., 2000; Fukui et al., 2012). The dNK cells also produce MMP2 and MMP9, which together with VEGF, placental growth factor (PGF), and angiopoietin are essential for maintenance of vessel stability (Smith et al., 2009). Consistently, both our in vitro and in vivo studies confirmed that chemerin-CMKLR1 axis is involved in regulating the productions of trophoblast regulatory factors from dNK cells, including TNF-α, IL-10 and IL8.
We observed upregulation of IL-15 in the Cmklr1−/− mice serum. IL-15 plays a role in development, survival, and activation of the NK cells, homeostasis of natural killer T (NKT) cells and intraepithelial lymphocytes, and maintenance of the naïve and memory CD8+ T cells (Koka et al., 2003). IL-15 and IL-15Rα-deficient mice lack NK cells and have severely reduced numbers of NKT cells, memory CD8+ T cells, and specific subsets of intestinal intraepithelial lymphocytes (Koka et al., 2003; Terabe et al., 2008). The IL15−/− mice exhibited impaired remodeling of the spiral arteries, including decreased lumen diameters and thicker vessel walls (Ashkar et al., 2003). IL-15 might also participate in cytotrophoblast invasion, possibly related to the increased expression of MMP-1(Sharma et al., 2016). IL-15 is secreted by a large variety of tissues and cell types. Its expression in the endometrium is stronger during the secretory phase and first trimester pregnancy when compared to the proliferative phase, consistent with involvement of IL-15 in early placentation (Kitaya et al., 2000). Since IL-15 is also produced by placenta (Li et al., 2021), the increased serum IL-15 level in Cmklr1 knockout mice may be contributed by both decidua and placental tissues. This IL-15 upregulation may activate the dNK cells and thereby modulate the trophoblast functions. These observations provide the cellular mechanism on how the dNK cell proliferation is related to the increased trophoblast invasion in the Cmklr1−/− mice.
In summary, CMKLR1 is required for placental development. The deletion of CMKLR1 decreased fetal vessel density, syncytiotrophoblast II development and enlarged maternal lacunae in the labyrinth while increased trophoblast invasion and enlarged spiral artery lumen in the decidua. The possible reasons for the observed beneficial effect of Cmklr1 knockout on spiral artery remolding are increase in dNK cell proliferation and IL-15 production, upregulation of MMP2, MMP9, and reduction of TNF-α and IL-10, subsequently enhancement of trophoblast invasion. A major limitation of this study is the suppression of CMKLR1 is not placenta-specific, and the loss of CMKLR1 in other organs might have a confounding effect on the development of the placenta. Another limitation is that there is potential interference caused by the presence of endogenous chemerin from dNK cells in the in vitro experiments which might affect the result interpretation. Also, the specific CMKLR1 signaling cascade responsible for causing the phenotype is still unknown. Further investigation is required to define the exact molecular mechanisms how chemerin elevation can contribute to PE. It may associate with the dysregulation of transcription factor HOXA9 which has been reported to activate chemerin transcription, promote pyroptosis and inflammation of trophoblasts, and contributed to PE (Quan et al., 2021). The results of this study suggest that CMKLR1 expression may be used for the early prediction of placenta-associated complications with altered NK cell biology. Suppression of CMKLR1 via a specific antagonist could be a possible treatment for PE.
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Uterine status determines pregnancy success. Although it is well known that superovulation operations can disrupt uterine function, our understanding of the morphological changes in the uterine endometrium at the three-dimensional (3D) level is limited. Here, combining the tissue clearing with 3D deep imaging, we reveal an increase in epithelial density and angiogenesis after ovarian stimulation, which is accompanied by a circulating surge in P4 levels. Using an ovariectomized mouse model, we further detected the separate regulatory effects of P4 and E2 on the uterine endometrium, with P4 promoting endothelial cell growth and E2 inducing epithelial proliferation. Additionally, we observed that the effects of E2 can be partially neutralized by P4, and vice versa. By analyzing the 3D uterine imaging, we discovered an interesting phenomenon in which the growing blood vessels closely surround the remodeling uterine epithelium, indicating a close relationship between angiogenesis and epithelial growth. These findings provide new insight into the uterine epithelial changes and angiogenesis at the 3D level, and explain a potential reason for endometrial changes due to the low implantation rate in patients undergoing clinic super-ovulation.
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INTRODUCTION
Although IVF (in vitro fertilization) has been widely used for over 40 years, a low implantation rate was found when fresh embryos were transferred after the superovulation cycle, especially in patients with ovarian hyperstimulation syndrome (Chen et al., 2016). Frozen embryo transfers can significantly increase the pregnancy rate (Chen et al., 2016; Shi et al., 2018), suggesting that the superovulation-induced abnormal uterine endometrial status is one of the main reasons for implantation failure.
In clinical and mouse-based researches, superovulation is a routine operation used to retrieve a large number of oocytes for pregnancy. However, this process usually induces an extensive ovulatory response and high levels of circulating steroid hormones. It is well known that progesterone (P4) and estrogen (E2) precisely regulate uterine functions, especially the changes in uterine blood vessels and the epithelium. For example, the induction of epithelial cell proliferation in mice is simply induced by E2 (O'Brien et al., 2006), but the regulatory effects of P4 and E2 on endometrial vasodilation and angiogenesis are more complex. It has been reported that E2 promotes uterine vascular permeability through its nuclear receptor ERα (Hyder et al., 2000), and stimulates VEGF and Flk1 expressions in the stromal bed (Ma et al., 2001), but profoundly attenuates uterine angiogenesis (Ma et al., 2001). P4 induces endothelial cell proliferation (Walter et al., 2005) and uterine angiogenesis but has little effect on vascular permeability (Ma et al., 2001). However, another study showed that E2 induces rapid proliferation of both the endothelial and stromal cells (Heryanto and Rogers, 2002), suggesting the angiogenic effect of E2. The differences between these results are not only due to the different mouse models used by the authors, but also due to the limitations of detection technology based on thin tissue sections, which can only provide local 2D information rather than 3D views. Moreover, although the adverse effects of superovulation and abnormal gene expression in the endometrium have been reported in the clinic (Haouzi et al., 2009), the specific changes in uterine glands and endometrial blood vessels remain unclear, especially at the 3D level.
Here, by combining the tissue clearing method and deep imaging, we detected 3D changes in uterine endometrial angiogenesis and epithelial proliferation in the superovulated mouse endometrium compared with the control endometrium, showing a decreased endometrial volume and increased epithelial and vascular density. For superovulation-induced circulating P4 levels rather than E2 levels in mice, we also used the ovariectomized mouse model to detect the regulation by P4 and E2 in the endometrium separately. Moreover, we also observed an interesting network between blood vessel growth and epithelial lining proliferation, indicating a potential interaction between them in the endometrium.
RESULTS
Uterine 3D Imaging Revealed a Decreased Endometrial Volume Following Superovulation
To detect morphological changes in the pre-implantation mouse uterus in response to exogenous gonadotropin, we established a uterine-specific whole-organ clearing method (Figure 1A), which was optimized from a previous work (Arora et al., 2016). Uteri from both control (Con) and superovulation (SO) mice at gestational day 4 (Day 4) were collected and cleared by using clearing methods, during which FLK1 (VEGF receptor 2) and CK (cytokeratin) were used to label vascular endothelial and epithelial cells of the uteri, respectively (Figures 1B–G). Combining confocal imaging and 3D reconstruction, we found that the uterus of SO group was much smaller than that of the Con group (Figures 1B,E). To further examine the endometrial changes under superovulation, we computationally isolated the uterine endometrium and myometrium separately, and the results showed that endometrial volume and the ratio for the endometrial/myometrial diameter were all significantly decreased following superovulation (Figures 1D,G,J,K), suggesting that superovulation might disrupt endometrial proliferation at Day 4.
[image: Figure 1]FIGURE 1 | Uterine endometrial changes in the 3D level after superovulation. (A) Experimental flow chart. (B) 3D reconstruction of the control uterus on day 4. (C–D) 3D rendering of the control uterus (C) and uterine endometrium (D) on day 4. (E) 3D reconstruction of the superovulation uterus on day 4. (F–G) 3D rendering of the superovulation uterus (F) and uterine endometrium (G) on day 4. (H) Schematic diagram illustrating the luminal orientation within the uterus and the diameter of the endometrium and myometrium. The normal luminal axis is parallel to the uterine M-AM axis in the control uteri, while the abnormal axis (delineated by the orange dashed line) is deflected from the uterine axis in the superovulation uteri. The angles of deviation are indicated as ∠θ. (I) Comparing the value of the ∠θ in the control and superovulation groups. (J) Comparing the endometrial volume on day 4 in control and Superovulation groups. (K) Comparing the ratio of the endometrial diameter/myometrial diameter in the control and superovulation groups. Scale bar of (B–G) = 350 μm. The results are shown as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 7.
More interestingly, we noticed that, unlike the vertical lumen along the mesometrial–antimesometrial (M–AM) axis in the uteri of the Con group, that of the SO group showed an aberrant fold of the lumen, and the luminal axis was deflected from the uterine axis (Figures 1H,I). The angles of deviation were indicated as ∠θ, which was >20° in the SO group but <10° in the Con group (Figure 1I). Vertical luminal closure on Day 4 is responsible for the correct embryo orientation during the implantation process. This defect of luminal folds might lead to many “pitfalls” for blastocysts, as a previous study reported (Zhang et al., 2014), and causes a potentially disoriented uterine–embryonic axis after implantation, which might lead to developmental failure of the embryo post-implantation.
Superovulation Induced Epithelial Cell Proliferation and Endometrial Angiogenesis in Pre-implantation Uteri
To further quantitatively analyze the endometrial changes, 3D surface of the epithelial signals was generated after separating the endometrium (Figures 2A,D). The statistical results showed an increase in the endometrial epithelial density after superovulation (Figure 2G). We then computationally isolated 3D surfaces of the luminal epithelium and glandular epithelium, and the 3D surfaces were evaluated. The purple signal indicates the luminal epithelium and the blue signal indicates the glandular epithelium (Figures 2B,E). Compared to the Con group, the SO group had more glandular epithelium, and the ratio for glandular epithelial volume/epithelial volume was increased by approximately 1.2 times (Figure 2H). However, when amplifying the glandular epithelium at the 2D level (Figures 2C,F), we found that the diameter of the gland was much smaller in the SO uteri than in the Con group (Figure 2I). All these results suggested that ovarian stimulation led to more epithelial cell proliferation but with narrower glands.
[image: Figure 2]FIGURE 2 | Uterine epithelial changes in the 3D level after superovulation. (A) 3D rendering of uterine epithelium of the control group. (B) 3D rendering of glandular epithelium (blue) and luminal epithelium (purple) of the control group. (C) Light-section of the uterine gland in the control group. (D) 3D-rendering of the uterine epithelium of the superovulation group. (E) 3D rendering of the glandular epithelium (blue) and the luminal epithelium (purple) of the superovulation group. (F) Light-section of the uterine gland in the superovulation group. (G) Comparing endometrial epithelial density in the control and superovulation groups. (H) Comparing the ratio of glandular epithelium/total epithelium in the control and superovulation groups. (I) Comparing the glandular diameter in the control and superovulation groups. Scale bar of (A,B,D,E) = 350 μm. Scale bar of (C,F) = 50 μm. The results are shown as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 7.
With the same strategy, we also generated the 3D surface of blood vessels (orange) to quantitatively calculate the changes in the endometrial angiogenesis. As shown in Figures 3A,E, we noticed that the endometrial vascular density and diameter of the SO group were a marginally increased compared with those of the Con group (Figures 3I,K), showing an abnormal angiogenesis pattern of the stimulated cycles. A previous study reported that excessive angiogenesis and an abnormal vascular diameter in the peri-implantation endometrium were positively correlated with the occurrence of a miscarriage (Plaisier, 2011), suggesting that the low implantation rate caused by superovulation could be related to an abnormal endometrial vascular growth.
[image: Figure 3]FIGURE 3 | Uterine endometrial angiogenesis in the 3D level after superovulation. (A) 3D rendering of the endometrial blood vessels of the control group. (B) 3D rendering of the vessels around the epithelium in the control group. (C) Blood vessels closely surrounded the epithelium in the control group. (D) Magnified detail at the boxed area of (C). (E) 3D rendering of endometrial blood vessels of the superovulation group. (F) 3D rendering of vessels around the epithelium in the superovulation group. (G) Blood vessels closely surrounding the epithelium in the superovulation group. (H) Magnified detail at the boxed area of (G). (I) Comparing endometrial vascular density in the control and superovulation groups. (J) Comparing the ratio of the vessels around the epithelium/vessels in the endometrium in the control and superovulation groups. (K) Comparing the endometrial vascular diameter in the control and superovulation groups. Scale bar of (A–C,E–H) = 350 μm. Scale bar of (D,H) = 60 μm. The results are shown as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 7.
During the analysis, we unexpectedly noticed that the glands were closely intertwined with growing blood vessels (Figures 3C,D,G,H), suggesting that there might be crosstalk of the proliferation between epithelial cells and endothelial cells, as the direction of epithelial cell growth might be regulated by angiogenesis, or vice versa. Considering the topological relationship between blood vessels and the epithelium, we assumed that the number of blood vessels surrounding the epithelium might also increase because a higher epithelial density was found in the superovulated group. To test this hypothesis, we computationally separated the blood vessels twisting around the epithelium to measure their volumes and found more growth of the blood vessels around the epithelium in the SO uteri (Figures 3B,F). Additionally, the ratio of vessels around the epithelium to endometrial vessels was higher than that in Con group’s uteri (Figure 3J). Taken together, the 3D-imaging results indicate that superovulation induced uterine epithelial cell proliferation and endometrial angiogenesis, which impaired the pre-implantation uterine milieu at the pre-implantation stage.
Superovulation Increased Circulating Progesterone Levels at the Early Stage of Pregnancy
To explore the mechanism of endometrial changes, we measured the circulating P4 and E2 levels of female mice after routine superovulation. After successful mating with wild-type male mice, the serum of pregnant female mice were collected from Day 1 to Day 4. The circulating P4 level continually increased from Day 1 to Day 4 in both groups. However, serum P4 was significantly higher in the SO group than in the Con group on these 4 days (Figure 4A). E2 showed relatively gentle changes in the pre-implantation stage, but there was no difference between the Con and SO groups (Figure 4B). Because the ratio of P4 to E2 is a key regulator of implantation, we also checked the changes in this ratio, and found a higher ratio in the SO group (Figure 4C), indicating that the superovulation-induced serum P4 level might be the cause of the endometrial changes.
[image: Figure 4]FIGURE 4 | Steroid hormone in response to superovulation. (A) Circulating progesterone (P4) levels in the control (blue) and superovulation (magenta) groups. (B) Circulating estrogen (E2) levels in the control (blue) and superovulation (magenta) groups. (C) The ratio of P4/E2 in control (blue) and superovulation (magenta) groups. The results are shown as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 5.
Abnormal Endometrial Alterations Following Superovulation Were Mainly Regulated by Increased Progesterone
To further explore the regulatory role of P4 in endometrial changes at the 3D level, we established an ovariectomized mouse model (OV), and found that the ovariectomized uteri were much smaller than the normal uteri due to the lack of hormones, as previously reported. We treated the OV mice with sesame oil, P4, E2, and P4 plus E2 (EP) separately for 72 h. Then, the dissected uteri were collected and 3D imaging analyses as those for the SO and Con groups were performed. As shown in Figures 5A–L, the P4-, E2-, and EP-treatments all induced the proliferation of the uterine endometrium, which is consistent with previous reports. We also observed an increase in endometrial volume and the endometrium/myometrium ratio (Figures 5M,N). Among the hormone-treated groups, we noticed that although E2 treatment significantly promoted endometrial proliferation, the addition of P4 to E2 could partially counteract the E2 stimulatory effects (Figures 5M,N). This observation could explain the phenotype we found in the SO group that with the existence of E2, surged P4 decreased the endometrial volume during the pre-implantation stage.
[image: Figure 5]FIGURE 5 | Uterine endometrial changes in the 3D level after steroid hormone treatment in ovariectomized mice. (A–D) 3D reconstruction of the uterus after the oil-treated group (A), P4-treated group (B), E2 plus P4 (EP)-treated group (C), and E2-treated group (D). (E–H) 3D rendering of the uterus after the oil-treated group (E), P4-treated group (F), E2 plus P4 (EP) treated group (G), and E2-treated group (H). (I–L) 3D rendering of uterine endometrial after the oil-treated group (I), P4-treated group (J), E2 plus P4 (EP)-treated group (K), and E2-treated group (L). (M) Comparing endometrial volume with different steroid hormone treatments. (N) Comparing the ratio of the endometrial diameter/myometrial diameter with different steroid hormone treatments. Scale bar of (A–L) = 350 μm. The results are shown as means ± SEM. Different letters represent significant differences (p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4.
We next detected changes in the endometrial glands. Although the E2 treatment induced endometrial gland growth as the endometrial epithelial density increased significantly, the administration of P4 plus E2 remarkably reduced the endometrial epithelial density (Figure 6M), indicating the inverse effect of P4 compared to E2. On the other hand, after isolating luminal and glandular epithelia separately as we did previously (Figures 6A–H), we found different effects between P4 and E2 on the glandular and luminal epithelia. The ratio of glandular epithelium/luminal epithelium was highest in the P4 group and lowest in the E2 group (Figure 6N), and P4 plus E2 neutralized the effect of administration of these two hormones alone (Figure 6N). A similar phenomenon was also found when analyzing the glandular diameter. E2 treatment alone induced the largest glandular diameter, but if treated with P4 plus E2, the glandular diameter was markedly decreased (Figures 6I–L,O). All these results suggested opposing the effects by P4 and E2 on epithelial cell growth, which can help us to understand the epithelial changes in the SO groups. In the Con group, the P4 level gradually increased from Day 1 to Day 4, while the E2 level remained stable during the pre-implantation stage. However, in the SO group, excess P4 was induced, while the E2 level was unchanged, which promoted glandular epithelial growth and resulted in an increase in the endometrial epithelial density and the glandular epithelium/luminal epithelium ratio.
[image: Figure 6]FIGURE 6 | Uterine epithelial alteration in the 3D level after steroid hormone treatment. (A–D) 3D rendering of the uterine epithelium of the oil-treated group (A), P4- treated group (B), E2 plus P4 (EP)-treated group (C), and E2-treated group (D). (E–H) 3D rendering of the glandular epithelium (blue) and luminal epithelium (purple) of the oil-treated group (E), P4-treated group (F), E2 plus P4 (EP)-treated group (G), and E2-treated group (H). (I–L) light-section of the uterine gland in the oil-treated group (I), P4-treated group (J), EP-treated group (K), and E2-treated group (L). (M) Comparing the endometrial epithelial density with different steroid hormone treatments. (N) Comparing the ratio of glandular epithelium/total epithelium with different steroid hormone treatments. (O) Comparing the glandular diameter with different steroid hormone treatments. Scale bar of (A–H) = 350 μm. Scale bar of (I–L) = 50 μm. The results are shown as means ± SEM. Different letters represent significant differences (p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4.
Finally, we generated a 3D surface of the blood vessels in the endometrium of all the groups (Figures 7A–D), and observed that, compared to the oil-treated group, P4 significantly promoted endometrial blood vessel growth, while E2 inhibited this process. The endometrial vascular density and diameter were highest in the P4-treated group but lowest in the E2-treated group (Figures 7Q,R). It was not surprising to find that the P4 effects were attenuated by E2, and the endometrial vascular density and diameter of the EP-treated group were all between those of the P4 and E2 groups. Additionally, the ratio of the vessels around the epithelium/vessels in the endometrium was increased by P4 treatment (Figures 7E–H,S), suggesting that endometrial angiogenesis after superovulation could be regulated mainly by high P4 levels. In addition, blood vessels closely surrounded the epithelium in all groups as we found in the SO uteri (Figures 7I–P), suggesting that this topological relationship could play important roles in the endometrial function.
[image: Figure 7]FIGURE 7 | Uterine endometrial angiogenesis in the 3D level after steroid hormone treatment. (A–D) 3D rendering of endometrial blood vessels in the oil-treated group (A), P4-treated group (B), E2 plus P4 (EP)-treated group (C), and E2-treated group (D). (E–H) 3D rendering of the vessels around the epithelium in the oil-treated group (E), P4-treated group (F), E2 plus P4 (EP)-treated group (G), and E2 treated group (H). (I–L) Blood vessels closely surrounding the epithelium in the oil-treated group (I), P4-treated group (J), E2 plus P4 (EP)-treated group (K) and E2-treated group (L). (M) Magnified details at the boxed area of (I). (N) Magnified details at the boxed area of (N). (O) Magnified details at the boxed area of (K). (P) Magnified details at the boxed area of (L). (Q) Comparing the endometrial vascular density with different steroid hormone treatments. (R) Comparing the ratio of vessels around the epithelium/vessels in the endometrium with different steroid hormone treatments. (S) Comparing the endometrial vascular diameter with different steroid hormone treatments. Scale bar of (A–L) = 350 μm. Scale bar of (M–P) = 70 μm The results are shown as means ± SEM. Different letters represent significant differences (p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n ≥ 4.
DISCUSSION
In the present study, we established a uterine-specific whole-organ clearing method and examined the 3D morphological changes in the superovulation mouse endometrium. We found a routine superovulation-induced epithelial cell proliferation and endometrial angiogenesis in the pre-implantation uteri, following a remarkable surge in circulating progesterone. We also revealed an essential finding that the growing blood vessels closely surrounded the remodeling uterine epithelium, which is the first morphological evidence of the close relationship between epithelial proliferation and angiogenesis at the 3D level.
Superovulation has been reported to cause many pregnancy disorders, among which defects in uterine receptivity are one of the main causes. Although most previous studies have focused on the molecular changes of uterine cells that regulate the receptivity establishment, the morphological differences of the uteri were more obvious to help us judge the uterine status. Here, by employing 3D imaging and quantitative analysis, we illustrated the changes in the endometrial glands and blood vessels following superovulation. It has been proved that uterine glands are essential for reproduction. The uterine gland knockout (UGKO) sheep and mice all showed infertility, and both had a defect in embryo implantation (Filant and Spencer, 2014). Moreover, the impaired uterine glands also affected glandular secretions, which are an important information mediator between the floating embryo and maternal uterus, and led to incorrect communication (Zhang et al., 2017). We observed the abnormal proliferation of the uterine gland after superovulation, indicating that glandular secretion might be changed. On the other hand, a previous study showed that the mouse uterus should show normal luminal closure along the M-AM direction on Day 4, to ensure that the embryo implants are in the right site, and if these processes are destroyed, aberrant embryo implantation will lead to a progressively disoriented embryonic–uterine axis and miscarriage (Zhang et al., 2014). Our findings in the superovulation mice showed an incorrect luminal structure in the SO uteri, suggesting potential adverse effects for embryo implantation.
Angiogenesis is another important event that regulates uterine receptivity. After the uterine arteries perfuse and branch into the myometrial layer, small vessels arrive at the endometrium. As early as 1940, two different endometrial vessels were described, including the straight arterioles that are in the basal layer and spiral arterioles that are in the functional layer. Among them, spiral arterioles have been found to be sensitive to progesterone (Karizbodagh et al., 2017). Here, we found that superovulation induced the endometrial angiogenesis, which is consistent with previous studies (Rashidi et al., 2017). Interestingly, we first discovered that the growing blood vessels closely surrounded the remodeling uterine glands at the 3D level, indicating the interaction between the epithelial cell proliferation and endothelial cell growth. Considering that the majority of endometrial VEGF is produced by glands (Gargett et al., 1999), there might be a higher expression of VEGF in the uterine gland proliferation site, which might direct the angiogenesis, but this hypothesis needs more study.
Progesterone and estrogen are the main regulators of the uterine status and the process of embryo implantation. It is well established that the function of these two hormones occurs primarily through their receptors via the activation of signaling cascades and adjustments to gene expression (Marquardt et al., 2019). During the pre-implantation stage, progesterone plays an essential role in establishing uterine receptivity, and supplementation with progesterone may extend uterine receptivity for implantation (Song et al., 2007). However, additional evidence has demonstrated that a high concentration of progesterone might impair uterine receptivity and implantation (Liang et al., 2018) and that an aberrant progesterone/estrogen ratio is also harmful to early pregnancy (Maclin et al., 1990), indicating that the concentration of progesterone should be in a suitable range to support implantation. Here, we discovered that a routine superovulation operation increases progesterone and the progesterone/estrogen ratio in mice, which was consistent with previous studies (Akinlosotu and Wilder, 1993). Considering the neutralization effects between E2 and P4, the adjustment of the serum P4/E2 ratio might be helpful in clinical treatments under a similar situation.
On the other hand, our study also has several limitations. Although superovulation-induced epithelial and vascular abnormalities at the 3D level, the adverse effects of these changes on implantation and embryo development in later pregnancy are still unclear. Moreover, in our study, we only measured the serum progesterone and estrogen levels in pregnant mice after ovarian stimulation and did not include other steroid hormones. It has been reported that superovulation could robustly elevate the serum androgen levels, which could also promote epithelial proliferation via androgen receptors in the epithelium, suggesting that endometrial structural alterations may not only be due to a higher progesterone level. Furthermore, it is impossible to reveal the continuous changes of the endometrium in the 3D level for the limitations of tissue clearing methods, which have to use the fixed samples. It is worth expecting the real-time 3D imaging that helps us to have a direct view of the process of embryo implantation.
In summary, we used the uterine 3D reconstruction technology to discover that the superovulation operation increased the circulating progesterone and induced an abnormal epithelial cell proliferation and angiogenesis, which provides new insight for the evaluation of the impaired endometrial receptivity caused by ovarian stimulation at the 3D level, and also might provide a potential clinical index for predicting the outcome of IVF in the future.
MATERIALS AND METHODS
Mice
Eight-week-old adult CD1 mice were purchased from Charles River Laboratories China Inc. The mice were maintained with a 12:12-h light–dark cycle, and the health status is specific pathogen-free according to the Animal Care and Use Committee of Institute of Zoology, Chinese Academy of Sciences.
Superovulation Procedure and Conventional Mating
Virgin adult CD1 female mice were randomly divided into two groups; superovulation group of mice (SO) were injected with 7.5 IU PMSG (Pregnant Mare Serum Gonadotropin), following 7.5 IU HCG (Human Chorionic Gonadotrophin) 48 h later, and the control group (Con) were injected with a saline solution. Virgin adult CD1 female mice of the SO and Con groups were separately mated one-to-one with males overnight and the morning (08:00 a.m.) finding of the vaginal plug was designated as day 1 of pregnancy and then pregnant mice were sacrificed on day 4 (09:00 a.m.) of pregnancy.
Steroid Hormone Injection
Ovariectomized mice were respectively injected with sesame oil (0.1 ml/mouse), estradiol-17β (E2) (100 ng/mouse), P4 (2 mg/mouse), and E2 plus P4 at 9:00 a.m. every day, for 3 days, and then were sacrificed, and their uteri were collected 72 h after the first injection.
Measurement of Serum Hormone Levels
Blood samples of superovulation female pregnant mice and control female pregnant mice on day1–day4 were separately collected by eyeball extirpating under diethyl ether anesthesia. Blood samples were centrifuged at 3,000 rpm for 10 min at 4°C, and the serum was collected for estrogen and progesterone concentration detection using the electro-chemiluminescent immunoassay method.
Whole Mount Immunostaining
Whole mount immunostaining and tissue clearing methods were optimized as previously reported (Arora et al., 2016). Briefly, 1) all the female mice were sacrificed by cervical dislocation and the uteri were placed into fixative (DMSO:Methanol, 1:4) at −20°C overnight. 2) The fixed uteri were transferred to a 1:1, Methanol:PBT (PBS +1% Triton) solution at room temperature rocking on a nutator for 20 min 3) The uteri were transferred to 100% PBT at room temperature rocking on a nutator for 20 min 4) The uteri were blocked in PBSMT (PBS+1%Triton+2%powdered milk) at room temperature rocking on a nutator for 2 h 5) The uteri were subjected to immunostaining using primary antibodies at a dilution of (1:100) in PBSMT and incubated for 5 nights at 4°C on nutator. 6) After 5 days of incubation, the uteri were washed 7 times with PBSMT for 35 min on a nutator at room temperature. 7) The uteri were subjected to immunostaining using secondary antibodies at a dilution of (1:100) in PBSMT and incubated for 3 nights at 4°C on a nutator, and all the samples were covered with an aluminum foil to keep them in the dark. 8) After this step, the uteri were washed 7 times with PBSMT for 35 min on a nutator at room temperature.
Tissue Clearing Procedure
1) After immunofluorescence staining, the uteri were washed 7 times with PBSMT for 35 min on a nutator at room temperature. 2) The uteri were then transferred to 1:1, Methanol:PBT (PBS +1% Triton) solution for 5 min on a nutator at room temperature. 3) The uteri were transferred to a 100% methanol solution for 15 min each time on a nutator at room temperature, twice in total. 4) The uteri were cross-cut into 4 mm tissues and transferred to a 3% H2O2 solution (H2O2 diluted in methanol) and incubated 12 h on the nutator at 4°C. 5) All uterine tissues were then transferred to 100% methanol for 30 min at room temperature while rocking on a nutator. 6) All uterine tissues were put on filter papers to absorb the methanol completely and then immersed in BABB (Benzyl alcohol: Benzyl Benzoate, 1:2) until the tissues were transparent.
Image Data Obtaining and Analysis
Clarified uteri tissues were put upright on glass bottom culture dishes (NEST) and imaged with a Zeiss LSM 780 confocal microscope using 25X lenses. Tile scans were stitched using Zeiss software. The imaging data analysis, mainly performed with the Imaris software (8.4.1, Bitplane), and the Concrete analysis were as follows: The GFP signal and RFP signal were used to generate a surface of the epithelium and blood vessels separately for quantitative analysis. The surface gain size and diameter of the largest sphere were fit into the object, and the threshold value setting was consistent with the image signal. Under the 3D surface module, the uterine endometrium was circled according to uterine autofluorescence, and the endometrial volume, epithelial volume, and vascular volume were also determined. The separation of the glandular epithelium and luminal epithelium, as well as the splitting of vessels around the epithelium was also under 3D surface module, whereas the diameter of vessels was detected under filament modules. In addition to the aforementioned analysis, the diameter of the uterine myometrium, endometrium ,and diameter of the gland, as well as the angle between the uterine vertical axis (AM–M axis) and the uterine luminal axis were determined by using ImageJ software.
Data Statistics
Quantitative data were subjected to analysis by using the two-tailed unpaired Student’s t-test (2 groups), or an ordinary one-way ANOVA (>2 groups) with multiple comparisons test. The results were analyzed with GraphPad Prism 7 and presented as mean ±; statistical significance was set as p < 0.05.
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Aquaporin-8 (AQP8), a member of the aquaporin family, is strongly expressed in follicular granulosa cells, which could affect the hormone secretion level in females. AQP8, as a membrane protein, could mediate H2O2 into cells, thereby triggering various biological events. The deficiency of Aqp8 increases female fertility, resulting from the decrease in follicular atresia. The low cell death rate is related to the apoptosis of granulosa cells. However, the mechanism by which AQP8 regulates the autophagy of granulosa cells remains unclear. Thus, this study aimed to explore the effect of AQP8 on autophagy in follicular atresia. We found that the expression of the autophagy marker light-chain protein 3 was significantly downregulated in the granulosa cells of Aqp8-knockout (Aqp8−/−) mice, compared with wild-type (Aqp8+/+) mice. Immunofluorescence staining and transmission electron microscopic examination indicated that the number of autophagosomes in the granulosa cells of Aqp8−/− mice decreased. Using a follicular granulosa cell autophagy model, namely a follicular atresia model, we verified that the concentration of H2O2 significantly increased during the autophagy of granulosa cells, consistent with the Aqp8 mRNA level. Intracellular H2O2 accumulation was modulated by endogenous AQP8 expression level, indicating that AQP8-mediated H2O2 was involved in the autophagy of granulosa cells. AQP8 deficiency impaired the elevation of H2O2 concentration through phosphorylated tyrosine activation. In addition, we carried out the analysis of transcriptome sequencing datasets in the ovary and found there were obvious differences in principal components, differentially expressed genes (DEGs) and KEGG pathways, which might be involved in AQP8-regulated follicular atresia. Taken together, these findings indicated that AQP8-mediated H2O2 transport could mediate the autophagy of granulosa cells. AQP8 might be a potential target for diseases related to ovarian insufficiency.
Keywords: AQP8, hydrogen peroxide, granulosa cell, autophagy, follicular atresia
HIGHLIGHT

AQP8-mediated H2O2 was involved in the autophagy of granulosa cells.
AQP8 deficiency could impair the elevation of H2O2 concentration through P-Tyr activation.
AQP8-mediated extracellular H2O2 may promote follicular atresia.
INTRODUCTION
Aquaporin-8 (AQP8), as a transport facilitator, can control cellular oxidative stress by regulating H2O2 levels (Marchissio et al., 2012; Bertolotti et al., 2013). H2O2 is a reactive oxygen species (ROS) that serves as a secondary messenger in various signal transduction pathways. ROS and antioxidant deficiencies are involved in ovarian aging (Qian et al., 2016). Although high ROS levels are cytotoxic, low ROS levels are essential for cell physiology and survival. H2O2 transiently modulates tyrosine phosphatases and kinases and inhibits phosphatases to activate certain kinases (Finkel, 2011). H2O2 is generated via several approaches, such as oxidative phosphorylation in the mitochondria, oxidative protein folding in the endoplasmic reticulum, and NADPH oxidases in the plasma membrane (Kakihana et al., 2012). Some members of the aquaporin (AQP) family can transport H2O2 (Bienert et al., 2007; Miller et al., 2010). For instance, H2O2 can enter lymphoid cells through AQP8 and activate related growth factor signaling (Bertolotti et al., 2016). However, the mechanism by which AQP8 regulates the autophagy of ovary granulosa cells through H2O2 transport remains unclear.
Members of the AQP family can selectively and efficiently transport water molecules, and some of them transport small molecules, such as glycerol, urea, and H2O2, simultaneously. They are widely distributed in various animal tissues and serve important physiological functions. At present, few studies have concentrated on the roles of AQP in the reproductive system and various pathological processes (Sha et al., 2011; Zhang et al., 2012). Deletion of AQP3 affects sperm motility (Chen et al., 2011). Estrogen regulate the expression of AQP5 and AQP8 to abnormal embryo implantation (Zhang et al., 2015). A clinical study reported that the decreased uterine acceptance in patients with ovarian hyperstimulation is associated with decreased AQP2 expression in the endometrium (Zhang et al., 2016). And in yeast model, AQP8 can promote H2O2 transport (Bienert et al., 2007). Subsequently, studies have confirmed that AQP3 and AQP8 feature highly efficient H2O2 transport functions by systematically analyzing the H2O2 transport of various rat AQP family members overexpressed in HEK-293 cells (Miller et al., 2010). A recent study has shown that the migration of chemotactic T cells in skin contact hypersensitivity requires AQP3-mediated H2O2 transport (Hara-Chikuma et al., 2012). TNF stimulates the hyper H2O2 production of Nox2 on keratinized cell membranes, whereas the AQP3 synergistic transport of H2O2 regulating protein phosphatase 2A activates NF-KB signals to induce psoriasis (Hara-Chikuma et al., 2015). These results prove that some AQPs mediate the transport of H2O2 and regulate its harmful or beneficial functions.
We previously reported that Aqp8−/− mice have a more litter size (Su et al., 2010), with an increase in efficient follicles (Su et al., 2013). However, the mechanisms underlying these phenomena remain unclear. Previous studies have found that AQP8 is abundantly expressed in mouse (Su et al., 2010), rat (McConnell et al., 2002) and human (Li et al., 2013) ovaries. Thus, in this study, using Aqp8−/− mice and the follicular atresia model, we measured the intracellular H2O2 concentration and Aqp8 expression level in granulosa cells and investigated the role of AQP8-transported H2O2 in the autophagy of granulosa cells.
MATERIAL AND METHODS
Animal experiment
Aqp8−/− mice (C57BL/6 genetic background) were generated by targeted gene disruption (Yang et al., 2005). For this experiment, 5–6-week-old female mice were used. Mice were allowed free access to water and food in 12 h light and 12 h dark conditions. All animal experiments were reviewed and approved by the Committee on the Ethics of Animal Research of Dalian Medical University.
Follicular atresia mouse model
Aqp8+/+ and Aqp8−/− were intraperitoneally injected with 0.1 ml pregnant mare serum gonadotropin (PMSG) (1000 IU in 10 ml 0.9% NaCl, Ningbo a second hormone factory) or vehicle control (0.9% NaCl, 0.1 ml) at 16:00 into the mice. Mice were killed by cervical dislocation 0, 1, 2, 3, 4, and 5 days after PMSG treatment, and the ovary samples were excised. The ovaries were used for the collection of granulosa cells.
Mouse primary granulosa cell collection and culture
Ovaries were excised from mice and placed in DMEM/F12 (GIBCO-BRL, 11039021) that was supplemented with 10% fetal bovine serum (GIBCO-BRL), 10 mg/ml of streptomycin sulfate (Sigma), and 75 mg/ml of penicillin G (Sigma). Granulosa cells were harvested by follicle puncture using a 25-gauge needle. After follicle puncture, granulosa cells were suspended in the appropriate solution for immunoblotting or H2O2 concentration.
For in vitro culture of granulosa cells under serum-free conditions, ovaries were collected, and granulosa cells were collected by follicle puncture, as described previously. The cells were seeded in 24-well plates and were allowed to attach overnight. The next morning, the medium and unattached cells were removed and replaced with serum-free media. After 24 h, the granulosa cells were fixed for immunofluorescence.
Live cell station imaging of autophagic vacuoles
The adenovirus expressing GFP-LC3B (Ad-GFP-LC3B, C3006, Beyotime) was transfected into GCs grown on coverslips. After 24 h, cells were rinsed using PBS and then exposed to 2 h of H2O2 incubation. The distribution and fluorescence emitted by GFP-LC3B puncta were then observed under a live cell station (GE). Experiments were repeated three times.
Western blot analysis
Protein was isolated by the previous description (Huang et al., 2020a). The freshly isolated granulosa cells were lysed with ice-cold radioimmunoprecipitation assay (RIPA) buffer that was supplemented with a protease inhibitor PMSF (Beyotime). To facilitate the complete solubilization of the cellular proteins, the cell lysates were incubated on ice for 30 min and then centrifuged (13000 g at 4°C for 30 min). The protein concentration was tested by using a BCA Protein Assay Kit. The whole-cell lysates (20 mg/lane) were separated by sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride (PVFD) membrane (Millipore). After the nonspecific binding sites were blocked with 5% skim milk, the membrane was treated with the anti-LC3 rabbit polyclonal antibody (1:2000, Novus Biologicals), cleaved caspase-3 rabbit polyclonal antibody (diluted 1:1000, Cell Signaling Technology), and β-actin (1:1000, Beyotime) overnight at 4°C. The primary antibodies for Akt, pAkt-Ser473, Bax, Bcl-2, and P-Tyr were obtained from Cell Signaling Technology (Beverly, MA). The primary antibodies for Atg3 were obtained from Proteintech (Wuhan, China), while Beclin-1 was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, United States). The immunoreactive bands were demonstrated by incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10000, Zhongshan Biotechnology) at room temperature for 1 h. The peroxidase activity was visualized with the enhanced chemiluminescence detection system (WBKLS500, Millipore). Integrated optical intensities of the immunoreactive protein bands were detected by using the DNR bioimaging system MicroChemi 4.2 and the quantified analysis by ImageJ software, normalized to β-actin values.
Transmission electron microscopy test
To identify autophagic vacuoles at the ultrastructural level, the ovary was fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for more than 24 h at 4°C, rinsed in cacodylate buffer, postfixed in 1% OsO4 in cacodylate buffer, dehydrated, and embedded in Epon. Ultrathin sections were briefly contrasted with uranyl acetate and photographed with a transmission electron microscope (Hitachi 7100 Japan).
Measurement of the intracellular hydrogen peroxide level
Intracellular hydrogen peroxide was measured by using the Hydrogen Peroxide Assay Kit (Beyotime, Nanjing, China). Briefly, 100–200 μl of hydrogen peroxide was added to detect the ratio of lysate to lysate. One million granulosa cells were treated with 100–200 μl of the hydrogen peroxide lysate, followed by sufficient homogenization to break and lyse the cells. It was then centrifuged at 12000 g at 4°C for 3–5 min, and the supernatant was collected. Then, 50 µl of the sample or standard was treated with 100 µl of the hydrogen peroxide detection reagent at room temperature (15–30°C). And then, it was immediately measured at A560 nm.
To evaluate intracellular H2O2 levels, 1×106 cells/ml were washed twice in HBSS and incubated with 20 µM 2′,7′-dichlorofluorescein diacetate (DCFH-DA) (sigma). Granulosa cells were incubated for 30 min at 37°C. DCFH-DA was a small nonpolar and nonfluorescent molecule that diffuses into the cells, where it is enzymatically deacetylated by intracellular esterases to a polar nonfluorescent compound, which is oxidized to the highly green fluorescent 2,7-dichlorofluorescein (DCF). DCF fluorescence was measured using a multiwell plate reader (Synergy Neo HTS multimode microplate reader, BioTek) at excitation and emission wavelengths of 485 and 535 nm, respectively.
RNA extraction and real-time PCR assay
Total RNA was isolated by the previous description (Huang et al., 2020b) using the TRIzol reagent (10296010, Invitrogen) and quantified using a NanoVueTM Plus Spectrophotometer (GE Healthcare, Buckinghamshire, United Kingdom). The A260/A280 ratio of the optical density was measured using the NanoVueTM Plus Spectrophotometer. The ratio was between 1.9 and 2.1 for all samples, indicating a good quality of RNA purity and yield. cDNA was synthesized from 2 µg of total RNA using the RT reagent Kit with gDNA Eraser (TaKaRa, RR047A). The qPCR solution contained 1 µl of cDNA, 1 µl of specific primers, and 10 µl of a 2X PCR SuperMix (AS111, TransGen Biotech) in a final volume of 20 µl. All primers were produced by lifespan (Milan, Germany) and listed as follows in the 5′-3′ direction: Aqp8-F: ACA​CCA​ATG​TGT​AGT​ATG​GAC​CT; Aqp8-R: TGA​CCG​ATA​GAC​ATC​CGA​TGA​AG; β-actin-F: TGG​AAT​CCT​GTG​GCA​TCC​ATG​AAA​C; β-actin-R: TAA​AAC​GCA​GCT​CAG​TAA​CAG​TCC​G.
The reaction conditions were as follows: polymerase activation and DNA denaturation (one cycle at 95°C for 30 s); denaturation, annealing, and extension (40 cycles at 95°C for 10 s and 60°C for 30 s); melting curve (65°C, with the temperature, gradually increased 0.5°C up to 95°C). mRNA expression was normalized to the level of β-actin mRNA. Changes in mRNA expression were calculated according to the 2−△△Ct method. The amplification of β-actin mRNA was utilized to normalize the data.
Analysis of transcriptome sequencing datasets
Raw transcriptome sequencing data were stored in FASTQ document format by Bcl2fastq (v2.17.1.14). Sequencing data quality was assessed by FastQC (v0.10.1). The raw data were preprocessed, the low-quality data were filtered, and the contamination and joint sequences were removed by cutadapt (version 1.9.1). Then, gene expressions were calculated by HTSeq (V 0.6.1) with FPKM (Fragments per Kilobase per Million reads) (Mortazavi et al., 2008). Differentially expressed genes (DEGs) in the ovary (group: control and PMSG with treatment for 2 days or 4 days) were analyzed by using the R package edgeR (v3.4.6) using |fold change|>2 and a p-value < 0.05.
Statistical analysis
Statistical analysis was performed by analysis of variance (ANOVA). Significant differences between treatment groups were determined by Duncan’s multiple range tests. p < 0.05 was considered statistically significant. For statistical comparisons between two groups, an independent-sample t-test was used.
RESULTS
Autophagy and apoptosis decrease in Aqp8−/− mouse follicular granulosa cells
Microtubule-associated light-chain protein 3 (LC3) is an autophagy marker used to evaluate granulosa cell autophagy. Granulosa cells freshly isolated from Aqp8+/+ and Aqp8−/− mice were used. The results of Western blot analysis using specific antibodies against the autophagy marker LC3 and apoptosis marker cleaved caspase-3 were shown in Figure 1. Densitometric analysis normalized by the β-actin content indicated that the protein contents of LC3 and cleaved caspase-3 significantly decreased compared with the control, suggesting that AQP8 was involved in the development of follicular granulosa cells via autophagy and apoptosis.
[image: Figure 1]FIGURE 1 | Autophagy and apoptosis decrease in Aqp8−/− mouse follicular granulosa cells. The expressions of cleaved caspase-3 and LC3-II proteins in granulosa cells from Aqp8+/+ and Aqp8−/− mice. Densitometric quantification and representative immunoblots of LC3 proteins (A,B) or cleaved caspase-3 (C,D). Experiments were repeated three times, and data were expressed as mean ± SD. *p <0.05 were considered statistically significant.
Localization of autophagosomes in granulosa cells
Transmission electron micrographs showed that autophagosomes existed in the follicular granulosa cells of Aqp8+/+ and Aqp8−/− mice. Fewer autophagosomes localized in the granulosa cells of the Aqp8−/− mice than in those of the Aqp8+/+ mice (Figure 2).
[image: Figure 2]FIGURE 2 | Transmission electron microscopic images of granulosa cells in Aqp8+/+ and Aqp8−/− mice. Representative images from transmission electron microscopy of granulosa cells from Aqp8+/+ (A,B) and Aqp8−/− (C,D) mice. High-magnification images indicated nucleus (Nu) and autophagosomes (Aut). The scale was indicated on the lower right corner of each image.
Aquaporin-8 channel mediates H2O2 uptake and AQP8-dependent H2O2 permeability in granulosa cells
Considering that AQP8 is expressed on granulosa cells (Su et al., 2010), we used Aqp8−/− mice to determine whether or not AQP8 is required for the efficient entry of exogenous H2O2. To investigate H2O2 transport across the plasma membrane, we incubated DFCH-DA into granulosa cells. The addition of PBS or 50 µM H2O2 clearly activated DFCH-DA to DCF, as determined by 488/510 nm shifts on a microplate reader (Figure 3A). The aforementioned experiments provided additional evidence that H2O2 cannot freely permeate through the plasma membrane and identified AQP8 as an efficient transporter. Clearly, H2O2 import was severely impaired with AQP8 silencing.
[image: Figure 3]FIGURE 3 | H2O2 uptake into primarily cultured granulosa cells. (A) Representative fluorescence intensity of CM-H2DCFDA. (B) Granulosa cells were incubated with H2O2 (0–100 mM), and cellular H2O2 was detected by CM-H2DCFDA fluorescence using a plate reader. Increased fluorescence intensity could be detected at 15 s after treatment with H2O2. Data were shown as mean ± SD.
Meanwhile, we investigated whether or not AQP8 can transport extracellular H2O2 into granulosa cells. Intracellular H2O2 was measured in primary granulosa cell cultures from Aqp8+/+ and Aqp8−/− mice after the extracellular addition of 10–100 μM H2O2 using the fluorescent dye CM-H2DCFDA, which reacted with ROS, including H2O2. Results showed that the cellular H2O2 level was significantly higher in the granulosa cells of the Aqp8+/+ mice than that in those of the Aqp8−/− mice (Figure 3B), indicating the involvement of AQP8 in H2O2 transport in granulosa cells. The ability of AQP8 to transport H2O2 across the plasma membrane was tested. Figure 3B showed that the basal intracellular H2O2 level was significantly affected by AQP8, revealing that the channel activity of this AQP isoform modulated the entry of physiologically produced H2O2 into the cells.
Aquaporin-8 participates in granulosa cell autophagy during follicular development and atresia
Autophagy, as an important process of programmed cell death, regulates follicular homeostasis in rats (Choi et al., 2010). Follicular development and atresia in vivo model was established in immature mice. Granulosa cell autophagy was determined by measuring the expression levels of LC3-II/LC3-I. As shown in Figure 4A, LC3-II expression in the granulosa cells was significantly downregulated 1 and 2 days after PMSG injection compared with the granulosa cells of immature mice without the treatment of exogenous gonadotropin (day 0). LC3-II expression was upregulated on day 3 and maintained until day 5. Furthermore, the expression of Aqp8 was measured. After PMSG injection, the expression of Aqp8 was significantly downregulated on days 1 and 2 and then increased on days 3, 4, and 5 (Figure 4B). Ovarian granulosa cells were isolated from each stage of the atresia model, and the concentration of H2O2 in granulosa cells was measured. The concentration of H2O2 in granulosa cells decreased during follicular development but increased during atresia (Figure 4C), suggesting that AQP8 mediated H2O2 transport and autophagy in granulosa cells to regulate follicular development and atresia.
[image: Figure 4]FIGURE 4 | AQP8 involvement in granulosa cell autophagy during follicular development and atresia. (A) Expression of LC3-II proteins in granulosa cells from immature mice at different times (0–5 days) after pregnant mare serum gonadotropin injection (10 IU, intraperitoneally). (B) qRT-PCR was performed to measure the mRNA levels of Aqp8 in GCs. The expression of Aqp8 mRNA in granulosa cells from immature mice at different times (0–5 days) after pregnant mare serum gonadotropin injection. (C) Concentration of H2O2 in granulosa cells from immature Aqp8+/+ mice at different times (0–5 days) after pregnant mare serum gonadotropin injection (10 IU, intraperitoneally). Values are presented as the means ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001.
Aquaporin-8 inhibits pAkt and phosphorylated tyrosine signaling
The mechanism by which AQP8 regulates the autophagy of granulosa cells was further explored. Results showed that AQP8 can facilitate the absorption of H2O2 into granulosa cells and mediate downstream intracellular signaling. As shown in Figure 5A, the phosphorylation level of Akt in the granular cells of the Aqp8−/− mice was increased. The expression levels of proteins related to apoptosis (Bax and caspase-3) and autophagy (Beclin-1 and Atg-3) decreased in the granulosa cells of the Aqp8−/− mice. Meanwhile, phosphorylated tyrosine signaling was activated in the granulosa cells of the Aqp8−/− mice (Figure 5B). And the absorption of H2O2 in the granulosa cells of the Aqp8+/+ mice inhibited the PI3K signaling pathway and promoted granulosa cell death and autophagy.
[image: Figure 5]FIGURE 5 | AQP8 inhibits pAkt and phosphorylated tyrosine (P-Tyr) signaling. (A) Western blot detection of the relevant signaling pathway. (B) Western blot of P-Tyr, which could be affected by H2O2.
AQP8 mediated H2O2 uptake affects granulosa intracellular autophagy
We next investigated whether or not AQP8 influences autophagy by oxidative stress. An in vitro culture experiment revealed that AQP8 was involved in granulosa cell autophagy through the transport of H2O2. Primary cultured GCs were transfected with the GFP-LC3B plasmid, incubated with or without 200 μM H2O2 for 2 h, and then rinsed with PBS. Immunofluorescence images of granulosa cells were obtained in a live cell station. As shown in Figure 6, AQP8 obviously induced autophagosome formation in the cells with H2O2 exposure, displaying that AQP8 facilitated intracellular autophagy of granulosa cells through H2O2 absorption.
[image: Figure 6]FIGURE 6 | AQP8-mediated H2O2 uptake influences granulosa intracellular autophagy. GCs transfected with the GFP-LC3B plasmid for 24 h were incubated with 200 μM H2O2 for 1 h and rinsed in PBS. A live cell station was employed to observe the GFP fluorescent puncta in GCs. The nuclei were counterstained with DAPI (blue). Scale bar = 10 μm.
Integrated analysis of the ovary transcriptome in mice with PMSG treatment
Transcriptome analysis of the ovary was performed in mice with PMSG treatment for 2 days or 4 days. Principal components, differentially expressed genes (DEGs), and KEGG pathways were analyzed. The principal components of each group between parents and offspring showed obvious differences (Figure 7A). To further study the mechanisms underlying follicular development and atresia, we analyzed the DEGs and KEGG pathways between different groups. In total, 1,421 DEGs with |fold change|> 2 and p-value < 0.05 were annotated in the ovary (groups: control and injected with PMSG for 2 days), of which 690 genes were upregulated and 731 genes were downregulated (Figure 7B). In total, 1,237 DEGs with |fold change| > 2 and p value < 0.05 were annotated in the ovary (groups: control and injected with PMSG for 4 days), of which 622 genes were upregulated and 615 genes were downregulated (Figure 7C). In addition, DEG analyses of the three cohorts (control, injected with PMSG for 2 days or 4 days) overlapped, with 52 common DEGs obtained (Figure 7D). KEGG pathway enrichment analysis was also performed to study the pathway with significant DEG enrichment. Functional enrichment results revealed that 30 KEGG pathways of DEGs in the ovaries of the mice injected with PMSG for 2 days or 4 days were statistically significantly enriched, respectively (Figures 7E,G). The KEGG pathways in the control mice and mice injected with PMSG for 2 days included five categories: organismal systems, metabolism, human diseases, environmental information processing, and cellular processes in the ovary (Figure 7F). The KEGG pathways in the control mice and mice injected with PMSG for 4 days included four categories: organismal systems, metabolism, human diseases, and environmental information processing in the ovary (Figure 7H). Organismal systems and metabolism are the most enriched pathways, suggesting that they might play important roles in follicular development and atresia.
[image: Figure 7]FIGURE 7 | Analysis of the ovary transcriptome level after PMSG treatment. (A) Principal component analysis (PCA) was performed on the ovary (control, PMSG treatment for 2 days or 4 days), and the R function prcomp was used to analyze the samples at the transcriptome level. The volcano plot shows differentially expressed genes of three groups in the ovary with PMSG treatment for 2 days (B) and 4 days (C). The red circle represents genes that are upregulated in gene expression, the blue circle represents genes that are downregulated in gene expression, and the gray circle represents insignificant genes. (D) Venn plot shows the correlation of differential genes expressed among three groups. The bubble plot represented the enriched KEGG pathways of differentially expressed genes in the ovary with PMSG treatment for 2 days (E,F) and 4 days (G,H). The red color indicated upregulated pathways, and the blue color indicated downregulated pathways. The bubble size represents the number of genes associated with pathways in each group, and the connected color indicates the p-value across the connected groups. Control, treatment with saline; experiment 1, treatment with PMSG for 2 days; experiment 2, treatment with PMSG for 4 days.
DISCUSSION
In the present study, we demonstrated that AQP8 induced autophagy by transporting H2O2 into granulosa cells during follicular atresia. During follicular growth and development, only less than 1% of oocytes sealed and protected by granular cells can form dominant follicles and be discharged from the body, whereas the remaining 99% of the follicles are degenerated, leading to atresia. Many studies have found that mammalian follicular development and atresia are primarily controlled by granulosa programmed cell death. In addition, at least five types of death ligands involved in programmed cell death induce particles, including TNF-alpha, Fas, TRAIL, APO-3, and PEG-5 ligands and their receptors (Manabe et al., 2004; Hurst et al., 2006; Lin and Rui, 2010). However, the follicle selection process control of the molecular mechanism of granular cell death remains unclear.
During follicular development, granulosa cell apoptosis is not the only mechanism to control follicular atresia. Autophagy and cell necrosis have been observed in the follicles of other animals (Kovacs et al., 1992; D'Herde et al., 1996; Shao et al., 2022). In recent years, some studies have found that granulosa autophagy is also involved in follicular atresia (Choi et al., 2010; Choi et al., 2011; Matsuda et al., 2012; Zhou et al., 2019).Gonadotropin could reduce the granulosa cell autophagy by activating the PI3K/Akt signaling pathway with inhibition of mTOR (Choi et al., 2014), The expression of Beclin-1 and LC3 would increase in the ovary through the oxidative stress of mitochondrial damage after treatment with harmful chemical substances in cigarette (Gannon et al., 2013; Furlong et al., 2015). Conversely, inhibiting the expressions of Akt and mTOR proteins activate the AMPK pathway, which promotes granulosa autophagy and decreases the number of original follicles affecting reproduction (Shen et al., 2017; Shen et al., 2018). Exogenous addition of oxidizing LDL can trigger autophagy in human granulosa cells (Duerrschmidt et al., 2006). Furthermore, the circadian clock system is also involved in the granulosa cell autophagy through the regulation of nuclear receptor subfamily 1 group D member 1 (NR1D1) (Zhang et al., 2022). These findings indicate that autophagy is directly involved in the regulation of granulosa death during follicular development, whereas oxidative stress may play an important role in the regulation of granulosa autophagy.
The ROS content in mammalian cells is strictly controlled. ROS are the central elements of cell proliferation, apoptosis and other signal pathway. The H2O2 concentration decreases in the follicular fluids of animals, such as bovine (Gupta et al., 2011) and swine (Basini et al., 2008), with the follicular development, whereas the upper limit of the ROS concentration in human follicular fluids is strictly controlled (Jana et al., 2010). The balance between ROS and antioxidants in follicles plays an important role in follicular development. The physiological levels of ROS and antioxidants jointly regulate the follicular formation, and the continuous action or increase in the ROS concentration interferes with the intracellular redox reaction and leads to oxidative stress (Agarwal et al., 2008). Recent findings have shown that ROS exerts cytotoxic effects because of oxidative damage, and H2O2 activates apoptotic proteases through oxidative pressure or destroys cytochromes released by intracellular mitochondria to induce the apoptosis of Jurkat T lymphocytes (Hampton and Orrenius, 1997), which has the same effect on bovine follicular granulosa cells (Hennet et al., 2013). However, increasing evidence suggests that ROS, especially H2O2, can activate or inactivate multiple signaling pathways as signaling molecules by activating or inactivating phosphorylated proteins in cells (Rhee, 2006; Forman et al., 2010).
H2O2 is a relatively stable class of reactive oxygen molecules in vivo. H2O2 produced by NADPH oxidase on the cell surface can act as a secondary messenger responding to extracellular stimuli, such as growth factors, hormones, and cytokines (Bae et al., 1997; Rhee, 2006; Schroder and Eaton, 2008). As a signaling molecule, H2O2 activates ERK1/2 and the PI3K-Akt signaling pathway corresponding to the inhibition of PTP1B and PTEN pathways, whereas ERK and PTEN signaling pathways are crucial for ovulation (Blanc et al., 2003; Tonks, 2005). Therefore, the H2O2 concentration should be controlled and maintained to ensure its role in signal transduction. The concentration of H2O2 in non-atretic follicular fluids is higher than that in atretic follicles, suggesting that ROS in follicular fluids could regulate follicular atresia (Hennet et al., 2013). Exogenous H2O2 can activate the JNK signaling pathway and induce autophagy in mesenchymal stem cells (Liu et al., 2015). Intracellular H2O2 levels rapidly reach a certain threshold to play their molecular signaling function (Rhee, 2006). Extracellular H2O2 can enter cells through free diffusion, but free diffusion can not instantly increase the intracellular concentration of H2O2. Thus, the regulation of H2O2 transport possibly depends on selective membrane. The expression of Beclin-1 and LC3 would increase in the ovary through the oxidative stress of mitochondrial damage after treatment with harmful chemical substances in cigarette channel proteins (Rhee, 2006; Kruger et al., 2021).
The autophagy of granulosa cells increased during follicular atresia in the Aqp8+/+ mice, whereas the autophagy and apoptosis of ovarian granulosa cells significantly decreased in the Aqp8−/− mice. Primary granulosa cells of the Aqp8+/+ and Aqp8−/− mice were cultured in vitro, and different concentrations of H2O2 were added externally. The H2O2 concentration in the granulosa cells of the Aqp8+/+ mice was significantly higher than that in the granulosa cells of the Aqp8−/− mice, indicating that AQP8 can mediate the efficient transport of H2O2 outside granulosa into cells. Further studies found that the H2O2 concentration in the granulosa cells increased during follicular atresia in mice. H2O2 transported by AQP8 can act as a secondary messenger to regulate intracellular signal transmission.
In conclusion, we provided a novel mechanism by which AQP8 transported extracellular H2O2 and induced cellular autophagy in granulosa cells, resulting in the increase of follicular atresia. This regulative mechanism may shed light on the treatment of ovarian insufficiency.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Committee on the Ethics of Animal Research of Dalian Medical University.
AUTHOR CONTRIBUTIONS
HZ designed this study. HZ, BH, and LJ wrote this manuscript. HZ and BH contributed to the research design. LJ and LZ conducted animal and cell experiments. BH, XC, ZZ, YL, LY, TM, and HZ revised and edited this manuscript. HZ and BH was the guarantor of this work and, as such, had full access to all the data in the study and took responsibility for the integrity of the data and the accuracy of the data analysis. All authors contributed to the manuscript and approved the submitted version.
FUNDING
This study was supported by the National Natural Science Foundation of China (31600943 and 82103857), the Natural Science Foundation in Higher Education of Anhui (KJ 2020A0152), the Grants for Scientific Research of BSKY (XJ2020012), and the Grants for New Technology and New Project of Anhui Provincial Children’s Hospital (2022118).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.897666/full#supplementary-material
ABBREVIATIONS
AQP, aquaporin; ROS, reactive oxygen species; H2O2, hydrogen peroxide; LC3, light-chain protein 3; PMSG, pregnant mare serum gonadotropin; PCR, polymerase chain reaction; Akt, protein kinase B; PCD, programmed cell death.
REFERENCES
 Agarwal, A., Gupta, S., Sekhon, L., and Shah, R. (2008). Redox considerations in female reproductive function and assisted reproduction: from molecular mechanisms to health implications. Antioxid. Redox Signal. 10, 1375–1403. doi:10.1089/ars.2007.1964
 Bae, Y. S., Kang, S. W., Seo, M. S., Baines, I. C., Tekle, E., Chock, P. B., et al. (1997). Epidermal growth factor (EGF)-induced generation of hydrogen peroxide. Role in EGF receptor-mediated tyrosine phosphorylation. J. Biol. Chem. 272, 217–221. doi:10.1074/jbc.272.1.217
 Basini, G., Simona, B., Santini, S. E., and Grasselli, F. (2008). Reactive oxygen species and anti-oxidant defences in swine follicular fluids. Reprod. Fertil. Dev. 20, 269–274. doi:10.1071/rd07147
 Bertolotti, M., Bestetti, S., Garcia-Manteiga, J. M., Medrano-Fernandez, I., Dal Mas, A., Malosio, M. L., et al. (2013). Tyrosine kinase signal modulation: a matter of H2O2 membrane permeability?Antioxid. Redox Signal. 19, 1447–1451. doi:10.1089/ars.2013.5330
 Bertolotti, M., Farinelli, G., Galli, M., Aiuti, A., and Sitia, R. (2016). AQP8 transports NOX2-generated H2O2 across the plasma membrane to promote signaling in B cellsJ. Leukoc. Biol. . doi:10.1189/jlb.2AB0116-045R
 Bienert, G. P., Moller, A. L., Kristiansen, K. A., Schulz, A., Moller, I. M., Schjoerring, J. K., et al. (2007). Specific aquaporins facilitate the diffusion of hydrogen peroxide across membranes. J. Biol. Chem. 282, 1183–1192. doi:10.1074/jbc.M603761200
 Blanc, A., Pandey, N. R., and Srivastava, A. K. (2003). Synchronous activation of ERK 1/2, p38mapk and PKB/Akt signaling by H2O2 in vascular smooth muscle cells: potential involvement in vascular disease (review). Int. J. Mol. Med. 11, 229–234. doi:10.3892/ijmm.11.2.229
 Chen, Q., Peng, H., Lei, L., Zhang, Y., Kuang, H., Cao, Y., et al. (2011). Aquaporin3 is a sperm water channel essential for postcopulatory sperm osmoadaptation and migration. Cell Res. 21, 922–933. doi:10.1038/cr.2010.169
 Choi, J. Y., Jo, M. W., Lee, E. Y., Yoon, B. K., and Choi, D. S. (2010). The role of autophagy in follicular development and atresia in rat granulosa cells. Fertil. Steril. 93, 2532–2537. doi:10.1016/j.fertnstert.2009.11.021
 Choi, J., Jo, M., Lee, E., and Choi, D. (2011). Induction of apoptotic cell death via accumulation of autophagosomes in rat granulosa cells. Fertil. Steril. 95, 1482–1486. doi:10.1016/j.fertnstert.2010.06.006
 Choi, J., Jo, M., Lee, E., and Choi, D. (2014). AKT is involved in granulosa cell autophagy regulation via mTOR signaling during rat follicular development and atresia. Reproduction 147, 73–80. doi:10.1530/REP-13-0386
 D'Herde, K., De Prest, B., and Roels, F. (1996). Subtypes of active cell death in the granulosa of ovarian atretic follicles in the quail (Coturnix coturnix japonica). Reprod. Nutr. Dev. 36, 175–189. doi:10.1051/rnd:19960203
 Duerrschmidt, N., Zabirnyk, O., Nowicki, M., Ricken, A., Hmeidan, F. A., Blumenauer, V., et al. (2006). Lectin-like oxidized low-density lipoprotein receptor-1-mediated autophagy in human granulosa cells as an alternative of programmed cell death. Endocrinology 147, 3851–3860. doi:10.1210/en.2006-0088
 Finkel, T. (2011). Signal transduction by reactive oxygen species. J. Cell Biol. 194, 7–15. doi:10.1083/jcb.201102095
 Forman, H. J., Maiorino, M., and Ursini, F. (2010). Signaling functions of reactive oxygen species. Biochemistry 49, 835–842. doi:10.1021/bi9020378
 Furlong, H. C., Stampfli, M. R., Gannon, A. M., and Foster, W. G. (2015). Cigarette smoke exposure triggers the autophagic cascade via activation of the AMPK pathway in mice. Biol. Reprod. 93, 93. doi:10.1095/biolreprod.115.132183
 Gannon, A. M., Stampfli, M. R., and Foster, W. G. (2013). Cigarette smoke exposure elicits increased autophagy and dysregulation of mitochondrial dynamics in murine granulosa cells. Biol. Reprod. 88, 63. doi:10.1095/biolreprod.112.106617
 Gupta, S., Choi, A., Yu, H. Y., Czerniak, S. M., Holick, E. A., Paolella, L. J., et al. (2011). Fluctuations in total antioxidant capacity, catalase activity and hydrogen peroxide levels of follicular fluid during bovine folliculogenesis. Reprod. Fertil. Dev. 23, 673–680. doi:10.1071/RD10270
 Hampton, M. B., and Orrenius, S. (1997). Dual regulation of caspase activity by hydrogen peroxide: implications for apoptosis. FEBS Lett. 414, 552–556. doi:10.1016/s0014-5793(97)01068-5
 Hara-Chikuma, M., Chikuma, S., Sugiyama, Y., Kabashima, K., Verkman, A. S., Inoue, S., et al. (2012). Chemokine-dependent T cell migration requires aquaporin-3-mediated hydrogen peroxide uptake. J. Exp. Med. 209, 1743–1752. doi:10.1084/jem.20112398
 Hara-Chikuma, M., Satooka, H., Watanabe, S., Honda, T., Miyachi, Y., Watanabe, T., et al. (2015). Aquaporin-3-mediated hydrogen peroxide transport is required for NF-κB signalling in keratinocytes and development of psoriasis. Nat. Commun. 6, 7454. doi:10.1038/ncomms8454
 Hennet, M. L., Yu, H. Y., and Combelles, C. M. (2013). Follicular fluid hydrogen peroxide and lipid hydroperoxide in bovine antral follicles of various size, atresia, and dominance status. J. Assist. Reprod. Genet. 30, 333–340. doi:10.1007/s10815-012-9925-5
 Huang, B., Zhao, H., Huang, C., Wu, L., Xiang, L., Chen, J., et al. (2020a). CMKLR1 deficiency attenuates androgen-induced lipid accumulation in mice. Am. J. Physiol. Endocrinol. Metab. 318, E371–E380. doi:10.1152/ajpendo.00176.2019
 Huang, B., Zhu, W., Zhao, H., Zeng, F., Wang, E., Wang, H., et al. (2020b). Placenta-Derived osteoprotegerin is required for glucose homeostasis in gestational diabetes mellitus. Front. Cell Dev. Biol. 8, 563509. doi:10.3389/fcell.2020.563509
 Hurst, P. R., Mora, J. M., and Fenwick, M. A. (2006). Caspase-3, TUNEL and ultrastructural studies of small follicles in adult human ovarian biopsies. Hum. Reprod. 21, 1974–1980. doi:10.1093/humrep/del109
 Jana, S. K., Narendra Babu, K., Chattopadhyay, R., Chakravarty, B., and Chaudhury, K. (2010). Upper control limit of reactive oxygen species in follicular fluid beyond which viable embryo formation is not favorable. Reprod. Toxicol. 29, 447–451. doi:10.1016/j.reprotox.2010.04.002
 Kakihana, T., Nagata, K., and Sitia, R. (2012). Peroxides and peroxidases in the endoplasmic reticulum: integrating redox homeostasis and oxidative folding. Antioxid. Redox Signal. 16, 763–771. doi:10.1089/ars.2011.4238
 Kovacs, J., Forgo, V., and Peczely, P. (1992). The fine structure of the follicular cells in growing and atretic ovarian follicles of the domestic goose. Cell Tissue Res. 267, 561–569. doi:10.1007/BF00319379
 Kruger, C., Waldeck-Weiermair, M., Kaynert, J., Pokrant, T., Komaragiri, Y., Otto, O., et al. (2021). AQP8 is a crucial H2O2 transporter in insulin-producing RINm5F cells. Redox Biol. 43, 101962. doi:10.1016/j.redox.2021.101962
 Li, Y., Liu, H., Zhao, H., Xu, C., Zhao, Y., Ma, J., et al. (2013). Association of AQP8 in women with PCOS. Reprod. Biomed. Online 27, 419–422. doi:10.1016/j.rbmo.2013.07.001
 Lin, P., and Rui, R. (2010). Effects of follicular size and FSH on granulosa cell apoptosis and atresia in porcine antral follicles. Mol. Reprod. Dev. 77, 670–678. doi:10.1002/mrd.21202
 Liu, G. Y., Jiang, X. X., Zhu, X., He, W. Y., Kuang, Y. L., Ren, K., et al. (2015). ROS activates JNK-mediated autophagy to counteract apoptosis in mouse mesenchymal stem cells in vitro. Acta Pharmacol. Sin. 36, 1473–1479. doi:10.1038/aps.2015.101
 Manabe, N., Goto, Y., Matsuda-Minehata, F., Inoue, N., Maeda, A., Sakamaki, K., et al. (2004). Regulation mechanism of selective atresia in porcine follicles: regulation of granulosa cell apoptosis during atresia. J. Reprod. Dev. 50, 493–514. doi:10.1262/jrd.50.493
 Marchissio, M. J., Frances, D. E., Carnovale, C. E., and Marinelli, R. A. (2012). Mitochondrial aquaporin-8 knockdown in human hepatoma HepG2 cells causes ROS-induced mitochondrial depolarization and loss of viability. Toxicol. Appl. Pharmacol. 264, 246–254. doi:10.1016/j.taap.2012.08.005
 Matsuda, F., Inoue, N., Manabe, N., and Ohkura, S. (2012). Follicular growth and atresia in mammalian ovaries: regulation by survival and death of granulosa cells. J. Reprod. Dev. 58, 44–50. doi:10.1262/jrd.2011-012
 McConnell, N. A., Yunus, R. S., Gross, S. A., Bost, K. L., Clemens, M. G., and Hughes, F. M. (2002). Water permeability of an ovarian antral follicle is predominantly transcellular and mediated by aquaporins. Endocrinology 143, 2905–2912. doi:10.1210/endo.143.8.8953
 Miller, E. W., Dickinson, B. C., and Chang, C. J. (2010). Aquaporin-3 mediates hydrogen peroxide uptake to regulate downstream intracellular signaling. Proc. Natl. Acad. Sci. U. S. A. 107, 15681–15686. doi:10.1073/pnas.1005776107
 Mortazavi, A., Williams, B. A., Mccue, K., Schaeffer, L., and Wold, B. (2008). Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods 5, 621–628. doi:10.1038/nmeth.1226
 Qian, Y., Shao, L., Yuan, C., Jiang, C. Y., Liu, J., Gao, C., et al. (2016). Implication of Differential peroxiredoxin 4 expression with age in ovaries of mouse and human for ovarian aging. Curr. Mol. Med. 16, 243–251. doi:10.2174/1566524016666160225151647
 Rhee, S. G. (2006). Cell signaling. H2O2, a necessary evil for cell signaling. Science 312, 1882–1883. doi:10.1126/science.1130481
 Schroder, E., and Eaton, P. (2008). Hydrogen peroxide as an endogenous mediator and exogenous tool in cardiovascular research: issues and considerations. Curr. Opin. Pharmacol. 8, 153–159. doi:10.1016/j.coph.2007.12.012
 Sha, X. Y., Xiong, Z. F., Liu, H. S., Di, X. D., and Ma, T. H. (2011). Maternal-fetal fluid balance and aquaporins: from molecule to physiology. Acta Pharmacol. Sin. 32, 716–720. doi:10.1038/aps.2011.59
 Shao, T., Ke, H., Liu, R., Xu, L., Han, S., Zhang, X., et al. (2022). Autophagy regulates differentiation of ovarian granulosa cells through degradation of WT1. Autophagy , 1–15. doi:10.1080/15548627.2021.2005415
 Shen, M., Jiang, Y., Guan, Z., Cao, Y., Li, L., Liu, H., et al. (2017). Protective mechanism of FSH against oxidative damage in mouse ovarian granulosa cells by repressing autophagy. Autophagy 13, 1364–1385. doi:10.1080/15548627.2017.1327941
 Shen, M., Cao, Y., Jiang, Y., Wei, Y., and Liu, H. (2018). Melatonin protects mouse granulosa cells against oxidative damage by inhibiting FOXO1-mediated autophagy: implication of an antioxidation-independent mechanism. Redox Biol. 18, 138–157. doi:10.1016/j.redox.2018.07.004
 Su, W., Qiao, Y., Yi, F., Guan, X., Zhang, D., Zhang, S., et al. (2010). Increased female fertility in aquaporin 8-deficient mice. IUBMB Life 62, 852–857. doi:10.1002/iub.398
 Su, W., Guan, X., Zhang, D., Sun, M., Yang, L., Yi, F., et al. (2013). Occurrence of multi-oocyte follicles in aquaporin 8-deficient mice. Reprod. Biol. Endocrinol. 11, 88. doi:10.1186/1477-7827-11-88
 Tonks, N. K. (2005). Redox redux: revisiting PTPs and the control of cell signaling. Cell 121, 667–670. doi:10.1016/j.cell.2005.05.016
 Yang, B., Song, Y., Zhao, D., and Verkman, A. S. (2005). Phenotype analysis of aquaporin-8 null mice. Am. J. Physiol. Cell Physiol. 288, C1161–C1170. doi:10.1152/ajpcell.00564.2004
 Zhang, D., Tan, Y. J., Qu, F., Sheng, J. Z., and Huang, H. F. (2012). Functions of water channels in male and female reproductive systems. Mol. Asp. Med. 33, 676–690. doi:10.1016/j.mam.2012.02.002
 Zhang, Y., Chen, Q., Zhang, H., Wang, Q., Li, R., Jin, Y., et al. (2015). Aquaporin-dependent excessive intrauterine fluid accumulation is a major contributor in hyper-estrogen induced aberrant embryo implantation. Cell Res. 25, 139–142. doi:10.1038/cr.2014.139
 Zhang, D., Xu, G., Zhang, R., Zhu, Y., Gao, H., Zhou, C., et al. (2016). Decreased expression of aquaporin 2 is associated with impaired endometrial receptivity in controlled ovarian stimulation. Reprod. Fertil. Dev. 28, 499–506. doi:10.1071/RD13397
 Zhang, J., Zhao, L., Li, Y., Dong, H., Zhang, H., Zhang, Y., et al. (2022). Circadian clock regulates granulosa cell autophagy through NR1D1-mediated inhibition of ATG5. Am. J. Physiol. Cell Physiol. 322, C231–C245. doi:10.1152/ajpcell.00267.2021
 Zhou, J., Peng, X., and Mei, S. (2019). Autophagy in ovarian follicular Development and atresia. Int. J. Biol. Sci. 15, 726–737. doi:10.7150/ijbs.30369
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.
Copyright © 2022 Huang, Jin, Zhang, Cui, Zhang, Lu, Yu, Ma and Zhang. 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.
		MINI REVIEW
published: 14 September 2022
doi: 10.3389/fcell.2022.959239


[image: image2]
Focusing on the role of secretin/adhesion (Class B) G protein-coupled receptors in placental development and preeclampsia
Aiqi Yin1, Xiaonian Guan1, Jian V. Zhang2,3,4* and Jianmin Niu1*
1Department of Obstetrics, Shenzhen Maternity and Child Healthcare Hospital, The First School of Clinical Medicine, Southern Medical University, Shenzhen, China
2Center for Energy Metabolism and Reproduction, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China
3Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China
4Shenzhen Key Laboratory of Metabolic Health, Shenzhen, China
Edited by:
Rujuan Zuo, Oslo University Hospital, Norway
Reviewed by:
Qingliang Zheng, The Eighth Affiliated Hospital, Sun Yat-sen University, China
Linlin Sui, Dalian Medical University, China
* Correspondence: Jian V. Zhang, jian.zhang@siat.ac.cn; Jianmin Niu, njianmin@163.com
Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Cell and Developmental Biology
Received: 01 June 2022
Accepted: 25 July 2022
Published: 14 September 2022
Citation: Yin A, Guan X, Zhang JV and Niu J (2022) Focusing on the role of secretin/adhesion (Class B) G protein-coupled receptors in placental development and preeclampsia. Front. Cell Dev. Biol. 10:959239. doi: 10.3389/fcell.2022.959239

Preeclampsia, a clinical syndrome mainly characterized by hypertension and proteinuria, with a worldwide incidence of 3–8% and high maternal mortality, is a risk factor highly associated with maternal and offspring cardiovascular disease. However, the etiology and pathogenesis of preeclampsia are complicated and have not been fully elucidated. Obesity, immunological diseases and endocrine metabolic diseases are high-risk factors for the development of preeclampsia. Effective methods to treat preeclampsia are lacking, and termination of pregnancy remains the only curative treatment for preeclampsia. The pathogenesis of preeclampsia include poor placentation, uteroplacental malperfusion, oxidative stress, endoplasmic reticulum stress, dysregulated immune tolerance, vascular inflammation and endothelial cell dysfunction. The notion that placenta is the core factor in the pathogenesis of preeclampsia is still prevailing. G protein-coupled receptors, the largest family of membrane proteins in eukaryotes and the largest drug target family to date, exhibit diversity in structure and function. Among them, the secretin/adhesion (Class B) G protein-coupled receptors are essential drug targets for human diseases, such as endocrine diseases and cardiometabolic diseases. Given the great value of the secretin/adhesion (Class B) G protein-coupled receptors in the regulation of cardiovascular system function and the drug target exploration, we summarize the role of these receptors in placental development and preeclampsia, and outlined the relevant pathological mechanisms, thereby providing potential drug targets for preeclampsia treatment.
Keywords: preeclampsia (PE), pathogenesis, placenta, secretin GPCRs, adhesion GPCRs
INTRODUCTION
Preeclampsia (PE) is a multisystem pregnancy disorder characterized by new-onset hypertension after 20 weeks of gestation and affects the functions of multiple organ (Brown et al., 2018; Chappell et al., 2021). PE influences around 3–8% of the pregnant women and remains a key cause of maternal mortality, bringing about at least 42,000 maternal deaths each year (Abalos et al., 2013; Say et al., 2014). PE seriously threatens maternal and fetal life safety, leading to many severe complications such as acute renal failure, intracranial hemorrage, fetal growth restriction (FGR), abnormal fetal heart development and still birth (Adu-Bonsaffoh et al., 2013; Brown et al., 2018; Hutcheon et al., 2011). Furthermore, PE can bring substantial long-term cardiovascular and endocrine metabolic risks both to the mother and the child (Bellamy et al., 2007; Kajantie et al., 2009; Mongraw-Chaffin et al., 2010; Tuovinen et al., 2012). The strong evidence has demonstrated that aspirin can prevent the development of PE (Duley et al., 2019; Jin, 2021). However, once PE occurs, the existing treatments, such as antispasmodic and antihypertensive agents, cannot prevent the progression of the disease. The termination pf pregnancy is the only effective treatment for PE, which may leads to the delivery of premature fetus or low birth weight fetus, with high healthcare costs (Chappell et al., 2021; Liu et al., 2009). Thus, it is necessary to explore new treatments for PE to reduce the risk and safely prolong pregnancy.
The pathophysiological mechanisms of PE have been studied for a long time. The placenta is the key factor responsible for the development of PE. All maternal complications share a common pathophysiological feature focusing on placental abnormalities (Burton et al., 2019). The pathogenesis of PE contains poor placentation, uteroplacental malperfusion and endothelial cell dysfunction (Brennan et al., 2014; Redman and Staff, 2015). However, due to the heterogeneity of PE and the diversity of its clinical manifestations, the immunological, genetic and environmental mechanisms of PE are still not fully understood, and there is no great breakthrough regarding the treatment for PE. Some research scholars advocate that PE should be reclassified using placenta-derived markers or new phenotypic combinations, which may assist in identifying high-risk patients, monitoring disease progression, and providing effective clinical interventions (Ferrazzi et al., 2018; Powers et al., 2012).
G protein-coupled receptors (GPCRs), the largest family of membrane proteins in eukaryotes, are involved in the regulation of almost all life processes and functions. GPCRs are the key factors for the occurrence and development of major diseases, including cardiometabolic diseases (Dorsam and Gutkind, 2007; Lappano and Maggiolini, 2011; Wang et al., 2018). Exploratory studies have revealed the essential functions of GPCRs in placental development and provided a sufficient theoretical basis that they can be used as potential targets for PE (Conrad, 2016; McGuane and Conrad, 2012; Quitterer and AbdAlla, 2021). Based on the classification by structure and phylogeny analysis of GPCRs, Class B GPCRs, which are structurally characterized by large extracellular regions, contain the following two families, secretin GPCRs and adhesion GPCRs. Secretin GPCRs are polypeptide hormone receptors that can mediate diverse physiological activities. Adhesion GPCRs are indispensable for human development, and their mutations are involved in all major tissues diseases. This review summarizes the pathophysiological mechanisms of PE and the biological role of secretin/adhesion (Class B) GPCRs in placental development and PE, aiming to find potential markers for the reclassification and treatment of PE.
PATHOPHYSIOLOGY OF PE: THE TWO-STAGE PLACENTAL MODEL
The clinical symptoms of PE are immediately relieved once the placenta is delivered, suggesting that the placenta is crucial for the pathogenesis of PE. The two-stage placental model theory proposed by professor Redman is the most acceptable explanation for the pathogenesis of PE (Redman, 1991). In the first stage (preclinical and placental period), insufficient trophoblast infiltration causes the incomplete remodeling of the uterine spiral arteries, resulting in poor placentation and placental dysfunction. In the second stage (clinical and maternal disease period), placental ischemia, hypoxia and oxidative stress lead to the release of numerous inflammatory factors into the circulation, including soluble fms-like tyrosine kinase-1 (sFlt-1), soluble endoglin (sEng), trophoblast debris and reactive oxygen species (Levine et al., 2004; Maynard et al., 2003). These factors cause systemic vascular inflammation and extensive maternal endothelial cell dysfunction (Redman et al., 1999) and provoke diverse clinical manifestations such as maternal hypertension, proteinuria and FGR (Powe et al., 2011). This two-stage model is established on the assumption that poor placentation, predominantly leading to FGR, occurs in almost all PE cases (Avagliano et al., 2011). However, some of the late-onset PE patients with full delivery show unlimited neonatal growth, which suggests that poor placentation does not happens in all PE placenta (Xiong et al., 2002). The second placental cause of PE is uteroplacental malperfusion. The placenta capacity over the capacity of the uterus could compress the terminal villi and hinder intervillous perfusion, resulting in syncytiotrophoblast hypoxia and the subsequent placental dysfunction (Devisme et al., 2013). Increased syncytiotrophoblast apoptosis in the human full-term placenta may cause PE as well (Ishihara et al., 2002). Studies have shown that the angiogenesis-related factors secreted by syncytiotrophoblasts are expected to be circulating biomarkers for the diagnosis and prediction of PE (Droge et al., 2021). Excessive trophoblastic senescence increases placental cell stress, which may be a potential pathogenic factor for PE (Zaki et al., 2003; Zhang et al., 2021). Overall, syncytiotrophoblast stress is a common end point of both early-onset and late-onset PE pathways and is affected by maternal genetic, epigenetic and environmental factors. Syncytiotrophoblast stress signaling in the maternal circulation may be the most specific biomarker of PE (Redman et al., 2022). The two-stage model summarizes the pathophysiological mechanisms of PE into two stages (placental dysfunction and clinical manifestations) and three ways (poor placentation, dysfunctional uteroplacental perfusion and placental aging) (Figure 1). In addition, it incorporates a range of pathophysiological mechanisms, including dysregulated immune tolerance, vascular inflammation, endoplasmic reticulum stress and oxidative stress (Sheppard and Bonnar, 1976). Maternal and pregnancy risk factors, such as primiparity, obesity and chronic prepregnancy disorders, are also considered (Alnaes-Katjavivi et al., 2016; Egeland et al., 2016; Skjaerven et al., 2002; Tannetta et al., 2015).
[image: Figure 1]FIGURE 1 | The secretin/adhesion GPCRs and the pathophysiology of preeclampsia. PE, preeclampsia; GPCRs, G protein-coupled receptors; sFlt-1, soluble fms-like tyrosine kinase 1; sEng, soluble endoglin; FGR, fetal growth restriction; ★, commercial drug; ↓, expressed at low levels in PE. The figure was created with BioRender.com.
ROLE OF GPCRS IN PE
GPCRs, a superfamily of seven-transmembrane receptors, more than 800 of which are encoded in the human genome, constitute the largest family of cell surface receptors in mammalian cells. GPCRs were initially divided into A–F systems according to the structural similarity of their receptor size, ligand interaction points and phylogeny. Their prototype members are as follows: Class A (rhodopsin receptors), Class B (secretin/adhesion receptors), Class C (metabotropic glutamate receptors), Class D (fungal mating pheromone receptors), Class E (cyclic AMP receptors) and Class F (frizzled/smoothened receptors) (Attwood and Findlay, 1994; Bockaert and Pin, 1999). Fredriksson et al. provided a GRAFS classification approach based on an overall phylogenetic analysis of human tracks that consists of the following five families: rhodopsin (Class A), secretin/adhesion (Class B), glutamate (Class C), frizzled (Class F) and taste 2 (Class T) (Fredriksson et al., 2003). GPCRs can recognize various different ligands or stimuli, such as hormones, neurotransmitters and light, to regulate key physiological processes. Abnormal GPCR signaling can lead to various diseases, such as diabetes (Riddy et al., 2018; Wu et al., 2021), cardiovascular diseases (Wang et al., 2018) and cancers (Dorsam and Gutkind, 2007; Lappano and Maggiolini, 2011). More than 40% of commercial drugs exert their efficacy through GPCRs. Most drugs target rhodopsin GPCRs because they have various ligands, but other GPCRs also possess distinct therapeutic potential, such as more than 34 drugs targeting secretin GPCRs and 21 drugs targeting glutamate GPCRs (Hutchings, 2020). Furthermore, research on drugs targeting GPCRs are still increasing (Zhou and Wild, 2019).
The GPCRs-targeted drugs such as GLP-1, which belongs to secretin GPCRs, have been used for the treament of cardiovascular diseases and endocrine diseases. The GPCR-mediated regulation of vascular tone and circulating blood volume plays crucial roles in the maintenance of blood pressure homeostasis. PE is inextricably linked to endocrine and cardiovascular diseases. Recently, it’s found GPCRs potentially contribute to maternal physiological adaptation to pregnancy and placental development. Several GPCRs such as calcitonin receptor-like receptor (CRLR) and angiotensin AT1/2 are potential therapeutic targets for PE. They can modulate systemic and/or uteroplacental vasodilation to alleviate hypertension in PE (Dong et al., 2006). Secretin and adhesion GPCRs, which belong to the class B GPCR family, present great potential in clinical use. Many studies are committed to investigate the fundamental role of Class B (secretin/adhesion) GPCRs in PE, so it is necessary to summarize the current research progress. A comprehensive summary of the researches in relation to Class B (secretin/adhesion) GPCRs in the field of placental development and PE is provided in the following part of this review (Table 1).
TABLE 1 | The secretin/adhesion (class B) GPCRs in placental development and PE.
[image: Table 1]Secretin (Class B) GPCRs
The secretin family, a small part of GPCRs containing 15 members, has large extracellular domains that can bind to hormone and mainly regulates metabolism (Lagerstrom and Schioth, 2008).
Calcitonin receptor-like receptor (CRLR) is required for embryonic development (Chang and Hsu, 2013). Deficiency of CRLR causes extreme hydrops fetalis and embryonic death (Dackor et al., 2006; Mackie et al., 2018). CRLR is widely expressed in vascular endothelial cells of placental chorionic villi at the first trimester, human choriocarcinoma JAr cells and trophoblast HTR-8/svneo cells (Tsatsaris et al., 2002). It shows a spatiotemporal pattern in the female reproductive system of pregnant rats (Li et al., 2010). An analysis of mouse placenta obtained on E18 of pregnancy suggests that CRLR is predominantly expressed in trophoblast, syncytiotrophoblast and trophoblast giant cells (Chang and Hsu, 2013; Dong et al., 2003; Zhang et al., 2005). CRLR regulates trophoblast proliferation and differentiation in the implantation process (Tsatsaris et al., 2002). Existing research demonstrates that CRLR is decreasingly expressed at the uterus and umbilical artery tissues in pregnancy-induced hypertension patients (Makino et al., 2001) and at PE placenta (Dong et al., 2005). It also associates with PE in vascular remodeling (Chang and Hsu, 2013). The impairment of CRLR associated with calcitonin gene-related peptide (CGRP)-dependent vasodilation in PE (Dong et al., 2005) suggest their role in the control of human fetoplacental vascular tone. CGPR-mediated vascular dilation involves the activation of KATP channels, cAMP and nitric oxide pathway (Dong et al., 2004). The loss of CRLR associated receptor activity-modifying proteins (RAMPs) reduces the expression of parathyroid hormone 1 receptor (PTHR1) (Kadmiel et al., 2017). PTHR1 expresses differently depending on maternal hyperglycemia type. It’s highly expressed in the extravillous cytotrophoblasts and decidua tissues, regulating the human trophoblast-derived JEG-3 cell proliferation (Hellman et al., 1993), and committing to adverse pregnancy outcomes (Sirico et al., 2021).
Corticotropin releasing hormone (CRH) promotes embryo implantation (Makrigiannakis et al., 2001). It also control trophoblast invasion by downregulating the synthesis of carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) in extravillous trophoblast (EVT) cells (Bamberger et al., 2006). Abnormalities in trophoblast invasion may lead to abnormal placentation. The treatment of BeWo cells with exogenous CRH results in the elevation of cellular corticotropin releasing hormone receptor 1 (CRHR1) levels, which are significantly reduced in PE and intrauterine growth restriction (IUGR) (Chen et al., 2013; Karteris et al., 2003). CRHR1 and CRHR2 are expressed in placental trophoblasts, and they regulate estradiol and progesterone production as well as glucose transporters through distinct signaling pathways. They exert differential effects on 15 hydroxy prostaglandin dehydrogenase (PGDH) expression (Gao et al., 2007; Gao et al., 2008; Gao et al., 2012a; Gao et al., 2012b; Karteris et al., 1998). The deficiency of CRHR1 in uterine at early pregnancy implicates the pathogenesis of recurrent miscarriage, placenta accreta and PE (Kalantaridou et al., 2007).
The absence of the glucagon receptor (GCGR) gene during pregnancy leads to abnormal placentation and poor fetal growth, increasing occurrence rate of fetal and early postnatal death. The placenta affected by GCGR are characterized by extensive mineralization, fibrinoid necrosis, narrowing of the vascular channels and thickened interstitium associated with trophoblast hyperplasia. In addition, the lack of GCGR downregulates genes that control growth, vascularization and oxidative stress (Charron and Vuguin, 2015; Ouhilal et al., 2012). Regarding glucagon-like peptide receptors (GLPRs, including GLP1R and GLP2R), it’s found that the GLP1R agonist liraglutide can increase nitric oxide production and decrease blood pressures. They function partially through activating nitric oxide synthase (NOS) and thus serve as a potential therapeutic option for PE (Younes et al., 2020).
Pituitary adenylate cyclase activating polypeptide receptor 1 (PAC1), expressed in both human and mouse placenta, has spatiotemporal expression characteristics in decidual cells, chorionic vessels and stromal cells (Koh et al., 2003; Koh et al., 2005; Scaldaferri et al., 2000). Its antagonist PACAP6-38 can activate MAPK signaling in human cytotrophoblasts, which suggests the possible role in gestational maintenance and fetal growth (Reglodi et al., 2008). Drugs designed on the basis of secretin GPCR have been developed and applied for clinical use, especially in the treatment of metabolic diseases, such as diabetes. Given diabetes and obesity are risk factors for PE, the prospect of secretin GPCRs in therapy of PE could be speculated.
Adhesion (Class B) GPCRs
The adhesion family of GPCRs, a large branch with 33 members, is the second largest family of GPCRs separated from secretin GPCRs. The International Union of Basic and Clinical Pharmacology (IUPHAR) rename adhesion GPCRs as ADGRs followed a letter and a number to denote their subfamily and subtype, respectively (Hamann et al., 2015). Adhesion GPCRs are paid close attention due to its specific biological function and structure. Most adhesion GPCRs have long diverse N termini, and their N termini are rich in functional domains that can be found in other proteins, such as cadherins, lectins and immunoglobulins. It’s shown that the number and structure of these domains are essential for the specificity of receptor ligand binding interactions (Bjarnadottir et al., 2004; Purcell and Hall, 2018).
Several adhesion GPCRs participate in angiogenesis, a process that implicates in gestational physiology, placental development and the occurrence of PE (Masiero et al., 2013; Stehlik et al., 2004; Vallon and Essler, 2006; Wang et al., 2005). ADGRA2 (GPR124) deficiency leads to embryonic lethality due to the central nervous system (CNS)- specific angiogenesis and hemorrhage (Anderson et al., 2011; Chang et al., 2017; Cullen et al., 2011; Kuhnert et al., 2010). The loss of ADGRF5 (GPR116) and ADGRL4 (ELTD1, ETL) result in vascular remodeling defects (Lu et al., 2017). Both ADGRA2 (GPR124) and ADGRG6 (GPR126) are required for embryonic development (Chang et al., 2017; Waller-Evans et al., 2010). ADGRG6 (GPR126) has a strictly regulated expression pattern in mouse development (Moriguchi et al., 2004). A differential expression of ADGRG6 (GPR126) is found in IUGR placenta, which is correlated with placental angiogenesis (Majewska et al., 2019) and hypoxia in early pregnancy (Bogias et al., 2022). ADGRG6 (GPR126) mutant placenta shows a decreased expression of proteases associated with trophoblast invasion and maternal uterine vascular remodeling, leading to IUGR, PE and early miscarriage. Hence, ADGRG6 (GPR126) is essential in the trophoblast lineage for the promotion of spiral artery remodeling during placental development (Torregrosa-Carrion et al., 2021). Our research group previously analyzes the gene expression profiles at placentas in early-onset PE and late-onset PE. ADGRA2 (GPR124) is downregulated in early-onset PE and involve in cell surface receptor-related signaling (Liang et al., 2016). The specific role and mechanism of ADGRA2 (GPR124) in placental development and PE are still under investigation. ADGRE5 (CD97) is downregulated in PE placenta and promotes trophoblast invasion by targeting FOXC2 through PI3K/Akt/mTOR signaling pathway (Shen et al., 2020). ADGRG2 (GPR64, HE6) plays a crucial role in the decidualization of endometrial stromal cells (Yoo et al., 2017). Adhesion GPCRs are considered as suitable targets for therapy, but the ligands of most members have not been found. And there are no associated drugs are currently approved by the FDA.
CONCLUSION AND PERSPECTIVES
In summary, the Class B (secretin/adhesion) GPCRs play crucial roles in placental development and PE, suggesting that the class B (secretin/adhesion) GPCRs could serve as therapeutic targets in PE. However, most of the studies mainly focus on their expression level and associated phenotype, whereas the molecular mechanisms still need to be paid much more attention. Deep comprehension on the mechanisms is required to provide solid rationale for the application of Class B (secretin/adhesion) GPCR-targeted drugs into PE.
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Endocrine and metabolic diseases show increasing incidence and high treatment costs worldwide. Due to the complexity of their etiology and mechanism, therapeutic strategies are still lacking. Osteoprotegerin (OPG), a member of the tumor necrosis factor receptor superfamily, appears to be a potential candidate for the treatment of these diseases. Studies based on clinical analysis and rodent animal models reveal the roles of OPG in various endocrine and metabolic processes or disorders, such as bone remodeling, vascular calcification, and β-cell proliferation, through the receptor activator of nuclear factor kappa-B ligand (RANKL) and the receptor activator of NF-κB (RANK). Thus, in this review, we mainly focus on relevant diseases, including osteoporosis, cardiovascular disease (CVD), diabetes, and gestational diabetes mellitus (GDM), to summarize the effects of the RANKL/RANK/OPG system in endocrine and metabolic tissues and diseases, thereby providing a comprehensive insight into OPG as a potential drug for endocrine and metabolic diseases.
Keywords: nuclear factor kappa-B ligand, receptor activator of NF-κB, osteoprotegerin, osteoporosis, cardiovascular disease, gestational diabetes mellitus
INTRODUCTION
Endocrine and metabolic disorders have become global health challenges due to their complications in physiological and pathological processes in multiple endocrine and metabolic tissues, which are risk factors for many diseases, such as osteoporosis, cardiovascular disease, diabetes mellitus, and pregnancy complications (Khosla and Hofbauer, 2017; Schafer et al., 2017; Helfer and Wu, 2018). To date, some key signaling systems responsible for the regulation of endocrine and metabolic processes have been revealed. Among them, RANKL/RANK signaling is a critical participant in endocrine metabolism (Kiechl et al., 2013; Kondegowda et al., 2015).
RANKL, a transmembrane ligand belonging to the TNF superfamily, is a crucial regulator of bone resorption and is a type II transmembrane glycoprotein composed of 317 amino acid residues (Anderson et al., 1997). RANKL can bind to RANK on neighboring cells and activate NF-κB signaling to regulate biological processes, such as the cell cycle, proliferation, differentiation, and apoptosis (Blomberg Jensen et al., 2021). RANKL is involved in regulating many processes, such as immune surveillance, bone resorption, monocyte chemotaxis, fibrosis, β-cell proliferation, and glucose homeostasis (Bernardi et al., 2016; Huang et al., 2020). RANKL can be found in membrane-bound and soluble forms, in which RANKL binds to two other RANKL molecules to form a trimer that binds to the receptor RANK (Rinotas et al., 2020). RANKL/RANK acts as a major regulator of BRCA1/BRCA2 mutations and is involved in controlling the development of breast cancer by inhibiting NF-κB activation and EGFR signaling (Galluzzi et al., 2016; Sirinian et al., 2018). RANKL mRNA in the bone marrow and lymphoid tissues with high expression, especially through the specific receptor RANK on osteoclast cells, promotes osteoclast maturation and inhibits osteoclast apoptosis. One study using a RANKL monoclonal antibody to block the specific binding of RANKL and RANK verified that the inhibition of osteoclasts could significantly increase the bone density of each place with a low bone mass after menopause and effectively reduce the conversion rate of bones (Kostenuik et al., 2009).
OPG acts as a soluble secreted glycoprotein first discovered by Simon et al. in the intestine of rats in 1997. OPG is a new member of the tumor necrosis factor receptor superfamily that can inhibit differentiation and maturation in osteoclasts and increase the bone density (Simonet et al., 1997). OPG is expressed in the healthy and pathological statuses of various tissues, including the bone, heart, blood vessels, kidney, liver, spleen, thymus, lymph nodes, placenta, adipose tissue, and pancreas (Shen et al., 2012; Bernardi et al., 2016). Indeed, OPG is a fusion receptor that selectively binds to RANKL and inhibits bone resorption, acting as a decoy receptor (Kwon et al., 1998; Akinci et al., 2011).
RECEPTOR ACTIVATOR OF NUCLEAR FACTOR KAPPA-B LIGAND/RECEPTOR ACTIVATOR OF NUCLEAR FACTOR KAPPA-B SYSTEM REGULATES BONE DEVELOPMENT
The bone is a special endocrine tissue that can protect the body organs and the hematopoietic bone marrow, providing structural support for muscles and maintaining the balance of ions and factors in vertebrates (Siddiqui and Partridge, 2016). The most striking function of the bone is paracrine signaling originating from bone cells. Current research has confirmed that the bone can be used as an endocrine organ (Zhou et al., 2021). The main components of a bone include osteoblasts, osteocytes, marrow adipocyte tissue, and mineralized fibrous tissue (Zhang et al., 2015; Lecka-Czernik et al., 2017). The RANKL/RANK/OPG system participates in pathological and physiological processes by secreting bone-derived hormones (Ferron et al., 2008; DiGirolamo et al., 2012; Wei et al., 2015; Zhang et al., 2015; Bernardi et al., 2016). RANKL can activate RANK in osteoclast precursor cells by residing in bone-forming cells and inducing osteoclastogenesis to promote bone resorption (Ikebuchi et al., 2018). Moreover, OPG acts as a natural inhibitor of RANKL and protects against bone loss in a mouse model (Simonet et al., 1997). OPG binds to RANKL and blocks the activation of RANK, which prevents bone resorption by differentiation and activation in osteoclasts (Ono et al., 2020). In clinics, there is a drug targeting RANKL, denosumab (Dmab), a monoclonal antibody that has been broadly used to treat osteoporosis and decrease the risk of fractures (McCloskey et al., 2012). Collectively, both osteogenesis and bone resorption are two key processes for bone remodeling, which is regulated by RANKL in osteocytes, suggesting that it is possible to use OPG as a natural biological inhibitor of RANKL for the treatment of bone-related diseases.
OSTEOPROTEGERIN AMELIORATES CARDIOVASCULAR DISORDERS THROUGH THE RECEPTOR ACTIVATOR OF NUCLEAR FACTOR KAPPA-B LIGAND/RECEPTOR ACTIVATOR OF NUCLEAR FACTOR KAPPA-B SIGNALING
Cardiovascular diseases (CVDs) remain the leading cause of death and premature disability. In 2019, there were more than 523 million patients with CVD worldwide, of which approximately 18.6 million died from CVD (Roth et al., 2020). By 2020, cardiovascular diseases, such as atherosclerosis, had become the main cause of the total disease burden (Mozaffarian, 2016). These findings reinforce the need for diagnostic and prognostic tools that are helpful for CVD interventions. OPG levels were strongly correlated with arterial stiffness and the number of atherosclerotic sites in dysmetabolic patients (Monseu et al., 2016). Plasma OPG levels were increased in hypertensive patients compared to normal blood pressure volunteers, and serum OPG levels were significantly correlated with inflammation and hypertension, which may be used as a predictive indicator of hypertensive vascular endothelial dysfunction (Stepien et al., 2011; Arnold et al., 2019). Moreover, hypertensive patients with high plasma OPG levels are significantly more likely to have three or more target organ (cardiac, vascular, and renal) lesions at 10 years of cardiovascular risk for hypertensive retinopathy (Blazquez-Medela et al., 2012). These studies indicate that an increase in OPG levels might play a potential role in cardiovascular diseases. Recent research studies have indicated that vascular calcification is likely to be traditionally associated with the OPG/RANKL signaling system, which regulates bone remodeling. RANKL promoted vascular calcification, a disorder that causes blood vessel hardening and dysfunction (Lee et al., 2019), acting as a significant risk factor for type 2 diabetes mellitus, which is strongly associated with cardiovascular complications. Vascular calcification can be blocked by OPG acting as a RANKL decoy receptor (Ndip et al., 2011; Harper et al., 2016). An OPG-knockout mouse model showed aortic calcification, suggesting that OPG could protect large blood vessels from medial calcification (Callegari et al., 2013). These studies indicate that OPG could prevent vascular calcification.
In addition, experimental studies have shown that OPG can promote the adhesion of immune cells on endothelial cells, which is an important barrier to maintain the integrity of the inner surface of blood vessels, and its damage is the beginning of atherosclerosis, while the lack of OPG can cause endothelial cell damage (Rochette et al., 2018). With high OPG concentrations, endothelial cells stimulated by the vascular endothelial growth factor are more likely to survive. However, the mechanisms of OPG and RANKL remain to be determined and remain controversial in cardiovascular diseases. Hence, there might be an underlying mechanism involved in cardiovascular functions along with RANKL/RANK/OPG signaling.
OSTEOPROTEGERIN AFFECTS GLUCOSE HOMEOSTASIS
Diabetes results in insufficient absolute insulin secretion, resulting in higher blood glucose and causing metabolic disorders and even damage to multiple systems. Diabetes kills more than 3 million people worldwide each year, making it the third leading cause of death from cardiovascular diseases and tumors (Corona et al., 2011). Diabetes can be divided into type 1 and 2 diabetes, according to the etiology of diabetes. Moderate-type diabetes accounts for more than 90% of the total incidence. Insulin deficiency and insulin resistance are two indispensable causes of diabetes. In insulin-dependent diabetes mellitus, islet cells can secrete a certain amount of insulin, but the sensitivity of insulin is reduced, resulting in relative insulin deficiency in the body and causing metabolic disorders in the body and hyperglycemia. The main pathogenesis of diabetes is the inability of β-cells to secrete insulin required for metabolism, resulting in an imbalance in blood glucose homeostasis (Arnes and Sussel, 2015). Bone metabolism has received increasing attention regarding the regulation of blood glucose homeostasis. In a clinical study, an increase in serum OPG levels was reported in both patients with type 1 and type 2 diabetes mellitus compared to normal controls by different groups of investigators (Browner et al., 2001; Knudsen et al., 2003; Galluzzi et al., 2005; Giovannini et al., 2017). There is a strong potential association between OPG and diabetes. Rodent animal models reveal that OPG is a common gene upregulated in islets involved in β-cell replication from the models of β-cell expansion that include pregnancy, obesity, insulin resistance, and β-cell regeneration (Rieck et al., 2009). OPG regulated the proliferation of β-cells in young and old rodent models of diabetes mellitus through prolactin (Kondegowda et al., 2015). OPG-knockout mice and the inflammation induced by lipopolysaccharides (LPS) in a mouse model show an obvious decline in insulin secretion and impaired glucose tolerance. After the artificial addition of exogenous OPG, the symptoms are evidently improved, suggesting that OPG can increase the secretion of insulin, which regulates blood glucose homeostasis (Kuroda et al., 2016). In addition, in animal experiments, a high-fat diet can induce the upregulation of OPG levels in mice. In contrast, after exogenous injection of human OPG molecular protein, the blood glucose of mice is disturbed and their glucose tolerance is significantly impaired, resulting in impaired insulin secretion in mice (Toffoli et al., 2011; Bernardi et al., 2014). Human OPG induces inflammation in mice, leading to the death of cells, which has the opposite effect, with the consequence of disordered regulation of glucose metabolism (Kondegowda et al., 2015). Whether Dmab, as a targeted drug for osteoporosis, can control glucose remains to be deeply investigated in the future.
OSTEOPROTEGERIN ATTENUATED SYMPTOMS IN GESTATIONAL DIABETES MELLITUS
Previously, different studies have elucidated the specific role of the RANKL/RANK/OPG system in mammary tissues, including gland physiology and hormone-driven epithelial proliferation during pregnancy (Infante et al., 2019). In addition, progesterone induces RANKL expression levels in both mice and humans (Liu et al., 2019), suggesting that RANKL might play roles in physiological processes during pregnancy. Regarding pregnancy complications, we mainly referred to hypertension and hyperglycemia during pregnancy. There was a significant increase in OPG during pregnancy, and the serum OPG rapidly decreased to the prepregnancy level after delivery, which is consistent with a previous experiment on mice (Yano et al., 2001; Naylor et al., 2003).
Pregnant women are first tested for impaired glucose tolerance and are diagnosed with GDM. Complications associated with gestational diabetes include overweight newborn infants or excessive babies, increased perinatal mortality, and risk of type 2 diabetes in offspring (Canouil et al., 2021). According to the International Diabetes Federation (IDF), the incidence of GDM has reached 16.8% in recent years. Retrospective clinical studies showed that the circulating levels of OPG in women with a history of GDM were significantly increased compared to normal women later in life, and they were positively correlated with various metabolic diseases with a high incidence later in life (Akinci et al., 2011; Telejko et al., 2015). We also have proven that placenta-derived OPG could regulate β-cell proliferation and glucose metabolism in placental glucose involved in glucose homeostasis in pregnant mice (Huang et al., 2020). OPG could promote glucose homeostasis during pregnancy, while there is no direct evidence to prove that OPG regulates hypertension during pregnancy. Taken together, these findings indicate that OPG seems to be a potential natural biology inhibitor for the treatment of pregnancy complications.
CONCLUSION AND PROSPECTS
In summary, the RANKL/RANK/OPG system is important for homeostasis, CVD, bone diseases, and diabetes and has been one of the most important advances in physiology and biology in the past decade, as shown in Figure 1. The discovery of RANKL, RANK, and OPG has led to the development of specific inhibitors of RANKL, such as OPG, and a monoclonal antibody to RANKL has been tested in humans in clinical trials. Whether there are adverse effects on these tissues, especially on immune response, still needs to be clarified for the application of the RANKL/RANK/OPG system as a drug target.
[image: Figure 1]FIGURE 1 | Representation of RANKL/RANK/OPG. RANKL binds to its receptor RANK, which can be found in membrane-bound molecules involved in bone resorption in osteoclasts, decreasing GLUT and PRL expression levels in the placenta, vascular calcification in blood vessels, and inhibiting β-cell proliferation and insulin secretion in islets. Osteoprotegerin (OPG), as a decoy receptor for RANKL, is secreted by the bone marrow and as a secreted glycoprotein. OPG competitively binds to RANKL to inhibit some functions of RANKL/RANK signaling in the bone, placenta, blood vessels, and pancreas. In addition, OPG binds to glycosaminoglycans such as heparin sulfate proteoglycans (HSPGs). OPG, osteoprotegerin; RANK, receptor activator of nuclear factor kappa-B; RANKL, receptor activator of nuclear factor kappa-B ligand; GLUTs, glucose transport proteins; PRL, prolactin. The figure was created with BioRender.com.
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Di-(2-ethylhexyl) phthalate exposure induces liver injury by promoting ferroptosis via downregulation of GPX4 in pregnant mice
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As one kind of endocrine disrupting chemical, di-(2-ethylhexyl) phthalate (DEHP) has been reported to cause liver dysfunction in epidemiological and experimental studies. Abnormal liver function in pregnancy is associated with adverse maternal and perinatal outcomes. Few studies have investigated the potential effect of gestational DEHP exposure on the liver in pregnant mice, and the underlying mechanisms remain unclear. In the present study, pregnant ICR mice were exposed to doses (0, 500, 1,000 mg/kg/day) of DEHP in the presence or absence of 5 mg/kg/day ferrostatin-1 (Fer-1, ferroptosis inhibitor) by oral gavage from gestation day 4 to day 18. HepG2 cells were exposed to different doses of monoethylhexyl phthalate (MEHP, a major metabolite of DEHP) in vitro. Hepatic function and pathologic changes were observed. Oxidative stress, iron metabolism, and ferroptosis-related indicators and genes were evaluated both in vivo and in vitro. The results showed that gestational DEHP exposure induced disordered liver function and hepatocyte morphology changes in pregnant mice, along with increased malondialdehyde (MDA) and Fe2+ content and decreased glutathione (GSH) levels. The expression levels of the selected ferroptosis-related genes Slc7a11, Gpx4, and Nfr2 were significantly decreased, and Ptgs2 and Lpcat3 were significantly increased. Notably, Fer-1 attenuated DEHP-induced liver injury and ferroptosis. Furthermore, MEHP exhibited a synergistic effect with RSL3 (a GPX4 inhibitor) in promoting ferroptosis in vitro. Taken together, the results demonstrated that DEHP induced liver injury and ferroptosis in pregnant mice, probably by inhibiting the GPX4 pathway through lipid peroxidation and iron accumulation.
Keywords: DEHP, liver injury, ferroptosis, endocrine disrupting chemical, pregnancy
INTRODUCTION
Di-(2-ethylhexyl) phthalate (DEHP), one of the most commonly used phthalates, has been widely used in the manufacture of PVC plastics and household products. Humans, even pregnant women and children are widely exposed to DEHP in everyday life via ingestion of food, inhalation, skin contact, and medical devices. Growing epidemiological evidence has highlighted the association between phthalate exposure and a higher risk for liver injury (Yu et al., 2021; Midya et al., 2022). As an endocrine disrupting chemical (EDC), DEHP is reported to be toxic to rodent liver, leading to lipid metabolism disorder, liver injury and nonalcoholic fatty liver disease (Chen et al., 2016; Zhao et al., 2020; Liu et al., 2021). Abnormal liver function in pregnancy is associated with adverse maternal and perinatal outcomes (Lao, 2020; Sarkar et al., 2020). However, the effects of DEHP exposure on the liver and the potential mechanism are currently understudied in pregnant mice.
Ferroptosis is a form of iron-dependent cell death characterized by the accumulation of intracellular reactive oxygen species (ROS) and lipid peroxidation (Dixon, 2012; Yang and Stockwell, 2016). Ferroptosis has been reported to play an important role in the pathogenesis of liver injury (Chen et al., 2022). Reports from in vivo and in vitro experiments have revealed that DEHP exposure triggers ferroptosis in mouse testes, spleen and murine hepatocyte cell line AML12 cells (Dai et al., 2021; Han et al., 2022; Wu et al., 2022). Yin et al. investigated the effects of acute exposure to DEHP on Oryzias melastigma, and the results indicated the occurrence of ferroptosis in the liver (Yin et al., 2021). DEHP is metabolized to mono(2-ethylhexyl) phthalate (MEHP) in the liver, but whether ferroptosis plays a potential role in DEHP-induced liver injury in pregnant mice remains unknown.
Glutathione peroxidase 4 (GPX4), as a central regulator of ferroptosis, is a common mechanism shared by multiple independent small molecule scaffolds (Yang et al., 2014). GPX4 uses glutathione (GSH) to repair lipids and converts toxic lipid hydroperoxides into nontoxic lipid alcohols, which have been functionally characterized as critical protectors of hepatic function (Carlson et al., 2016). In the presence of catalytically active iron, any disturbance to the system xc−/GSH/GPX4 axis may induce lipid peroxidation and result in cellular membrane damage and eventually ferroptosis (Seibt et al., 2019). The balance between oxidative stress and antioxidant response is very important during the normal course of pregnancy. As an exogenous compound, DEHP was reported to trigger oxidative stress with a decrease in GSH activity and an increase in ROS and MDA levels (Zhao et al., 2021). Therefore, we hypothesize that the oxidant/antioxidant imbalance caused by exogenous DEHP exposure may mediate liver injury by decreasing GPX4 activity and triggering ferroptosis. The present study aims to explore the effects of gestational DEHP exposure on the liver in pregnant mice and the potential role of ferroptosis in the mechanism.
MATERIALS AND METHODS
Animals and treatment
Specific pathogen-free ICR mice were purchased from the Animal Experimental Research Center of Anhui Medical University (Anhui, China). Before the formal experiment, the mice were adaptively fed for 1 week. All mice had free access to food and water under a 12:12-h light-dark cycle at 22 ± 1 °C. Then, 7-week-old ICR female mice were mated with fertile 10 to 12-week-old ICR males (female: male = 2:1). A vaginal plug was detected at next day after mating (the presence of a vaginal plug is defined as gestational day 0, GD0). Pregnant mice were randomly divided into four groups (n = 6 per group) and exposed to the following interventions from GD4 to GD18: 1) control group (DEHP 0 mg/kg), mice treated with corn oil; 2) DEHP 500 mg/kg group, mice treated with DEHP at a dose of 500 mg/kg/day by gavage; 3) DEHP 1000 mg/kg group, mice treated with DEHP at a dose of 1,000 mg/kg/day by gavage; 4) DEHP + Fer-1 group, mice treated with 1,000 mg/kg/day of DEHP and 5 mg/kg/day of ferroptosis inhibitor ferrostatin-1 (Fer-1). Dosage information and design in this experiment were based on recent previous research (Li et al., 2012; Zhao et al., 2021). All mice were sacrificed by cervical dislocation under diethyl ether anesthesia on GD18. Schematic diagram of experimental design in mice is shown in Figure 1A. All animal experiments were carried out with the approval of the Experimental Animal Ethics Committee of Anhui Medical University (No: 20190302).
[image: Figure 1]FIGURE 1 | DEHP exposure resulted in liver injury in pregnant mice. (A) The treatment schedule performed in mice. (B) Liver sections were stained with H&E. H&E magnification, first row, 200 × (scale bar = 100 μm); second row, 400 × (scale bar = 50 μm). The red arrow indicates hepatocyte swelling, necrosis, and inflammatory cell infiltration, and the black arrow indicates hyperemia in the central vein in the DEHP-treated groups. (C,D) Serum levels of AST and ALT. (E) The ratio of the liver weight to the body weight. (F,G) RT-qPCR of the inflammatory factor IL-1β and the serum levels of IL-6. All serum indexes were tested by kits. Data are presented as the mean ± SD. AST, aspartate aminotransferase; ALT, alanine aminotransferase; H&E, hematoxylin and eosin; IL-6, inflammatory factor interleukin-6; IL-1β, inflammatory factor interleukin-1β; *p < 0.05, **p < 0.01, ***p < 0.001.
Sample collection and preparation
On GD18, the mice were euthanized. Blood samples were collected and centrifuged to separate the serum. Liver tissue was excised and weighed immediately and divided into two parts: one for histological assays by fixing in 4% paraformaldehyde and the other for western blotting by freezing in liquid nitrogen for 20 min. All blood and liver samples were stored at −80°C for further experiments.
Chemicals and reagents
DEHP, MEHP, and RSL3 were purchased from Aladdin (Shanghai, China). Fer-1 was purchased from Sigma‒Aldrich (Shanghai, China). Alanine aminotransferase (ALT), aspartate aminotransferase (AST), MDA, GSH detection kits and glucose kits (glucose oxidase method) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). A hematoxylin and eosin (H&E) staining kit, BCA protein assay kit, lysis buffer and Reactive Oxygen Species Assay Kit were purchased from Beyotime Technology (Shanghai, China). CCK8 was purchased from Apex-Bio (Houston, United States). DMEM was purchased from Gibco (New York, United States). Antibodies for solute carrier family 7 member 11 (SLC7A11) and GPX4 were purchased from Abcam (MA, United States). All horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Zen Bio (Chengdu, China). TRIzol® reagent was purchased from Invitrogen (San Giuliano Milanese, Italy), and the SYBR Green kit was purchased from Life Science Biotechnology (Beijing, China). Primers for detecting Fth1, Ftl, Gpx4, Lpcat3, Slc7a11, Ptgs2, Lpcat3, Nrf2, and β-actin were synthesized by Invitrogen (San Giuliano Milanese, Italy).
Biochemical analysis
Serum AST and ALT levels were measured by using an automatic biochemistry analyzer (Hitachi Automatic analyzer, Japan).
Histological analysis
Samples of liver tissue were collected and fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned for H&E staining. The histopathological observations were performed using a Microscope (Tissue FAXS-S plus, TG, Austria). First, the hepatic lobule structure was found under a ×4 objective lens. Second, the size, morphological structure, and arrangement of hepatocytes were observed under ×20 and ×40 objective lenses.
Hepatic iron accumulation was assessed by Perl’s Prussian Blue (PPB) staining. Paraffin-embedded liver tissue sections were deparaffinized and rehydrated through graded alcohols in water. The paraffin sections were stained with Prussian blue (10 mg/ml) for 15 min, washed in running water for 1 min and counterstained with 0.5% aqueous neutral red solution for 1 min. Tissue cells showing bright blue dots in the cytoplasm were examined under a phase-contrast microscope. Subsequent dehydration steps used exact timings to maintain consistent counterstain intensity and distribution. Each slice was randomly selected, and the percentage of Prussian blue-stained area was measured by image analysis (Tissue FAXS-S plus, TG, Austria).
Ferrous iron and lipid peroxidation assay
The liver ferrous iron (Fe2+) concentration was assessed with an Iron Assay Kit (Solarbio Life Science Institute, China). Liver tissue (0.1 g) was added to 1 ml of extracting solution for ice bath homogenization and centrifuged at 4,000 × g for 10 min at 4°C. The supernatant was collected for further testing according to the manufacturer’s instructions. The absorbance of the supernatant was measured on an EnSight multimode detection platform (EnSight, PE, United States) at a wavelength of 520 nm.
The concentration of GSH, GSH/GSSG ratio, and MDA in liver homogenized supernatant were measured to evaluate the antioxidant status and lipid peroxidation. The liver homogenate was prepared as previously described. The total protein concentration in the supernatant was also determined by the BCA assay. All operations were performed according to the manufacturer’s instructions.
Cell culture
HepG2 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, USA) with 10% fetal bovine serum (FBS, BI, Israel) and 1% penicillin‒streptomycin. The HepG2 cell line was maintained in a humidified incubator at 37 °C with 5% CO2. The cells were then separated into five groups: control (DMSO), 100 μM (MEHP), 200 μM (MEHP), 1 μM RSL3 (GPX4 inhibitor), and 200 μM (MEHP)+RSL3. HepG2 cells were pretreated in serum-free medium for 6 h and then incubated with MEHP for 24 h. All reagents were dissolved in DMSO (Sigma, United States) before use. Cells were treated with DMSO in the control group.
Cell counting kit-8 assay
To investigate the effect of MEHP and RSL3 on HepG2 cell viability, HepG2 cells were inoculated at a density of 104 cells/well in 96-well plates and then incubated in cell culture media containing 100–500 μM MEHP concentrations for 24 h. After 24 h of incubation, cell proliferation was evaluated using the Cell Counting Kit-8 kit, following the manufacturer’s instructions. Cell viability% = (absorbance of experimental group - absorbance of blank)/(absorbance of control group - absorbance of blank) × 100%.
Glucose levels analysis
To measure glucose metabolism in HepG2 cells treated with MEHP. The glucose levels were measured by following the manufacturer’s instructions. We also analyzed cell viability to measure the glucose consumption ratio after MEHP treatment.
ROS assay
ROS levels in HepG2 cells were measured by the fluorescent probe DCFH-DA. HepG2 cells were inoculated in 6-well plates using a Reactive Oxygen Species Assay Kit (Beyotime, Shanghai, China) and subjected to various treatments for 24 h. The culture medium was switched to serum-free medium, and 10 mol/L dichloro-fluorescein diacetate was incubated for 30 min in the dark. Finally, flow cytometry and fluorescence microscopy were used to estimate the ROS level in the cells.
RNA extraction and real-time PCR analysis
Total RNA was extracted from liver tissues using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s instructions and standardized to 1 μg/μL. The purification of RNA was performed according to the ratio of absorbance at 260 nm and 280 nm. The reaction solution was configured according to the instructions mentioned in the Reverse Transcription Kit (Roche, Switzerland). Then, RT-PCR was performed with SYBR Green Master Mix (Roche, Switzerland). The relative concentration of mRNA levels was normalized by the comparative Ct (2−ΔΔCt) with β-actin as an internal reference. The specific primer sequences applied in this study are presented in Table 1.
TABLE 1 | The specific primer sequences.
[image: Table 1]Protein extraction and western blotting analysis
Total proteins were extracted from the liver and quantified using the BCA Protein Assay Kit (Beyotime Biotechnology, China). Proteins were separated by 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene fluoride membranes, blocked with skimmed milk powder, and incubated at 4 °C overnight with primary antibodies. The membranes were washed with Tris-buffered saline with Tween 20 (TBST) and incubated with secondary antibodies conjugated with HRP. Antibody-protein complexes were detected using an ECL Prime Western Blotting Detection Reagent (Advansta, California, USA) and visualized using a Tanon digital imaging system (Fine-do X6, Shanghai, China). β-actin was used as an internal control protein.
Statistical analysis
All independent experiments were repeated at least 3 times, and the data are expressed as the mean ± standard deviation (SD). Student’s t test or one-way analysis of variance (ANOVA) was used to compare significant differences among groups, and Dunnett’s test was used for multiple comparisons using GraphPad Prism eight software. p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) indicated a statistically significant difference.
RESULTS
DEHP exposure resulted in liver injury in pregnant mice
The results of H&E staining, inflammatory cytokine levels, and liver function parameters are shown in Figure 1. H&E staining was performed to observe histopathological changes in the liver. Representative micrographs from H&E-stained liver sections revealed swollen hepatocytes, necrosis, inflammatory cell infiltration (red arrow), and hyperemia in the central vein (black arrow) in mice treated with 1,000 mg/kg DEHP (Figure 1B). The liver is the key target organ of DEHP exposure. AST is mainly found in the liver cytoplasm and hepatocyte mitochondria. ALT is mainly distributed in the liver cytoplasm. The levels of AST and ALT were significantly elevated (p < 0.01) in the 1,000 mg/kg DEHP group, which suggested damage to the liver parenchyma (Figures 1C,D). We found that the liver weight/body ratio was markedly increased (p < 0.001) in the DEHP-exposed group compared to the control group (Figure 1E), the expression of the inflammatory factor interleukin-1β (IL-1β) was significantly evaluated, and the level of the inflammatory factor interleukin-6 (IL-6) in liver tissue was much higher in the 1,000 mg/kg DEHP group (p < 0.05) (Figures 1F,G). From the above results, it has been demonstrated that gestational DEHP exposure induces liver injury in pregnant mice.
DEHP exposure disrupted iron metabolism and increased oxidative stress in mice livers
To explore the effects of DEHP exposure on iron metabolism in the livers of pregnant mice. Liver Fe2+ concentration and PPB staining were performed. The level of Fe2+ was significantly elevated, and PPB staining showed increasing iron accumulation in the liver tissue (red arrow) in the 1,000 mg/kg DEHP group (p < 0.01, Figures 2A–C). Moreover, the MDA content was significantly increased (p < 0.05) in the livers of mice in the 1,000 mg/kg DEHP-exposed group (Figure 2D). To assess hepatic redox homeostasis after DEHP exposure, GSH and the GSH/GSSG ratio were also measured. They were markedly decreased in the 1,000 mg/kg DEHP-exposed group compared to the control group (Figures 2E,F).
[image: Figure 2]FIGURE 2 | DEHP exposure disrupted iron metabolism and increased oxidative stress in mice livers. (A) The level of Fe2+ in the liver. (B) Representative micrographs from PPB staining. First row, 200 × (scale bar = 100 μm); second row, 400 × (scale bar = 50 μm). The red arrow indicates the accumulation of iron in the liver tissue. (C) Quantification of PPB staining for iron in hepatocytes. (D) MDA content in the livers of mice. (E) GSH content in the livers of mice. (F) Liver GSH/GSSG ratio. (G–I) RT‒qPCR of the iron metabolism-related genes Fth1, Ftl, and Tfr1 in mouse livers. Data are presented as the mean ± SD. PPB, Perl’s Prussian blue; MDA, malondialdehyde; GSH, glutathione. *p < 0.05, **p < 0.01, ***p < 0.001.
Iron metabolism-related genes were analyzed by qPCR. We found that the Ftl and Fth1 genes were highly expressed (p < 0.05, p < 0.01), and the Tfr1 gene was expressed at low levels in the 1,000 mg/kg DEHP-exposed group (p < 0.05, Figures 2G–I). Collectively, these results suggested that gestational DEHP exposure might alter iron metabolism in the liver and promote lipid peroxidation.
DEHP exposure led to ferroptosis in mice livers
To further determine whether DEHP exposure could induce ferroptosis in mice livers, ferroptosis-related genes and proteins were detected. We found that the ferroptosis-related genes Gpx4, Slc7a11, and Nrf2 were significantly downregulated, and Ptgs2 and Lpcat3 were significantly highly expressed in the 1,000 mg/kg DEHP-exposed group (Figures 3A–E). Since Gpx4 is the key gene in ferroptosis, we further conducted western blotting and revealed that the protein levels of GPX4 and SLC7A11 were markedly downregulated (p < 0.05, Figures 3F–H). The above results indicated that gestational DEHP exposure may lead to iron overload and further induce ferroptosis in mouse livers.
[image: Figure 3]FIGURE 3 | DEHP exposure led to ferroptosis in mice livers. (A–E) mRNA levels were evaluated by RT‒qPCR of the selected ferroptosis genes Gpx4, Slc7a11, Ptgs2, Nrf2, and Lpcat3, and β-actin was used as the reference gene. (F) Protein levels of GPX4 and SLC7A11 in the livers of mice; β-actin was used as the reference protein. (G,H) Quantification of the protein levels of GPX4 and SLC7A11 in the livers of mice. Experiments were repeated at least three times. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
Fer-1 alleviated DEHP-induced liver injury in pregnant mice
To determine whether ferroptosis plays a potential role in DEHP-induced liver injury. Fer-1 was injected into mice before DEHP exposure. Compared with the 1,000 mg/kg DEHP-exposed group, the levels of AST and ALT and the organ coefficient of the liver were significantly decreased in the 1,000 mg/kg DEHP + Fer-1 group (p < 0.05, Figures 4A–C). The level of liver Fe2+ was not significantly changed compared to that in the DEHP-exposed group (Figure 4D). Furthermore, the infiltration of inflammatory cells and hyperemia in the central vein was diminished after Fer-1 treatment (Figure 4E). In addition, the level of MDA in the liver was decreased (p < 0.05) in the 1,000 mg/kg DEHP + Fer-1 group, and the levels of GSH and the GSH/GSSG ratio were not markedly increased (Figures 4F–H). Overall, the data further indicated that Fer-1 was able to alleviate liver injury in DEHP-exposed mice.
[image: Figure 4]FIGURE 4 | Fer-1 alleviated DEHP-induced liver injury in pregnant mice. (A) Liver weight/body ratio. (B) Serum levels of AST. (C) Serum levels of ALT. (D) The level of Fe2+ in the liver. (E) Liver sections were stained with H&E in the normal control, DEHP, and DEHP + Fer-1 group. H&E magnification, first row, 200 × (scale bar = 100 μm); second row, 400 × (scale bar = 50 μm). The black arrow indicates hyperemia in the central vein. The yellow arrow indicates swollen hepatocytes, focal necrosis, and inflammatory cell infiltration. DEHP + Fer-1-treated liver sections showed that the severe signs of liver damage induced by DEHP were significantly attenuated. (F) MDA content in the livers of mice. (G) GSH content in the livers of mice. (H) Liver GSH/GSSG ratio. Data are presented as the mean ± SD. AST, aspartate aminotransferase; ALT, alanine aminotransferase; H&E, hematoxylin and eosin; MDA, malondialdehyde; GSH, glutathione. *p < 0.05, **p < 0.01, ***p < 0.001.
Fer-1 attenuated DEHP-induced ferroptosis and the activation of ferroptosis-related gene expression
In addition, ferroptosis-related genes and proteins were detected in DEHP-exposed mouse livers after treatment with Fer-1. Compared with the 1,000 mg/kg DEHP-espoused group, the mRNA level of Slc7a11 was significantly increased and Ptgs2 was obviously decreased (p < 0.05), while the expression of Nrf2 and Gpx4 showed an increasing trend that was not significantly different in the DEHP + Fer-1 group (Figures 5A–D). In addition, the protein levels of SLC7A11 and GPX4 were markedly increased (p < 0.05) in the DEHP + Fer-1 group (Figures 5E–G). In conclusion, the results demonstrated that DEHP may promote ferroptosis through the SLC7A11/GPX4-related pathway in pregnant mice livers.
[image: Figure 5]FIGURE 5 | Fer-1 attenuated DEHP-induced ferroptosis and the activation of ferroptosis related gene expression. (A–D) mRNA levels evaluated by RT‒qPCR of the selected ferroptosis genes Gpx4, Slc7a11, Ptgs2, and Nrf2 in the control, DEHP, and DEHP+Fer-1 group. β-actin was used as the reference gene. (E) Protein levels of GPX4 and SLC7A11 in the livers of mice; β-actin was used as the reference protein. (F, G) Quantification of the protein levels of GPX4 and SLC7A11 in the livers of mice. Experiments were repeated at least three times. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
MEHP induced ferroptosis in HepG2 cells
To further determine the role of ferroptosis in MEHP-induced hepatotoxicity, an in vitro study was conducted in HepG2 cells. RSL3 (a specific GPX4 inhibitor) was utilized to explore the potential molecular mechanism. We evaluated cell viability after treatment with MEHP and RSL3 (Figures 6A,B). In addition, we measured the glucose levels in the cell lines (Figures 6C,D), and the results suggested the occurrence of abnormal glucose metabolism in the MEHP-treated group. After evaluating the level of ROS, we found that the ROS level was higher in the MEHP + RSL3 group than in the RSL3-treated group (Figures 6E–H). Furthermore, we also discovered that the protein expression of GPX4, SLC7A11 and Nrf2 was significantly downregulated after treatment with MEHP + RSL3 (Figures 6I-L). These in vitro data support the idea that ferroptosis is involved in the molecular mechanism of MEHP-induced hepatotoxicity.
[image: Figure 6]FIGURE 6 | MEHP induced ferroptosis in HepG2 cells. (A,B) Cell viability was detected by CCK8 assays. (C,D) The glucose level and glucose uptake ratio were assessed by assays. (E–H) The intracellular ROS level was analyzed by a DCFH-DA probe on a fluorescence microscope and flow cytometry. (I) Protein levels of GPX4, SLC7A11, and Nrf2 in HepG2 cells; β-actin was used as the reference protein. (J–L) Quantification of the protein levels of GPX4, SLC7A11, and Nrf2 in HepG2 cells. Experiments were repeated at least three times. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
DEHP, as a typical EDC, is a widely used plasticizer. EDCs are well known to change the functions of the endocrine system and consequently induce adverse health effects in an intact organism (Koch et al., 2003; Caldwell, 2012; Heindel and Blumberg, 2019). In the present study, we observed that gestational DEHP exposure induced liver injury in pregnant mice. In addition, gestational DEHP exposure resulted in iron overload, leading to ferroptosis in mouse livers with the downregulation of GPX4. These findings suggested that ferroptosis might play a potential role in DEHP-induced liver injury.
Epidemiological studies have suggested that urinary phthalate metabolite concentrations are associated with elevated markers of liver injury, such as serum ALT AST, gamma-glutamyl transferase (GGT) and alkaline phosphatase (ALP), indicating the potential toxic effect of phthalate exposure on the liver. (Yu et al., 2021; Midya et al., 2022). Animal experiments have also reported that DEHP exacerbates nonalcoholic fatty liver in rats. Huang et al. concluded that DEHP induced lipid metabolism disorder in the liver by activating the LXR/SREBP-1c/PPARα/γ and NF-κB signaling pathways. Lo et al. found that DEHP induced injury in liver FL83B cells (Lo et al., 2014; Chen et al., 2016; Huang et al., 2022). Consistent with previous studies, we discovered elevated ALT and AST and hepatocyte morphology changes after gestational DEHP exposure in pregnant mice.
Ferroptosis is a form of regulated cell death that is characterized by the iron-dependent accumulation of lipid peroxidation to lethal levels (Stockwell et al., 2017; Jiang et al., 2021). Emerging evidence suggests that ferroptosis can be triggered by downregulation of system xc− activity, inhibition of GPX4, and accumulation of lipid ROS (Duan et al., 2021). Ferritin is a hollow iron storage protein composed of 24 highly symmetrical subunits of ferritin heavy chain (FTH1) and ferritin light chain (FTL) (Lee JH, 2009; N. Zhang et al., 2021). A previous study reported that IL-6 could enhance the synthesis of FTH1 and FTL in hepatocytes (Naz et al., 2013). It has been reported that inflammatory factors, such as IL-6 and IL-1β, have isozyme-specific effects on glutathione peroxidase (GPX) expression (Shou et al., 2021; Wang et al., 2022). They increase GPX2 transcript concentration and decrease GPX4 transcript concentration. Ferroptosis can be induced by IL-6, which also impairs iron homeostasis and causes an increase in reactive oxygen species (Han et al., 2021). Inhibitors of ferroptosis may alleviate inflammation as well as pathological indicators such as liver injury (Tsurusaki et al., 2019; Li et al., 2020). In an epidemiological study, increased iron levels, accompanied by elevated ROS levels, were reported to be associated with an increased risk of GDM (Bothwell, 2000; Ding et al., 2021). In our study, gestational DEHP exposure induced upregulation of inflammatory factors and hepatic genes involved in iron transport and storage, including Fth1 and Ftl. Inflammation and the oxidative stress response were upregulated in mouse livers, which is known to stimulate the expression of iron metabolism genes (Evstatiev and Gasche, 2012; X. Li et al., 2020; Xiao et al., 2021). It has been reported that defects in Tfr1 cause systemic iron overload and hemochromatosis through downregulation of hepcidin (Kawabata, 2019). Therefore, the determination of iron accumulation is crucial in diagnosing the occurrence and progression of many liver and iron-related diseases (van Vuren et al., 2020). In this study, consistent with previous findings, we found that iron accumulated and elevated the Fe2+ concentration in liver tissue, and MDA, as one of the final products of lipid peroxidation in cell membranes, was significantly increased. The levels of GSH and the GSH/GSSG ratio in the mouse livers decreased significantly in the DEHP-exposed group. Ferrous iron can participate in the Fenton reaction with H2O2, which could cause oxidative damage to DNA, protein, and membrane lipids and promote lipid peroxidation (Lunova M, 2014; Meynard D, 2014; Zhuang et al., 2014).
In addition to the liver, it was reported previously that DEHP could trigger ferroptosis in mouse testes and spleen (Dai et al., 2021; Wu et al., 2022). The exact molecular mechanism of DEHP-induced ferroptosis has not been fully clarified. The xc−/GPX4 antioxidant system and HIF-1α/HO-1 signaling pathway were suggested to play pivotal roles in DEHP-induced ferroptosis. According to previous studies, the System xc−/GPX4 pathway is a key pathway in removing lipid ROS to regulate ferroptosis. In mammals, GPX4 plays a major role in antioxidant defense by regulating responses to oxidative stress. Furthermore, loss of function of GPX4 protein and depletion of GSH levels are the key mechanisms for triggering ferroptosis.
The current study examined the expression of genes related to the System xc−/GPX4 axis and discovered that the mRNA levels of Slc7a11, Gpx4 and Nrf2 were significantly decreased, and Ptgs2 was increased in the 1,000 mg/kg DEHP-exposed group. A previous study indicated that Nrf2 protects cells from ferroptosis by increasing GSH production (Kerins and Ooi, 2018). Nevertheless, the administration of Fer-1 significantly increased the expression of Slc7a11 and Gpx4 while decreasing the expression of Ptgs2. Nrf2 was not improved significantly, and liver GSH was also not markedly changed in the Fer-1 group compared with the DEHP-exposed group. In an in vitro study, Nrf2 was obviously downregulated, which suggests that other signaling pathways and factors might be altered by the treatments and contribute to the resulting changes in the liver and should be investigated for causality in the future (Dong et al., 2020; Cheng et al., 2021). Currently, the results of our study suggest that DEHP exposure causes the accumulation of iron and lipid oxidation and further triggers ferroptosis in the liver through the SLC7A11/GPX4 pathway. The proposed pathway of DEHP-induced liver injury in our study is shown in Figure 7. Further studies are needed to explore the exact molecular mechanism.
[image: Figure 7]FIGURE 7 | Summary of the experiment conducted in mice and HepG2 cells and the proposed pathway of DEHP-induced liver injury. DEHP or MEHP exposure induces ferroptosis by promoting iron metabolism, accelerating GPX4 proteasomal degradation and inducing excessive oxidative stress in hepatic cells. The figure was partly generated using Bio-Render, and confirmation of publication and licensing rights was provided by Bio-Render.
The limitations of this study are as follows. First, the exposure doses of DEHP in mice in this study were comparatively high, which were not representative of the actual DEHP exposure dose of the general population in daily life. The findings may not be suitable for extrapolation to the general population. However, the effects of high-dose DEHP exposure on glucose metabolism in particular occupational populations should be given more attention (Xia et al., 2018). Further studies are expected to establish low-dose DEHP exposure animal models to model actual environmental exposure in the general population. Second, we did not measure the long-term effects of DEHP exposure on liver function in offspring. Third, we identified the role of ferroptosis in liver injury in this study, but whether DEHP exposure during pregnancy triggers ferroptosis through SLC7A11/GPX4 or Nrf2/GPX4-related pathways needs to be investigated.
CONCLUSION
In conclusion, this study revealed that gestational exposure to DEHP induced liver injury in vivo and in vitro and that ferroptosis may play a potential role in the mechanism of toxicity. In particular, DEHP exposure prompted ferroptosis in mice livers by downregulating the expression of GPX4. These findings provide new insight into the underlying mechanism of DEHP-induced liver injury in gestation.
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G protein-coupled receptor 158 (GPR158) is a member of class C G protein-coupled receptors (GPCRs) and is highly expressed in the central nervous system (CNS) while lowly expressed in peripheral tissues. Previous studies have mainly focused on its functions in the CNS, such as regulating emotions, memory, and cognitive functions, whereas studies on its role in the non-nervous system are limited. It has been recently reported that GPR158 is directly involved in adrenal regulation, suggesting its role in peripheral tissues. Moreover, GPR158 is a stable dimer coupled to the regulator of G protein signaling protein 7 (RGS7) that forms the GPR158-RGS7-Gβ5 complex. Given that the RGS7-Gβ5 complex is implicated in endocrine functions, we speculate that GPR158 might be an active component of the endocrine system. Herein, we reviewed the relevant literature on GPR158, including its molecular structure, regulatory molecules, expression, and functions, and highlighted its roles in endocrine regulation. These findings not only enhance our understanding of GPR158 from an endocrine perspective but also provide valuable insights into drug exploration targeting GPR158 and their applicability in endocrine disorders.
Keywords: GPR158, endocrine, glucocorticoid, prostate, adrenal gland, energy metabolism
INTRODUCTION
GPR158 was first identified in 2005; Bjarnadóttir et al. searched for genes encoding class C GPCRs in four vertebrates and four invertebrates and classified them into four phylogenetic groups (Group I-IV). GPR158, together with γ-aminobutyric acid (GABA), belongs to Group III (Bjarnadóttir et al., 2005). It plays a pivotal role in modulating physiological function and are targets of several investigational drugs (Ellaithy et al., 2020). To date, the ligand of GPR158 remains unknown, and thus studies on the deorphanization of GPR158 are ongoing (Fu et al., 2022).
According to the Genotype-Tissue Expression database, GPR158 is highly expressed in the CNS, including the cortex, hippocampus, and hypothalamus, while its expression level is lower in peripheral tissues (Obri et al., 2018). Therefore, researchers have predominantly focused on the role of GPR158 in the CNS. Notably, an increasing number of studies indicate that GPR158 is related to endocrine regulation. For instance, glucocorticoid disorders could lead to depression via the modulation of GPR158 levels (Sutton et al., 2018). Moreover, the up-regulation of GPR158 in prostate cancer (PCa) and ovarian carcinoma indirectly affects the endocrine system (Patel et al., 2015; Engqvist et al., 2019).
Thus, in this review, literature in PubMed was searched with the keyword “GPR158,” and 43 articles and eight reviews were retrieved. Among them, 15 articles were related to endocrine alterations and the correlation between GPR158 and the endocrine system, such as its structure, regulatory molecules, expression profile, and endocrine-related functions.
STRUCTURAL CHARACTERISTICS OF GPR158-RGS7-GΒ5 COMPLEX
In 2012, Orlandi et al. (2012) reported that GPR158 binds with RGS7 to target the RGS7-Gβ5 complex in the plasma membrane in the CNS. Extracellularly, GPR158 contains a leucine repeat region and a calcium-binding EGF-like domain at the N-terminal and lacks the Venus flytrap module, which is necessary for ligand binding and receptor activation in class C GPCRs. Meanwhile, silico analysis signaled that GPR158 has a signature motif of the metabolic glutamate receptor family at the beginning of the 7th helix, and the N-terminal contains several N-glycosylation sites. Similar to many GPCRs, GPR158 contains cysteine residues at analogous locations between extracellular loop (EL)1 and EL2 that are responsible for ligand recognition (Patel et al., 2013). Moreover, the C-terminal of GPR158 contains three conservative regions similar to other known G protein regulators, which are crucial for binding to RGS7 and enhancing its function in regulating GTPase-activating proteins (Ross and Wilkie, 2000). Knockout of GPR158 in mice led to post-transcriptional destabilization of RGS7 and its inability to localize to the membrane, suggesting that GPR158 is an essential regulator of RGS7 in the CNS and plays a key role in controlling its expression, membrane localization, and catalytic activity (Orlandi et al., 2015). In 2022, Patil et al. (2022) analyzed the near-atomic-level structure of GPR158 via single-particle cryo-electron microscopy and described that GPR158 is a homodimeric organization stabilized by phosphatidylinositol and phosphatidylethanolamine. Its N-terminal is the characteristic cache domain fold, an unusual ligand-binding domain in GPCRs. In contrast, its C-terminal directly binds to RGS7, which subsequently binds to Gβ5. This anchoring differs from the classical GPCRs that require the participation of the α subunit of G protein, implying that the GPR158-RGS7-Gβ5 complex may have its unique signaling pathway. Interestingly, RGS7-Gβ5 is also expressed in the corticotroph-derived pituitary AtT-20 cell line, pituitary gland, and pancreatic islets (Nini et al., 2012). A previous study described that overexpression of RGS7-Gβ5 in pancreatic β cells promoted insulin synthesis via stimulation of the muscarinic cholinergic receptor M3, indicating that the RGS7-Gβ5 complex plays a decisive role in the endocrine system (Wang et al., 2017).
REGULATORY MOLECULES OF GPR158
Although GPR158 is regarded as an orphan receptor, some putative ligands or regulatory molecules have been reported to be associated with it, including polypeptides, intracellular binding proteins, steroid hormones, glycosaminoglycans, and microRNAs (Table 1). Osteocalcin (OCN), as the putative ligand of GPR158, can improve mouse hippocampus-dependent memory (Khrimian et al., 2017), in which the histone-binding protein RbAp48 is an active component (Kosmidis et al., 2018). In nerve growth factor-induced neurite outgrowth of PC12 cells, OCN interacts with GPR158 and promotes PC12 cell proliferation, differentiation, and survival (Ando et al., 2021). Embryonic OCN/GPR158 signals determine lifelong adrenal steroidogenesis and homeostasis in the adrenal gland of mice (Yadav et al., 2022). Indeed, steroid hormones, such as glucocorticoids and androgens, can interact with GPR158. In trabecular meshwork cells (TBM), glucocorticoids can stimulate the expression of GPR158, which promotes proliferation and reduces the permeability of TBM (Patel et al., 2013). Under chronic stress conditions, GPR158 responds to glucocorticoids and induces depression (Sutton et al., 2018). In the early stage of PCa, androgen can upregulate the expression of GPR158 (Patel et al., 2015). Besides the aforementioned hormones, GPC4, as a heparan sulfate proteoglycan (HSPG), interacts with GPR158 in the hippocampal CA3 region and organizes mossy fiber-CA3 synapse density and size (Condomitti et al., 2018). In addition, some microRNAs could also govern the expression of GPR158. In glioma, microRNA-449a down-regulates the expression of GPR158 to regulate neural differentiation and apoptosis (Li et al., 2018). In osteosarcoma, miR613 inhibits the expression of GPR158, leading to the inhibition of the proliferation and angiogenesis of osteosarcoma (Wang et al., 2022). Collectively, the deorphanization of GPR158 still necessitates further investigation in order to identify novel molecules regulating the endocrine system.
TABLE 1 | Overview of GPR158 regulatory molecules.
[image: Table 1]EXPRESSION OF GPR158 IN ENDOCRINE-RELATED TISSUES
In situ hybridization and qPCR have revealed that GPR158 is highly expressed in the CA3 region of the hippocampus, cortex, midbrain, brainstem, and cerebellum (Khrimian et al., 2017). Nevertheless, its expression in the hypothalamus has not been explored so far. In 2007, gene expression profiling analysis of the metastatic process of PCa determined the expression of GPR158 in peripheral glands (Chandran et al., 2007). Using affymetrix oligonucleotide arrays to analyze 24 androgen-ablation-resistant metastatic samples and 64 primary prostate tumor samples, the authors found that GPR158 is up-regulated during PCa metastasis. In the female reproductive system, 17 of 29 mucinous ovarian cancer samples (59%) were GPR158-positive (Engqvist et al., 2019). In estrogen-sensitive breast cancer, the expression of GPR158 is down-regulated following the withdrawal of estrogen or the use of estrogen antagonists (Salazar et al., 2011), suggesting that GPR158 may be a novel biomarker for the prognosis of ovarian carcinoma and breast cancer. Recently, a study on OCN regulation of adrenal steroidogenesis in mice revealed that GPR158 is expressed in the adrenal gland, and the expression level is significantly higher than in the hypothalamus and pituitary gland (Yadav et al., 2022). Overall, despite the expression level of GPR158 in peripheral endocrine tissues being lower than that in nervous tissue, this does not influence its physiological role owing to the powerful effects of hormones.
ENDOCRINE-RELATED FUNCTIONS OF GPR158
GPR158 affects cognition through bone-derived hormone OCN
OCN, as a putative ligand of GPR158, was first discovered by Khrimian et al. (2017) in 2017. By injecting plasma from young mice into aged mice with evident hippocampal-dependent memory impairments, they found that the memory and anxiety-like behaviors were significantly ameliorated. Contrastingly, the absence of this effect in the plasma of OCN knockout (KO) mice confirmed that OCN can improve memory and cognitive abilities. Furthermore, the failure of plasma from OCN KO mice to improve cognitive functions and memory in aged mice was not illustrated by the accumulation of β2-microglobulin, a progeronic molecule in plasma. This phenotype could be reversed by supplementing mouse recombinant uncarboxylated OCN exogenously into the plasma of OCN KO mice. Meanwhile, tissue metalloproteinase inhibitor 2 (TIMP2), a beneficial molecule on cognition in the hippocampus, does not mediate this effect. These results signify that OCN signaling in the brain is independent of β2-microglobulin and TIMP2 and may function through the hormonal pathway. In contrast, GPR158 can interact with OCN in the CA3 region to promote the expression of brain-derived neurotrophic factor (BDNF), thereby improving hippocampal-dependent memory in mice and demonstrating that GPR158 is involved in enhancing memory and cognitive processes. Intracellularly, OCN binds to GPR158 and Gαq on the hippocampal cell membrane, while the amount of pull down of Gαq is significantly decreased in GPR158 KO mice. Furthermore, OCN can upregulate the expression of inositol triphosphate (IP3) but does not affect cAMP expression, indicating that OCN acts through the Gαq-IP3 signaling pathway (Khrimian et al., 2017). Lastly, RbAp48 is required for GPR158/OCN signaling to improve age-related memory decline (Kosmidis et al., 2018).
GPR158 determines adrenal steroidogenesis through OCN
Glucocorticoid hormones are secreted by cells in the adrenal cortex zona fasciculata, and their synthesis and secretion are regulated by the hypothalamic-pituitary-adrenal axis (Gjerstad et al., 2018). Clinically, glucocorticoids are primarily used to treat various allergic diseases, but excessive use of glucocorticoids can cause numerous side effects, such as osteoporosis (Henneicke et al., 2014). Glucocorticoids inhibit the function of osteoblasts and further attenuate the secretion of OCN. Conversely, OCN enhances the function of glucocorticoids through a classical hormonal feedback loop. GPR158 is expressed in the zona fasciculata and zona globule of the adrenal cortex but not in the adrenal medulla. The binding of embryonic OCN to GPR158 promotes the proliferation of adrenal cells and increases the expression of SF1, a transcription factor essential for adrenal gland development. Embryonic adrenal cells express SF1 and generate Gli1-positive adrenal cortical progenitors in the adrenal capsule, which differentiate into glucocorticoid-producing cells. The hormones released from these cells eventually control blood pressure, blood K+ concentration, and circulating corticosterone levels in acute stress conditions. However, GPR158 KO in the hypothalamus does not affect the expression levels of corticosterone and aldosterone in mice, suggesting that OCN promotes adrenal steroid hormone secretion independently of the hypothalamic-pituitary axis (Yadav et al., 2022).
GPR158 exacerbates ocular hypertension after glucocorticoid treatment
Ocular hypertension is a severe side effect of glucocorticoid overdose (Dibas and Yorio, 2016). Glucocorticoid drugs, including dexamethasone and triamcinolone acetonide, drive the activity of the GPR158 promoter, thereby increasing its transcription level. In the post-transcription stage, two separate bands (∼70 kDa and ∼55 kDa) can be detected using the C-terminal antibody; likewise, two bands (∼95 -kDa and ∼80-kDa) can be detected using the N-terminal antibody, consistent with those found in prostate cells. This observation indicates that the hydrolysis of GPR158 overexpression occurs in two different locations: EL2 and the C-terminal surrounding the cytosolic tail of the 8th helix. These GPR158 molecular fragments at the C-terminal might participate in GPR158 nuclear entry (Patel et al., 2013). The localization of GPR158 to the nucleus is essential for its function. Following treatment with two different endocytic inhibitors, ConA and CPZ, GPR158 is localized to the plasma membrane. The 8th helical region of GPR158 contains a bipartite nuclear localization signal (NLS), and a different mutant part of NLS in GPR158 would disturb its location in the nucleus. This indicates the necessity of bipartite NLS for GPR158 transfer into the nucleus (Patel et al., 2013). GPR158 enhances TBM cell proliferation by regulating the expression of cyclin D1, a key protein in the transition from the G1 to the S phase of the cell cycle. GPR158 reduces TBM cell monolayer permeability by increasing the expression of tight junction-specific proteins, resulting in the obstruction of aqueous humor backflow and the occurrence of ocular hypertension, which may eventually lead to primary open-angle glaucoma. Glaucoma is treated by lowering the intraocular pressure (IOP). Several different GPCRs can be used as the target of IOP-lowering drugs, such as β-adrenergic antagonists, including atenolol, betaxolol, and carteolo (Toris, 2010). Owing to the pressure regulation of GPR158 in TBM cells, it could be reckoned that inhibition of GPR158 expression may be a new strategy for the treatment of glaucoma.
GPR158 controls stress-induced depression by responding to glucocorticoid
The medial prefrontal cortex (mPFC) is the region regulating emotion in the brain. Exposure to chronic stress can lead to major depressive disorders (MDD). Glucocorticoids are continuously released during chronic stress conditions, which can lead to the development of maladaptive responses (Myers et al., 2014). Patel et al. (2013) reported that glucocorticoids induce GPR158 expression during chronic stress conditions. Exposure to chronic physical restraint stress subsequently up-regulates GPR158 expression in the glutamatergic neurons of mPFC, thereby leading to depression. Analysis of GPR158 expression in the dorsolateral PFC (dlPFC) of MDD subjects uncovered that GPR158 expression was significantly higher in the dlPFC of MDD patients than that of control subjects, suggesting that GPR158 may regulate the occurrence of depression through neuropathological mechanisms. Deficiency of GPR158 increases the spine density of glutamatergic neurons in the layers of 2/3 of the mPFC and improves expression levels of AMPAR and BDNF, thereby exerting antidepressant effects (Duman and Monteggia, 2006; Autry et al., 2011). GPR158 knockdown also increased the expression of cAMP in the mPFC. As previously mentioned, GPR158 binding to OCN initiates the Gαq-IP3 signaling pathway, which is independent of cAMP (Khrimian et al., 2017). Under chronic stress conditions, glucocorticoid stimulation increases the transcription of GPR158, which links stress, depression, and synaptic plasticity at the molecular level (Sutton et al., 2018), suggesting that GPR158 may be closely related to the neuroendocrine through BDNF.
GPR158 aggravates PCa progression after stimulation of androgen
The early stage of PCa is androgen-dependent and hence can be treated by androgen deprivation. Nonetheless, in the later stage of cancer, it becomes androgen-independent, also referred to as castration-resistant PCa (Desai et al., 2021). GPR158 overexpression can promote PCa cell proliferation, while endogenous GPR158 siRNA treatment can inhibit cell growth. Administration of the androgen receptor (AR) antagonist bicalutamide inhibited DHT-mediated GPR158 expression in primary human prostate epithelial cells. This also signifies that GPR158 needs to be localized in the nucleus to execute its function. Pten is a tumor suppressor gene, and Pten KO mice are an accepted PCa animal model. GPR158 is up-regulated in Pten KO PCa models co-localized with AR, implying that the expression of GPR158 during androgen deprivation therapy sensitizes PCa to low androgen conditions, thereby accelerating PCa progression (Wang et al., 2003; Patel et al., 2015). The development of castration-resistant PCa includes multiple pathways, including AR co-activation and co-inhibitory protein expression (Shiota et al., 2011). GPR158 co-localizes with AR, illustrating that GPR158 may act as a co-activator of AR and promote the development of PCa. GPR158 expression is associated with a neuroendocrine cell phenotype present in scattered foci of prostate cancer. In LNCaP cells, a human PCa cell line, GPR158 also promoted colony formation, indicating that GPR158 may increase tumorigenicity. Collectively, androgens are necessary to maintain normal physiological functions, but the role of GPR158 in influencing the secretion of AR under physiological conditions remains to be elucidated. In PCa, GPR158 aggravates tumor progression, and its role in regulating other diseases caused by androgen secretion disorders remains unknown.
GPR158 participates in energy metabolism
GPR158 is involved in the regulation of energy metabolism in both animal models and humans. In 2016, a microarray analysis of mRNAs in the micro-dissected hypothalamic and thalamic control areas yielded 17,745 expression values for RNAs representing protein-coding genes that could be assigned annotated gene names. High relative values of genes are expressed in the medial habenula (MHb), lateral habenula (LHb), and thalamus. Notably, LHb is genetically more closely related to the thalamus than MHb. The study pointed out that GPR158 is up-regulated in the habenular region, suggesting its involvement in regulating food and energy expenditure (Wagner et al., 2016). In 2017, a genome-wide association study using a custom genotyping array found that the GPR158 variant is associated with energy expenditure (EE) in Pima Indians. By analyzing rs11014566, DNA fragments of GPR158, they demonstrated the correlation between GPR158 and EE. GPR158 impacts the obesity genes RGS7 and N-type voltage-gated calcium channel (CACNA1B). Custom genotype analysis of Pima Indians identified a new gene locus in GPR158 that affects EE and predisposition to weight gain. PCR results show that GPR158 is predominantly expressed in the whole brain, hypothalamus, pituitary gland, and liver (Piaggi et al., 2017). Taken together, GPR158 interacts with RGS7 and CACNA1B in the CNS, suggesting that it may influence the body’s food intake and energy metabolism by affecting the hypothalamic-pituitary axis.
CONCLUSION
With the discovery of various regulatory molecules, the functions of GPR158 in peripheral tissue are constantly being updated, especially its role in the endocrine system, despite its low expression levels in the peripheral system (Figure 1). There are still questions to be addressed. For instance, given the expression level of GPR158 in ovarian cancer, GPR158 might have a similar effect through estrogen as that of androgen in PCa. RGS7-Gβ5 is involved in the regulation of the endocrine system, and therefore the endocrine function of the GPR158-RGS7-Gβ5 complex necessitates further exploration. Novel drugs targeting GPR158 showed great promise, but the number of drugs targeting it remains limited. We have established a drug delivery system targeting GPR158 in the brain for either cell labeling or therapeutic purposes (Zhao et al., 2021), which is a preliminary study lacking a thorough exploration of the underlying mechanism. Despite studies on GPR158 being underway, existing studies suggest that GPR158 might be a potential target for endocrine diseases.
[image: Figure 1]FIGURE 1 | Endocrine-related functions of GPR158. GPR158 is abundantly expressed in the nervous system and participates in the pathogenesis of depression, glaucoma, etc., but some studies indicate that GPR158 is related to endocrine pathways. In the nervous system, GC is directly involved in GPR158-mediated depression and alterations in intraocular pressure. The peripheral bone-derived hormone OCN can affect cognitive functions via GPR158. Moreover, a study in Pima Indians confirmed that GPR158 regulates energy balance by affecting hypothalamic signaling. In peripheral tissues, GPR158 is also closely associated with androgen and androgen receptors, thereby regulating the proliferation of prostate cancer cells. Interestingly, the relatively high expression of GPR158 in the adrenal gland can directly affect the generation of adrenocorticosteroids through OCN. GC, glucocorticoid; OH, ocular hypertension; TBM, trabecular meshwork; OCN, osteocalcin; PCa, prostate cancer. GC, glucocorticoid; OH, ocular hypertension; TBM, trabecular meshwork; OCN, osteocalcin; PCa, prostate cancer. The figure was created with BioRender.com.
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Placenta-mediated pregnancy complications (PMPCs), including preeclampsia (PE), fetal growth restriction (FGR), and recurrent spontaneous abortion (RSA), occur in approximately 5% of pregnancies and are caused by abnormal placenta development. The development of effective therapies for PMPCs is still challenging due to the complicated pathogenesis, such as disrupted vascular homeostasis and subsequent abnormal placentation. Synthetic drugs have been recommended for treating PMPCs; however, they tend to cause adverse reactions in the mother and fetus. Salvia miltiorrhiza (S. miltiorrhiza) has potential effects on PMPCs owing to its advantages in treating cardiovascular disorders. S. miltiorrhiza and its active compounds could attenuate the symptoms of PMPCs through anticoagulation, vasodilation, antioxidation, and endothelial protection. Thus, in this review, we summarize the literature and provide comprehensive insights on S. miltiorrhiza and its phytochemical constituents, pharmacological activities, and on PMPCs, which would be valuable to explore promising drugs.
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1 INTRODUCTION
The human placenta, a specialized organ that mediates exchanges between the mother and fetus, is essential for a successful pregnancy and fetal health. Its development begins during the implantation of the blastocyst (Hemberger et al., 2020). Chorionic villi, as structural and functional units of the placenta, are consisted of two layers of trophoblasts (James et al., 2022). The inner layer is composed of proliferative villous cytotrophoblasts (vCTBs), which can differentiate into outer layer villous syncytiotrophoblasts that form a physical barrier to pathogens (Turco and Moffett, 2019). Cytotrophoblast cells invade the maternal spiral arteries and replace the maternal endothelium. The remodeling of maternal spiral arteries reduces the resistance of blood flow to meet the nutrition transport for fetus (Turco and Moffett, 2019; James et al., 2022). Defective trophoblast differentiation and function cause incomplete spiral artery remodeling, contributing to PMPCs (Staff et al., 2022). However, the physiopathological mechanism of PMPCs has yet to be elucidated (Freitag et al., 2020; Wu et al., 2020; Staff et al., 2022).
PMPCs result in high maternal and neonatal morbidity rates as aforementioned (Kuwabara et al., 2020). Synthetic drugs have been recommended to treat PMPCs (Chappell et al., 2021). In particular, low-dose aspirin can attenuate the symptoms of PE (Hodgetts Morton and Stock, 2022; Walsh and Strauss, 2022). However, synthetic drugs have adverse reactions in the mother and fetus. In contrast, traditional Chinese medicine (TCM), with a long usage history, has drawn increasing attention in recent years due to its fewer side effects (Yang et al., 2022). Clinicians have started treating PMPCs with TCM compounds, achieving satisfactory therapeutic effects (Zhang et al., 2006).
S. miltiorrhiza, known as Danshen in Chinese, is a perennial plant of the Lamiaceae family (Zeng et al., 2017). Modern pharmacological studies have found that S. miltiorrhiza affects the promotion of blood circulation, modulation of vascular endothelial cells, and reduction of immune interactions in the mother-fetus interface. S. miltiorrhiza injection, derived from S. miltiorrhiza extract, plays a remarkable role in treating PMPCs (Bai et al., 2019; Chen and Yang, 2019). Herein, we review the active compounds, potential effects, and the pharmacological mechanisms of S. miltiorrhiza in PMPCs (Figure 1).
[image: Figure 1]FIGURE 1 | PMPCs pathophysiology and the mechanisms of S. miltiorrhiza in PMPCs. During normal placentation, extravillous cytotrophoblasts invade the uterine spiral arteries of the decidua andmyometrium, transforming the spiral arteries into large-caliber vessels. However, during abnormal placentation in PMPCs, failed spiral artery remodeling constrains maternal-fetal interface blood flow, which contributes to the pathogenesis of PMPCs. NK, natural killer; PE, preeclampsia; FGR, fetal growth restriction; RSA, recurrent spontaneous abortion; HTN, hypertension; THR, thrombin; Fxa, factor Xa; NO, nitric oxide; p-eNOS, phosnhorylation of endothelial nitric oxide synthase; ETA, endothelin A; ROS, reactive oxygen species; HCY, homocysteine.
2 ACTIVE COMPOUNDS OF S. MILTIORRHIZA IN PMPCS
S. miltiorrhiza shows extensive biological activities, including antioxidant, antibacterial and anti-inflammatory. Thus, it is widely used for the treatment of various diseases, containing hyperlipidemia, stroke, and cardiovascular and cerebrovascular diseases (Chong et al., 2019). S. miltiorrhiza is first described in TCM in the Compendium of Materia Medica (Bencao Gangmu, Ming dynasty, 1596 AD). The primary bioactive compounds in S. miltiorrhiza are devided into two major groups of chemicals (Zhang et al., 2022). One group involves water-soluble phenolics, such as salvianolic acid A (Sal A), salvianolic acid B (Sal B), lithospermic acid and rosmarinic acid (Wang et al., 2019). The other group is consisting of lipophilic compounds, such as tanshinone I, tanshinone IIA (Tan IIA), tanshinone IIB, cryptotanshinone, and dihydrotanshinone I (Wang et al., 2020). Hence, we outline the valuable active compounds of S. miltiorrhiza associated with PMPCs, as listed in Table 1.
TABLE 1 | Active compounds and potential mechanisms of S. miltiorrhiza in PMPCs.
[image: Table 1]3 EFFECTS OF S. MILTIORRHIZA IN PMPCS
3.1 S. miltiorrhiza ameliorates PE
PE is a serious condition characterized by hypertension and proteinuria after 20 weeks of pregnancy (Vata et al., 2015), with an incidence rate of 3%–5% and at least 42,000 maternal deaths yearly (Chappell et al., 2021). PE is a severe threat to maternal and fetal health during pregnancy and childbirth and increases the long-term risk of cardiovascular diseases in mothers and their fetuses (Staff, 2019). It is divided into early-onset and late-onset types (Lisonkova and Joseph, 2013). PE presents reduced trophoblast invasion and defective spiral artery remodeling, which triggers a series of pathophysiological processes, such as antiangiogenesis, vascular inflammation and oxidative stress, resulting in systemic endothelial dysfunction and clinical manifestations (Ortega et al., 2022). The blood vessels of a patient with PE narrowed because of impaired trophoblast invasion and incomplete spiral artery remodeling. The placenta is deprived of blood and oxygen, resulting in abnormal placentation (Hong et al., 2021). S. miltiorrhiza has been used to treat PE because of its ability to increase blood flow; however, the mechanism is not fully understood (Zhang et al., 2006).
S. miltiorrhiza injection upregulates the serum insulin-like growth factor-1 and placental growth factor, which enhances the invasion and migration abilities of placental trophoblastic cells and improves the condition of patients with early-onset PE and the prognosis of the mother and the fetus (Li and Qiu, 2020). After the treatment, the systolic and diastolic blood pressures and 24 h urine protein levels decrease remarkably. S. miltiorrhiza also improves vascular endothelial function and ischemia-hypoxia status in patients with PE. And there is, abnormal expression of long-chain non-coding RNA (lncRNA) in the placenta of patients with PE (Liang and Meng, 2021). These lncRNAs may cause changes in the expression of downstream regulatory target genes, thereby reducing the invasion of trophoblasts and leading to uterine spiral artery remodeling disorders (Cheng et al., 2019). S. miltiorrhiza injection prevents PE from progressing to severe PE or eclampsia and improves maternal and infant outcomes through downregulating the expression of lncRNAs in the placental tissues (Ma et al., 2021). Furthermore, in PE animal models, S. miltiorrhiza injection effectively lower blood pressure and alleviate proteinuria to normal levels by increasing platelet count and reducing thrombomodulin expression in the placenta (Shen et al., 2011; Peng and Huang, 2021). The decrease of endogenous and exogenous coagulation factors, factor Xa (FXa), D-dimer, and fibrinogen indicates that the coagulation in PE rat models improved. And long-term low-dose Sal A administration exerts better efficacy through enhancing anticoagulant activity (Shen et al., 2011). Therefore, S. miltiorrhiza injection could effectively ameliorate placenta-related indicators and vascular endothelial function in PE (Jiao et al., 2021; Zhang et al., 2021b).
3.2 S. miltiorrhiza mitigates the severity of FGR
FGR is a severe pregnancy-related disease wherein fetuses cannot achieve the expected weight. It is a pivotal cause of stillbirths and an essential factor affecting the long-term health of the fetus. FGR is mainly caused by abnormal placentation due to insufficient placental development and microvascular resistance, which causes blood circulation disorders in 10%–15% of pregnant women (Aplin et al., 2020; Wang et al., 2020; Ortega et al., 2022). It is divided into early-onset and late-onset according to the gestational age at onset. Early-onset FGR occurs before 32 weeks of pregnancy, accounting for 20% of all cases. Late-onset FGR (≥32 weeks) occurs in about 70% of patients and has a weak correlation with hypertension (approximately 10%) (Audette and Kingdom, 2018). FGR can be attributed to maternal (such as malnutrition, hypertension, PE) and fetal factors (such as chromosomal abnormalities and multiple births) and placental dysfunction. However, placental dysfunction is the most frequent underlying cause of FGR (Aplin et al., 2020; Freitag et al., 2020; Melamed et al., 2021). Incomplete invasion of vCTBs results in inhibition of placental growth, impairment of placental function, long-term hypoxia, and fetus malnutrition. The combination of sodium lactate Ringer’s injection and S. miltiorrhiza is more effective than sodium lactate Ringer’s injection alone (Wei et al., 2021).
3.3 S. miltiorrhiza improves the adverse symptoms of RSA
RSA, defined as the failure of two or more clinically recognized pregnancies before 20–24 weeks of gestation, occurs in nearly 2.5% of women trying to conceive. The etiology of RSA is still not fully understood. Trophoblast cells are the most critical cells in placental development, and their proliferation, migration, and invasion are essential for establishing and maintaining a successful pregnancy. Defective trophoblast function impairs uterine spiral artery reconstruction and is implicated in RSA (Wu et al., 2020). Currently, RSA is mainly treated with immunotherapy and anticoagulation, but these therapies have no specificity (Pan et al., 2022).
In RSA mouse models, Tan IIA is ascertained to reduce the rate of embryo loss (Tong et al., 2022). S. miltiorrhiza injection has a specific curative effect on patients with RSA through improving the trophoblast cell function and prethrombotic state (Liu et al., 2021). However, relevant studies remain limited and further studies are needed to elucidate the mechanism of S. miltiorrhiza in RSA.
4 POTENTIAL MECHANISMS OF S. MILTIORRHIZA IN PMPCS
4.1 Anticoagulation
The precise regulation of blood coagulation is critical in maintaining a successful pregnancy (True et al., 2022). The blood coagulation cascade is a complicated process regulated by plasma proteins and cofactors affected by different coagulation factors (Davie, 1995). Human pregnancy involves hemochorial placentation wherein the villous covered by a trophoblast layer is subdivided into functional units bathed by maternal blood, ensuring maternal-fetal exchanges (Kohli et al., 2022). Meanwhile, pregnant women are at high risk of hemorrhage, organ-specific thrombosis, and thromboinflammation (Kohli et al., 2022). Decidual thrombosis and spontaneous intrauterine umbilical artery thrombosis are associated with FGR, placental abruption, PE, and preterm birth (Vedmedovska et al., 2011). Thus, inhibiting coagulation is a promising strategy to treat PMPCs (Boeldt and Bird, 2017). Thrombin (THR), which is closely involved with the occurrence of thrombosis and embolism, and FXa, which is a common mediator of intrinsic and extrinsic coagulation, play crucial roles in the coagulation cascade (Yang et al., 2020). Some components of S. miltiorrhiza have been reported in response to these key events. Tan IIA, tanshinone I, dihydrotanshinone I, and cryptotanshinone, act as THR/FXa inhibitors, thereby destroying the coagulation cascade to achieve anticoagulation (Yang et al., 2020). Danshensu, one of the active compounds of S. miltiorrhiza, strongly mitigates blood viscosity and increases hematocrit levels due to its antithrombotic and antiplatelet aggregation effects (Yu et al., 2014). Moreover, S. miltiorrhiza injection substantially improves coagulation in PE rats (Peng and Huang, 2021). Notably, three major active compounds of S. miltiorrhiza (Sal A, B, and C) function by targeting the prothrombotic P2Y1 and P2Y12 receptors (Liu et al., 2018). Sal B inhibits platelet activation by decreasing phosphodiesterase activity and antagonizing the P2Y12 receptors (Liu et al., 2014). Coactivation of both P2Y receptors plays an essential role in ADP-induced platelet aggregation, whereas the inhibition of both receptors has a synergistic effect on antithrombotic therapy (Liu et al., 2018). However, to date, there are currently few commercial drugs targeting the P2Y receptors.
4.2 Vasodilation
A successful pregnancy is associated with dramatic changes in the uterine blood flow, facilitating the maternal-fetal exchanges of respiratory gas and meeting the needs of the developing fetus (Bowman et al., 2021). Impaired endothelium-dependent vasodilation has been implicated in the development of PE. Danshensu directly acts on vascular endothelial and smooth muscle cells to promote vascular relaxation (Wang et al., 2013; Lin et al., 2022). It also dilates the vessels and improves blood circulation to increase renal blood flow and improve renal function in PE rats (Peng and Huang, 2021). The mechanisms underlying pregnancy-associated uterine vasodilation are related to increased estrogen receptor (ER) levels, which drive the production of specific ER-dependent vasodilators in the uterine artery (Bai et al., 2020). Tan IIA exerts its vasodilation effect through activating the ER signal pathway and increasing endothelial nitric oxide synthase (eNOS) gene expression level, nitric oxide (NO) production, ERK1/2 phosphorylation, and Ca2+ mobilization (Fan et al., 2011). It also promotes vasodilatation by decreasing the expression of the endothelin A receptor, which is a primary receptor in modulating vasoconstriction (Chen et al., 2017). Magnesium acetate, an active compound of S. miltiorrhiza, dilates blood vessels through activating the PI3K/AKT pathway and increasing the phosphorylation of eNOS (Liu et al., 2019). Sal B is a potentially effective natural compound to lower blood pressure and alleviate hypertension-associated vascular dysfunctions (Ling et al., 2017). It mediates vasodilation by inhibiting extracellular calcium influx and intracellular calcium release. The calcium release mechanism relies on the ryanodine receptor family, one of the families of calcium release channels (Shou et al., 2012).
4.3 Antioxidant
Oxidative stress is widely believed to disrupt the balance between ROS and the antioxidant system (Hussain et al., 2021). During pregnancy, nutritional deficiencies result in adverse offspring outcomes (Sebastiani et al., 2019). Excessive oxidative stress impairs maternal and placental functions by limiting the antioxidant supply and eventually results in the decreased metabolic health of offspring (Schoots et al., 2018; Nadeem et al., 2019; Burton et al., 2021). Cryptotanshinone improves doxorubicin-induced oxidative damage and apoptosis through inhibiting the opening of the mitochondrial permeability transition pore via the Akt/GSK-3β pathway (Wang et al., 2021). Danshensu has a protective effect against oxidative stress during ischemia-reperfusion injury through ROS scavenging, and it enhances the activity of endogenous antioxidants, such as superoxide dismutase, catalase and malondialdehyde, through activating the Akt/ERK1/2/Nrf2 signaling pathway (Yu et al., 2015). Tan ⅡA exerts robust antioxidant activity through the SIRT1 signaling pathway (Feng et al., 2016). It also reduces the accumulation of free radicals in radioactive brain injuries (Sun et al., 2017). Sal A is essential to protect cells from damage caused by toxic stimuli (Wang and Xu, 2005). Sal B protects against oxidative damage by upregulating the Nrf2 antioxidant signaling pathway, which may be regulated by activating the SIRT1 pathway (Zhang et al., 2018). Through angiotensin type I receptors, angiotensin II activates the reduced nicotinamide adenine dinucleotide phosphate, which results in the formation of ROS in the vasculature (Gonzaga et al., 2018). In this progress, Sal B also downregulates angiotensin type I receptors in the vessel wall to alleviate the deleterious effect of angiotensin II, an essential stimulant for the production of ROS in the vascular system (Ling et al., 2017).
4.4 Endothelial protective effect
The endothelium, formed by a single endothelial cell layer, lines all blood vessels, such as arterioles, venules and veins (Lee et al., 2022). The endothelium regulates blood homeostasis via controlling blood fluidity, continuity, and fibrinolysis (Triggle et al., 2012). Endothelial cells have proteins involved in the various functions of leukocytes (Panés and Granger, 1998). Dysfunction and altered structure of the endothelial layer during pregnancy are associated with PMPCs (Ghafourian et al., 2022). Danshensu protects endothelial cells via the CD40 pathway and inhibition of apoptosis by downregulating the proportion of cells in the G(0)/G(1) phase (Yang et al., 2009). In addition, it reduces the serum levels of homocysteine, a substance damaging endothelial cells (Yang et al., 2010). Tan ⅡA inhibits endothelial cell apoptosis by reducing the expression of related apoptotic proteins via the NF-κB signaling pathway, thereby exerting a protective effect on vascular endothelial cells (Liu et al., 2021). It also protects endothelial function through inhibiting endothelin-1 expression, decreasing endothelin type A receptors, increasing endothelin type B receptors, and upregulating eNOS (Chen et al., 2017). Cryptotanshinone’s endothelium protective action is mainly associated with the reduction of endothelial inflammation. In particular, cryptotanshinone blocks the scavenger receptor LOX1-mediated pro-inflammatory response in endothelial cells, preventing monocyte adhesion to endothelial cells (Li et al., 2018). Further researches are also necessary to determine the potential impact of cryptotanshinone on other crucial aspects of endothelium protection.
The above effects and mechanisms suggest that S. miltiorrhiza ameliorates adverse cardiovascular symptoms. Since PMPCs are characterized by insufficient blood perfusion, vascular endothelial dysfunction, and abnormal coagulation, S. miltiorrhiza and its active compounds can be applied in PMPCs (Bai et al., 2019). Thus, we profile the potential mechanisms of S. miltiorrhiza for PMPCs in Table 1.
5 CONCLUSION
In summary, PMPCs are a heterogeneous disease with similar mechanisms, including reduced trophoblast cell invasion and insufficient spiral artery remodeling, which results in placental hypoperfusion, endothelial dysfunction, and abnormal coagulation. S. miltiorrhiza effectively attenuates the symptoms of PMPCs through anticoagulation, vasodilation, inhibition of free radical formation, and protection of endothelial cells. Notebly, S. miltiorrhiza and its active compounds have been shown to treat PE, mitigate the severity of FGR, and improve the adverse symptoms of RSA. Hence, S. miltiorrhiza may be used to improve the pregnancy outcomes of pregnant women with PMPCs effectively. However, the specific effects of S. miltiorrhiza on PMPCs still need clinical verification, although animal models have provided much more valuable clues. In vitro and in vivo studies are required to clarify the related signaling pathways of. New techniques are needed to study human placental development and provide optimal therapy for patients with PMPCs.
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Di (2-ethyl-hexyl) phthalate (DEHP), one of endocrine-disrupting chemicals (EDCs), has widespread concern due to its serious health hazards. Exposure to DEHP in the early stage of life affects fetal metabolic and endocrine function, which even would cause genetic lesions. To date, it is widely believed that the increasing incidence of childhood obesity and diabetes in adolescents is related to the impact of DEHP on glucose and lipid homeostasis in children. However, there remains a knowledge gap to recognize these adverse effects. Thus, in this review, besides the exposure routes and levels of DEHP, we further outline the effects of early-life exposure to DEHP on children and potential mechanisms, focusing on the aspect of metabolic and endocrine homeostasis.
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1 INTRODUCTION
Di (2-ethyl-hexyl) phthalate (DEHP), belonging to the family of phthalates, is a plasticizer and solvent in polyvinyl chloride (PVC), which can be used to manufacture various products, such as cosmetics, toys, and medical tubing (Li et al., 2012). Through the widespread use of plastic products, phthalates would migrate to other products or the environment, indirectly or directly affecting human health (Cho et al., 2015). As endocrine-disrupting chemicals in the external environment, long-term exposure would have adverse effects on human health (Stojanoska et al., 2017). It is noted that DEHP shows obvious reproductive toxicity (Zhang et al., 2020) and results in much more problems, such as ovulation disorders, precocious puberty, and abnormal pregnancy. Endocrine and metabolic disorders have become risk factors for pregnancy complications, diabetes, and obesity (Huang et al., 2020; Zhang et al., 2022).
According to DOHaD theory, which is based on an epidemiological study about low birth weight and malnutrition (Barker, 2007), the effects of exposure before and during pregnancy would be reflected in the health status of offspring. If it is affected in the period of early life, it will interfere with the original growth process, resulting in incorrect coding and expression The DOHaD theory is now widely used in research on diseases, especially chronic diseases. This early-life nutritional theory is considered applicable to most chronic diseases. For organisms, the intrauterine period is the key phase of most organ development (Roseboom et al., 2001; Barker, 2007; Agarwal et al., 2018). In researches on chronic diseases, researchers often use the experimental method of maternal intervention during pregnancy to determine whether the research factors would produce the corresponding outcome by observing the performance of the offspring. DEHP exposure in early life can damage the endocrine system of offspring (Qian et al., 2020). DEHP could affect the fetal reproductive system by regulating the synthesis of hormones during pregnancy (Liu et al., 2021a). In female offspring, DEHP exposure may regulate ovarian hormone production, thereby affecting the development of follicles (Liu et al., 2017; Liu et al., 2021b). Additionally, low-dose DEHP exposure is recognized as a potential risk factor for obesity and metabolic syndrome in offspring during early life stages (Fan et al., 2020). A prospective cohort study shows that maternal exposure to phthalates may affect glucose and lipid metabolic disorders, with potential persisting sex specificity in childhood (Sol et al., 2020). Understanding the detailed mechanisms that control endocrine metabolism is vital for improving the health of children.
Thus, in this review, we summarize the effects of early-life exposure to DEHP on endocrine homeostasis in offspring and the potential mechanism, and highlight the common connections existing in the current research, providing some insights for further scientific research and medical precaution.
2 EXPOSURE ROUTES AND LEVELS OF DEHP
As general endocrine-disrupting chemicals, phthalates are common additive in the plastic manufacturing industry and are mainly used to increase the ductility, elasticity, and strength of plastic products, including food package, plastic utensils, agricultural plastic film, and medical PVC devices (Giuliani et al., 2020). As the combination of phthalates and the main body of the plastic matrix is non-covalent, phthalates would migrate out of various products and dissolve into the external environment, causing environmental pollution and affecting human health (Heudorf et al., 2007; Bolling et al., 2020). People are generally exposed to phthalates through soil pollution and air pollution in the external environment. Phthalates can enter the human body through the respiratory system, digestive system, and skin. Among them, absorption via the digestive tract through food intake is the largest intake route of phthalates (Wang et al., 2019). Besides, dust ingestion is also major exposure route of phthalates, with dosage in the range from 1.12 μg/kg in infants to 1.7 μg/kg in toddlers (Tran and Kannan, 2015). Table 1 shows the concentrations of various phthalates metabolites, including MEP, MBzP, MEHP, MEHHP, MEOHP and MECPP from DEHP, and MnBP, MIBP, MCPP in parent and child urine samples, respectively (Tellez-Rojo et al., 2013; Wu et al., 2017).
TABLE 1 | Concentrations of various phthalate metabolites in urine (SG-corrected, ng/mL).
[image: Table 1]3 EFFECTS OF EARLY-LIFE EXPOSURE TO DEHP ON ENDOCRINE HOMEOSTASIS IN CHILDREN
3.1 Early-life exposure to DEHP could cause childhood obesity
Childhood obesity has a great impact on health in adulthood, while adolescent obesity can also lead to psychological problems. People who were overweight or obese as children or adolescents are more likely to continue this trait in adulthood, and childhood obesity is associated with a variety of adverse outcomes (Di Cesare et al., 2019). A cohort study of 4,857 American Indian children without diabetes evaluated the association of body mass index (BMI), blood pressure level, cholesterol content, and premature death (Franks et al., 2010). Moreover, obesity in children and adolescence may be related to cardiovascular disease, diabetes, and various other causes (Bendor et al., 2020). These findings suggest that preventing obesity in the early stages of life is of great significance to health for the whole life cycle.
Increasing research on environmental endocrine disruptors has revealed that endocrine disruptors in the external environment are closely related to human glycolipids. A variety of established or potential environmental factors, including phthalate, polychlorinated biphenyls (PCBs), and perfluoroalkyl acids, can contribute to glucose and lipid metabolism in the body (Newbold et al., 2009; Do et al., 2017; Veiga-Lopez et al., 2018). Environmental factors can have an impact from the early stages of human life, and research in this field can help analyze the causes of obesity.
Perinatal exposure to DEHP may increase the incidence of obesity in offspring and DEHP may be a potential chemical stressor of obesity and obesity-related diseases (Hao et al., 2013). A meta-analysis summarizing original papers on the association between phthalate exposure and obesity in children and adults up to 2019 shows that there is an association between DEHP and adult obesity in general, but it was not conclusive (Ribeiro et al., 2019). Furthermore, the relationship between DEHP and childhood obesity has also been controversial in previous studies (Ribeiro et al., 2019). In a cohort study, the concentration of phthalates metabolites in urine collected twice during pregnancy is positively correlated with height, weight, waist circumference, body fat percentage, and other physical indicators of children aged 5–12 years (Harley et al., 2017). A cohort study of African American pregnant women shows that prenatal exposure to phthalates is associated with a lower BMI in early childhood (Maresca et al., 2016). In a cross-sectional study, an analysis of baseline data from 1,239 American girls between the ages of 6 and 8 years indicated that there is a weak but measurable relationship between phthalate exposure and BMI and waist circumference (Deierlein et al., 2016). A survey of middle-aged mothers shows that DEHP exposure before birth has a greater impact on the weight of male offspring, suggesting that prenatal DEHP exposure would affect the birth weight of the fetus and that there are gender differences in this effect (Zhang Y. W. et al., 2018b; Shafei et al., 2018). Collectively, these reports indicated that early-life exposure to DEHP could cause energy metabolism disorder, thereby disrupting endocrine homeostasis in children.
3.2 Early-life exposure to DEHP could disrupt endocrine homeostasis in children
In animal experiments involving metabolomics evaluation, the weight of offspring significantly increased after exposure to DEHP during pregnancy in mice, and the performance of the male offspring at low doses of DEHP is more obvious (Hao et al., 2013). Meanwhile, the liver metabolism of offspring is impaired in childhood, and glucose and lipid homeostasis are markedly abnormal (Hao et al., 2012; Rajagopal et al., 2019). These results suggest that maternal exposure to phthalates impairs liver function and metabolism in the offspring. However, a more detailed mechanism still needs to be elucidated.
Exposure to DEHP during pregnancy is associated with shortening of the pregnancy cycle, suggesting that exposure to DEHP during pregnancy can significantly increase the risk of preterm birth (Yu et al., 2018; Ferguson et al., 2019). It is reported that DEHP could cross the placental barrier and cause premature birth before 37 weeks. Infants whose gestational age is lower than MEHP negative (Huang et al., 2014). These studies indicate that the adverse effects of DEHP on fetal growth parameters may partly depend on the reduction of gestational age, rather than the direct effects of phthalates, since the gestational age of the fetus is also related to fetal growth parameters (Huang et al., 2014). In contrast, there are reports that DEHP exposure during pregnancy may have no physiological effects on the fetus. In a study of 404 multiethnic women in late pregnancy in New York, the establishment of phthalate biomarkers and multivariate adjustment model analysis reveal that DEHP-MWP and high MWP metabolites are associated with any birth outcome with no significant correlation (Patti et al., 2021).
4 POTENTIAL MECHANISMS OF EARLY-LIFE EXPOSURE TO DEHP AFFECTING OFFSPRING HEALTH
DEHP not only directly affect the exposed population but also affect the offspring of the exposed population. The DOHaD theory proposes that there is a critical period of growth and development early in life, which is an important stage of fetal gene coding and expression. If environmental factors interfere with gene expression during this period, then the growth trajectory of life can be changed (Suzuki, 2018). DEHP has been reported to cross the placental barrier and directly or indirectly act on the fetus. The effect of DEHP on development is already in progress during the period of intrauterine growth (Latini et al., 2003). Maternal exposure to DEHP could activate AMPK-SKP2-CARM1 signaling to disrupt follicular development via autophagy in the fetal ovary in a mouse model (Zhang Y. et al., 2018a). Moreover, exposure of suckling mice to DEHP during lactation could affect hormone production, which is involved in the development of follicles, through the oxidative stress pathway (Liu et al., 2021a). Previous studies have shown that phthalates can decrease P450 aromatase by activating PPARα and PPARγ, leading to the inhibition of ovarian secretion of hormones (Lovekamp-Swan and Davis, 2003; Ito et al., 2019; Li et al., 2020; Meling et al., 2022). Early-life exposure to phthalates is a potential risk factor for obesity and metabolic disorders in offspring (Fan et al., 2020). Maternal DEHP exposure also plays a significant role in metabolic disorders by regulating GLUT2 expression and epigenetics in the liver, which are involved in insulin resistance in immature male rat offspring (Rajagopal et al., 2019). Exposure to DEHP might induce glucose metabolic disorder in offspring through the JAK2/STAT3/SOCS3 pathway, which is involved in regulating insulin and leptin signaling pathways (Xu et al., 2018). In addition, DEHP was recently reported to promote the overexpression of FOXO1 to induce insulin resistance and hepatic lipid accumulation (Wei et al., 2022). An overview of the mechanism how exposure to DEHP affect offspring health is summarized in Figure 1.
[image: Figure 1]FIGURE 1 | Diagram of the potential mechanisms of prenatal exposure to DEHP in offspring endocrine disorders. Functionally, DEHP could cross the placental barrier and directly or indirectly act on the fetus leading to growth retardation, preterm birth, ovary dysfunction and neurological disorders. Maternal exposure to DEHP could induce obesity and high blood glucose in offspring. Mechanically, maternal exposure to DEHP could activate AMPK-SKP2-CARM signaling to disrupt follicular development via autophagy in the offspring ovary. Moreover, DEHP can decrease P450 aromatase by activating PPARα and PPARγ, leading to the inhibition of ovarian secretion of hormones. Maternal DEHP exposure involving in regulating GLUT2 expression and in the liver leading to insulin resistance through FOXO1 signaling in immature male offspring. The figure was created with BioRender.com.
5 CONCLUSION AND PERSPECTIVES
Existing research suggests there is a strong correlation between maternal exposure to DEHP and childhood obesity, in accord with the results observed in animal experiments. However, the exposure dose of DEHP s in each study was not identical, and the exposure dose of DEHP in animal experiments differs from the human exposure dose. Compared with rodents, primates are less sensitive to DEHP and this has been attributed to differences in the absorption, distribution, metabolism, and excretion of DEHP between these mammals (Matsumoto et al., 2008). Consequently, there may be some differences between the experimental results obtained in rodents and the actual situation in humans. Combining human and animal studies from a more specific molecular level would facilitate to explore the effects of DEHP exposure on endocrine metabolism in offspring. Evaluation of the clinical significance of DEHP exposure is difficult in epidemiological studies. Increasing studies that DEHP can cause changes in physiological functions analyze the effect of DEHP at the molecular mechanism level. Future work should also focus on related research in the field of epigenetics to explain the impact of DEHP on offspring.
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Estrogen, as a pleiotropic endocrine hormone, not only regulates the physiological functions of peripheral tissues but also exerts vital neuroregulatory effects in the central nervous system (CNS), such as the development of neurons and the formation of neural network connections, wherein rapid estrogen-mediated reactions positively stimulate spinogenesis and regulate synaptic plasticity and synaptic transmission to facilitate cognitive and memory performance. These fast non-genomic effects can be initiated by membrane-bound estrogen receptors (ERs), three best known of which are ERα, ERβ, and G protein-coupled estrogen receptor (GPER). To date, the effects of ERα and ERβ have been well studied in age-associated memory impairment, whereas there is still a lack of attention to the role of GPER in age-associated memory impairment, and there are still disputes about whether GPER indeed functions as an ER to enhance learning and memory. In this review, we provide a systematic overview of the role of GPER in age-associated memory impairment based on its expression, distribution, and signaling pathways, which might bring some inspiration for translational drugs targeting GPER for age-related diseases and update knowledge on the role of estrogen and its receptor system in the brain.
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1 INTRODUCTION
A dramatic decrease in estrogen synthesis and secretion during perimenopause in women is one of the characteristics of aging, which directly affects memory and cognitive function (van den Beld et al., 2018). Within the brain, estradiol (E2), the most potent and active form of estrogen, is well positioned on brain development, sex differentiation, reproductive behavior, and cognition (including learning and memory) (Vickers et al., 2016; Adhya et al., 2018). Preclinical evidence on the neuroprotective effects of 17β-E2 has also linked menopause to cognitive aging, with nearly twice as many women as men experiencing cognitive decline (Jett et al., 2022). E2 in the hippocampus, derived from the circulatory system and local synthesis, can promote hippocampal neurogenesis (Sager et al., 2018). E2 is also capable of regulating synaptic plasticity in both male and female rats, positively affecting hippocampus-dependent memory (Tuscher et al., 2016; Zhao et al., 2018). Both nuclear- and membrane-associated ERs collaborate in mediating estrogenic actions within the CNS (Lai et al., 2017b).
As classical nuclear ERs, ERα and ERβ act as transcription factors via genomic pathways in the nuclear compartment of cells, which interact with nuclear estrogen response elements (EREs) and initiate transcription (O’Malley and Means, 1974). The identification of more ERs increases the complexity of estrogen-mediated signaling pathway network (Jacquot et al., 2021a). In 1990s, an orphan G protein-coupled receptor (GPCR) was named G protein-coupled receptor 30 (GPR30), and later in 2007, the International Union of Basic and Clinical Pharmacology assigned GPR30 as GPER, in concert with the observation of a high affinity for E2 (Thomas et al., 2005; Barton et al., 2018). The first credible genetic case for GPR30 as a novel ER was that rapid estrogen responses can be reproduced in non-responsive breast cancer cells via transfection with a GPR30 expression vector (Filardo et al., 2002). Among ERs, GPER seems unconventional, as it shares homology with the family of class A (rhodopsin) GPCRs, such as the angiotensin II 1A receptor and the interleukin 8A receptor (with 28% sequence similarity) (Carmeci et al., 1997; Prossnitz and Arterburn, 2015).
Given that GPER is capable of mediating estrogenic effects, most previous studies on GPER have focused on metabolic disorders, cancer, and cardiovascular function (Jacquot et al., 2021b). Thereafter, a notion is put forward that the effects of GPER can extend far beyond the gonads to the CNS, and experimental results have identified its neuroregulatory role in neurological disorders (Engler-Chiurazzi et al., 2017). Nevertheless, the ligands of GPER still need further investigated (Khan et al., 2022), several specific agonists [G1 (Bologa et al., 2006), CITFA (DeLeon et al., 2022), etc.] and antagonists [G15 (Dennis et al., 2009), G36 (Dennis et al., 2011), etc.] of GPER have been synthesized and characterized. The available application of these selective pharmacological tools in combination with GPER knockout mice may be of great importance to discern responses specific to ERs or GPER and unveil the functions of GPER (Prossnitz and Arterburn, 2015).
However, the investigation of GPER in the neuronal development and memory function is still relatively limited, and the understanding of its effects on age-associated memory impairment needs to be constantly updated. Thus, this review provides a profile of advances about GPER, including its expression, distribution, signaling pathways, and effects from the aspects of neurogenesis, synaptic plasticity and synaptic transmission.
2 EXPRESSION IN MEMORY-RELATED TISSUES AND SUBCELLULAR DISTRIBUTION OF GPER
GPER is ubiquitously expressed throughout the body (Prossnitz and Barton, 2011). In addition to peripheral tissues, such as the placenta, reproductive organs, heart, pancreas, and lung (Prossnitz and Barton, 2011), GPER is highly expressed in the CNS (Cooke et al., 2017), including the hippocampus, cortex, hypothalamus, striatum, and amygdala (Brailoiu et al., 2007; Llorente et al., 2020; Marraudino et al., 2021). Recent transcriptomic analysis of adult rats has shown that GPER transcripts are dominant in the brain compared to peripheral tissues and exhibit higher expression levels compared to classical ERs (Hutson et al., 2019).
Memory impairment induced by normal age or age-related diseases is the primary neurodegenerative symptom leading to biochemical changes in some brain regions, an imperative structure among which is the hippocampus (Wang et al., 2020). And the hippocampus is a brain region that is extremely sensitive to E2 (Uhl et al., 2022). Immunohistochemical studies in the rodent brain show that GPER is colocalized with pyramidal cells in every region of the hippocampus (CA1-3) and granule cells in the dentate gyrus (DG) and is especially dense in the stratum lucidum of CA3 (Waters et al., 2015; Mahmoud et al., 2016). The expression of GPER is influenced by sex and the estrous cycle, which is particularly evident in neurons of the CA1 and DG (Waters et al., 2015). In hippocampal CA1 neurons, GPER immunoreactivity is associated with dendrites, dendritic spines, and axons and is specifically localized to synaptic structures (Akama et al., 2013; Waters et al., 2015). Dual-fluorescent labeling studies of cortical neurons have also shown that GPER is expressed at synapses (Srivastava and Evans, 2013).
Regarding the subcellular distribution of GPER, some researchers have declared that it is expressed in the cell membrane (Thomas et al., 2005; Akama et al., 2013), while there is also evidence that GPER can be localized in the endoplasmic reticulum (Revankar et al., 2005; Camilletti et al., 2019), Golgi complex (Cheng et al., 2011b), and even the nucleus (Pupo et al., 2013). Thus far, the exact location of GPER is still unclear due to the exit of endocytic transport (Cheng et al., 2011a). Rapid endocytosis, rapid degradation, and slow transport experienced by GPER inside the cell may potentially explain the difficulty in detecting GPER on the cell surface (Cheng et al., 2011b). Additionally, the duration of GPER in the plasma membrane in different cell types may mainly depend on the extent of interaction with multiple scaffolding proteins, accessory proteins, and other GPCRs in the plasma membrane (West and Hanyaloglu, 2015). For example, the scaffolding protein PSD-95 can specifically bind to GPER at the postsynaptic density (PSD) region in dendritic spines and prevent its constitutive endocytosis, which extends the retention time of GPER in the membrane and increases its chance to interact with other GPCRs (Akama et al., 2013).
3 SIGNALING PATHWAYS OF GPER
Despite the genomic and nongenomic responses initiated by estrogen almost ascribed to ERα and ERβ previously, accumulating evidence supports that GPER is capable of eliciting both rapid and transcriptional cellular events (Alexander et al., 2017; Feldman and Limbird, 2017). The non-genomic estrogenic responses encompass rapid activation of ion channels and intracellular second messenger signaling pathways, which occur in a time frame of seconds to minutes (Fuentes and Silveyra, 2019).
After GPER binding to estrogen or estrogen-like molecules, the heterotrimeric G protein splits into Gα and Gβγ subunits and further triggers multiplex intracellular signaling cascades that take part in systemic responses (Barton et al., 2018). Gαs accounts for estrogen-initiated activation of adenylyl cyclase (AC) and the ensuing increase in cAMP generation and protein kinase A (PKA) activity (Thomas et al., 2005). This process also results in intracellular calcium mobilization (Revankar et al., 2005). Gβγ recruits steroid receptor coactivator (SRC) to promote the activation of metalloproteinases (MMPs) and the subsequent cleaving of pro-heparan-bound epidermal growth factor (pro-HB-EGF), releasing HB-EGF from the cell surface, which transactivates EGF receptor (EGFR) (Prossnitz et al., 2008). EGFR activation is accompanied by the activation of extracellular signal-regulated kinase 1/2 (ERK1/2) and phosphoinositide 3-kinase (PI3K) (Filardo et al., 2000; Bustamante-Barrientos et al., 2021). The cAMP-dependent signaling pathway has been shown to negatively regulate EGFR-induced ERK1/2 activity (Filardo, 2002). The details of phospholipase C (PLC) involvement need further investigation (Prossnitz et al., 2008; Lu and Herndon, 2017; Roque et al., 2019).
In the SRC/EGFR/mitogen-activated protein kinase (MAPK) pathway, when GPER couples to E2, phosphorylated c-Jun N-terminal kinase (JNK) regulates actin polymerization to promote dendritic spine formation and memory consolidation in the hippocampal CA1 region, which highlights the importance of actin polymerization in GPER-regulated hippocampal functions in female mice (Kim et al., 2019). On the other hand, ERK, another subfamily of MAPK, not only participates in the inhibitory effect of GPER on the neuronal stem/progenitor cells (NSPCs) proliferation (Zhong et al., 2019) but also activates and enhances synaptic transmission in the hippocampus (Kumar et al., 2015).
In addition, in the PI3K/Akt pathway, p-Akt inhibits GSK-3 to reduce neuronal loss and alleviate cognitive function (Wang et al., 2017). Activation of PI3K/Akt pathway by GPER is associated with the neuritogenesis in developing hippocampal neurons (Ruiz-Palmero et al., 2013). This pathway also engages in the process of axonal myelination and remyelination, which plays a neuroprotective role (Xiao et al., 2018). GPER can signal through PI3K/Akt/mammalian target of rapamycin (mTOR) pathway to reduce glutamate-induced excessive neuronal autophagy and protect neurons from excitotoxicity (Yue et al., 2019). Rapamycin complex 2 (mTORC2), an downstream target of SRC/EGFR/PI3K pathway, is capable of participating in actin cytoskeleton polymerization and long-term memory consolidation (Xing et al., 2018; Zhang Y. Y et al., 2019). Besides, GPER can downregulate ubiquitin-conjugating enzyme 9 (ubc9) expression, which is associated with synaptic plasticity, via E2 in cortical neurons through the PI3K pathway (Lai et al., 2017a).
Although GPER is well known for its nongenomic effects, it can mediate transcriptional events as well, which take place in the presence of kinase activation (Prossnitz et al., 2008; Feldman and Limbird, 2017). cAMP response element binding protein (CREB) and c-fos, representative transcription factors, have been implicated in several studies (Cheong et al., 2012). GPER activation can phosphorylate PKA and later stimulate CREB, contributing to learning and memory improvement and long-term memory consolidation in ovariectomized (OVX) rats (Lee et al., 2012; Koss et al., 2018; Machado et al., 2019). GPER-activated CREB can provoke acetylcholine (Ach) release (Filardo and Thomas, 2005; Liu et al., 2019). Phosphorylated CREB via cAMP/PKA pathway may also upregulate Bcl-2 expression and avoid oxidative stress-induced apoptosis, which is supposed to be mediated by GPER (Kanda and Watanabe, 2003). Transcriptional activation of c-fos occurs in the downstream of GPER-mediated EGFR/ERK1/2 pathway (Cirillo et al., 2019). As mentioned above, PI3K/Akt pathway can inhibits GSK-3 and ensuingly activate Nrf2, which transfers into the nucleus and combines with transcriptional factors to initiate the transcription of antioxidant enzymes (Wang et al., 2017). In addition, the GPER-initiated PI3K/Akt pathway can also phosphorylate intracellular ERα/β, denoting the beginning of the genomic pathway (Bustamante-Barrientos et al., 2021).
4 THE EFFECTS OF GPER ON MEMORY IMPAIRMENT
4.1 GPER affects memory and cognition by engaging in neurogenesis and reducing neuronal loss
Hippocampal neurogenesis plays an integral role in synaptic plasticity and function, and its perturbation can result in learning and memory impairment (Hollands et al., 2016; Kempermann, 2019). Adult hippocampal neurogenesis declines with age, as has been well established in rodents (Demars et al., 2013) and humans (Khan et al., 2015). Given that newborn neurons are capable of maintaining hippocampal functions and have a positive impact on spatial memory (Kathner-Schaffert et al., 2019), E2 can counteract age-associated memory impairment by promoting neurogenesis in the hippocampus (Sager et al., 2018; Sahab-Negah et al., 2020). In contrast, the degraded regeneration capacity of compromised neurons in mice contributes to long-term cognitive deficits (Kathner-Schaffert et al., 2019).
GPER is universally expressed in NSPCs (Zhang L. et al., 2019; Zhong et al., 2019). Activation of GPER via the specific agonist G1 dose-dependently suppresses the proliferation of mouse-derived NSPCs, and this inhibitory effect can be reversed by G15 (Zhong et al., 2019). However, a contradictory finding shows that long-term administration of G1 can promote neurogenesis and ameliorate neuronal damage in CA1 region of the hippocampus in OVX rats, improving spatial memory after neuronal injury (Wang et al., 2021). To investigate the effects of GPER on the estrogen-mediated proliferation of NSPCs, E2 conjugated with bovine serum albumin (E2-BSA) is used to prevent E2 from entering the cell, leading to the conclusion that GPER indirectly engages in the proliferation of NSPCs (Okada et al., 2010). In addition, the region-specific effect of GPER on neurogenesis has been explored, and the results showed that G1 reduces the proliferation of neurons and downregulates the expression of GPER in the DG of adult female rats, whereas G15 increases the number of proliferating neurons in the dorsal DG and decreases their number in the ventral DG (Duarte-Guterman et al., 2015). G15 in combination with E2 only partially counteracts the pro-proliferative effect of E2, indicating that the effect of GPER on neurogenesis is not completely dependent on E2 (Duarte-Guterman et al., 2015). Additionally, GPER does not colocalize with progenitor cells in the subgranular zone of the DG, revealing that the effects of GPER on neurogenesis may be indirect (Duarte-Guterman et al., 2015).
However, accumulating data have shown that GPER can inhibit apoptosis, neuroinflammation, neurotoxicity, and other detrimental factors that result in neuronal damage and degeneration to reduce neuronal loss and improve cognitive function (Huang et al., 2017; Sarchielli et al., 2020). In vitro studies have shown that activated GPER can upregulate antiapoptotic proteins such as Bcl-2 and downregulate apoptotic proteins in neurons by stimulating ERs, thereby alleviating neuronal degeneration (Zhou et al., 2018). Cholinergic neurons regulate hippocampal and neocortical learning and memory circuits, and GPER can respond to estrogen to attenuate inflammation in brain cholinergic neurons, contributing to the improvement of cognitive deficits (Sarchielli et al., 2020).
The long-term impact of ischemic injury in hippocampal neurons is a decrease in neurogenesis in the DG, accompanied by a degradation in learning and relearning ability and memory function (Kathner-Schaffert et al., 2019). However, short-term increased neurons after stroke exhibit the characteristics of abnormal basal dendrite morphology and mislocalization to the hilus of the DG. They either integrate into the established hippocampal circuits but have a shortened lifespan or fail to integrate correctly into the preexisting network, both of which can potentially result in hippocampus-dependent memory impairment (Niv et al., 2012; Woitke et al., 2017). The declining expression of GPER mRNA and protein in the hippocampal CA1 region after stroke reduces the responsiveness of neurons to E2, but E2 treatment immediately after ovariectomy can restore GPER mRNA and protein levels and alleviate ischemic-induced hippocampal neuronal loss, suggesting that GPER mediates the protective effects of E2 on neurons and reduces neuronal loss after neuronal injury (Wu et al., 2018). Single-onset traumatic brain injury is also associated with acute neuronal loss in the hippocampus, and G1 can ameliorate early-onset cognitive deficits and neuronal death by activating the PI3K/Akt pathway (Wang et al., 2017). G1 also significantly mitigates Aβ1-42-induced neuronal toxicity (Kurt et al., 2019) and alleviates the impairment of novel object recognition memory in female 5XFAD mice (Kubota et al., 2016).
Although there still exist some contradictions in the role of GPER in hippocampal neurogenesis, the fact cannot be excluded that GPER indeed participates in the protective process of damaged neurons, elongating neuronal survival to reduce neuronal loss and further improving cognitive function after neuronal injury.
4.2 GPER affects memory and cognition by regulating synaptic plasticity
Remodeling of synaptic structure and upkeep of synaptic function are essential to the cognitive function (Srivastava et al., 2013). GPER is enriched at synapses in the brain and is involved in the rapid regulation of hippocampal dendritic morphology and synaptic plasticity (Alexander et al., 2017). G1 treatment can increase dendritic spine density in the hippocampal CA1 region in a non-genomic way (Gabor et al., 2015). The newly identified GPER-specific agonist CITFA can significantly promote axonal and dendritic growth in hippocampal neurons of E18 fetal rats (DeLeon et al., 2022). In addition, overexpression of GPER in cortical neurons leads to an increase in spine synaptic density (Srivastava and Evans, 2013). Further research performed in monkeys shows that a higher expression of GPER adjacent to the PSD corresponds to a higher synaptic density of dendritic spines in this region, revealing the critical role of GPER in synaptic plasticity (Crimins et al., 2017). The increased dendritic spine density in CA1 may be strongly linked to the facilitation of learning and memory by GPER (Gabor et al., 2015). Actin polymerization underlies GPER-mediated dendritic spine generation and memory consolidation in the hippocampal CA1 region (Kim et al., 2019). GPER is reported to regulate learning and memory through the ERα/ERβ/SRC and PI3K/Akt pathways, followed by activation of mTORC2 and downstream actin polymerization to govern synaptic protein expression, suggesting that GPER can modulate structural plasticity in the hippocampal CA1 region (Zhang Y. Y et al., 2019; Li et al., 2021). mTORC2 activation can remarkably rescue the G15-induced decrease in dendritic spine density and spatial memory disorder (Xing et al., 2018). GPER activation can also increase dendritic spine density and enhance memory consolidation through a pathway where JNK phosphorylation and cofilin phosphorylation contribute to actin polymerization (Kim et al., 2016; Kim et al., 2019) but not through E2-mediated ERK phosphorylation (Kim, 2014). Intriguingly, in the developing hippocampus, GPER activation markedly increases the density of dendritic spines and alters the expression of related synaptic proteins in the stratum lacunosum moleculare (SLM) of the hippocampal CA1 in female rats (Li et al., 2021). However, these increased dendritic spines do not translate into increased synaptic density, implying that GPER activation only modifies the structural plasticity of the developing hippocampal CA1 region, and this effect is gender-specific (Li et al., 2021).
Dendritic spines are specialized projections of neurons, and alterations in dendritic spine function directly affect synaptic plasticity (Dorostkar et al., 2015). Memory is encoded by changing synaptic strength through long-term potentiation (LTP) and long-term depression (LTD) (Nabavi et al., 2014). GPER-mediated mGluR-LTD in CA3 represents a novel estrogen-mediated regulation of synaptic plasticity (Briz et al., 2015). GPER activation by G1 induces a rapid release of brain-derived neurotrophic factor (BDNF) that transiently stimulates the translation of activity-regulated cytoskeleton-associated protein (Arc) and internalization of GluA1-containing AMPA receptor in the CA3 region (Briz et al., 2015). However, unlike the induction of mGluR-LTD via E2 in CA1, mGluR activation in CA3 does not increase the synthesis of Arc; instead, it promotes the internalization of GluA1 under the premise of GPER activation and causes GluA1 to be rapidly degraded by the ubiquitin-proteasome system, triggering LTD (Briz et al., 2015). That GPER activation enhances mGluR-LTD in mossy fiber-CA3 synapses also explains the improving effects of G1 on contextual and spatial memory in middle-aged mice (Xu et al., 2018). LTD plays a role in regulating the transcription, translation, and recycling of receptors, which results in the downregulation of cellular excitability and affects learning and memory (Mahmoud et al., 2016). Thus, GPER-induced mGluR-LTD in CA3 lends support to the modulation of synaptic functional plasticity via GPER in the hippocampus.
Ubc9 plays an indispensable role in synaptic functional plasticity (Lai et al., 2017a). GPER can reduce the interaction of ubc9 with the postsynaptic protein PSD-95 and increase its interaction with the presynaptic protein synaptophysin via the PI3K pathway, and the accumulation of presynaptic ubc9 may inhibit synaptic transmission (Lai et al., 2017a). G1 can increase the expression of PSD-95 in the CA3 region of the mouse hippocampus (Waters et al., 2015). Overexpression of PSD-95 promotes the maturation of glutamatergic synapses and enhances the activity of postsynaptic glutamate receptors, indicating that PSD-95 coordinates synaptic development (El-Husseini et al., 2000). PSD-95 also increases the number and size of dendritic spines, suggesting its role in synaptic stability and plasticity (El-Husseini et al., 2000).
4.3 GPER affects memory and cognition by enhancing synaptic transmission
The anatomical localization of GPER at synapses suggests that GPER may play a role in regulating neurotransmission (Wang et al., 2007; Akama et al., 2013). By applying 17β-E2-3-benzoate (EB) and agonists and antagonists of ERs to investigate the contribution of each ER, it was found that ERα, ERβ, and GPER are all involved in EB-mediated enhancement of synaptic transmission (Kumar et al., 2015). However, among them, GPER is the leading contributor to the EB-mediated increase in ERK activation and the CA3-CA1 synaptic response in the hippocampus of OVX female mice (Kumar et al., 2015). GPER can also alter the efficacy of excitatory synaptic transmission at Schaffer-collateral-CA1 synapses. Indeed, G1 is reported to mirror the actions of E2 to constantly potentiate excitatory synaptic transmission at CA1 synapses (Smejkalova and Woolley, 2010).
There is a strong connection between cholinergic signaling and cognitive function in the CNS (Ballinger et al., 2016). Levels of choline acetyltransferase (ChAT) and acetylcholinesterase (AchE), major markers of cholinergic neuronal activity, are reduced in the late stage of Alzheimer’s disease, which contributes to cognitive deficits (H. Ferreira-Vieira et al., 2016). GPER is expressed in the majority of cholinergic neurons in the basal forebrain, and GPER activation effectively improves the function of hippocampal cholinergic neurons in OVX rats (Hammond et al., 2011).
Experimental results demonstrate that short-term G1 treatment in OVX rats productively enhances spatial recognition memory relying on environmental novelty, which may be based on the fact that GPER activation increases the release of Ach from the basal forebrain to the hippocampus and that elevated Ach levels in the hippocampus can lead to an increase in synaptic connectivity and interneuron communication during learning (Hawley et al., 2014). Moreover, long-term G1 administration in OVX rats increases hippocampal potassium-stimulated Ach release by 3-fold and improves rat performance in a maze test (Hammond et al., 2011). Thereafter, this team extended their previous conclusion and illustrated that E2 treatment can improve task-specific learning by activating GPER and enhancing Ach release associated with food reward (Gibbs et al., 2014), which suggests that both short-term and long-term G1 treatment can strengthen hippocampal cholinergic neuronal function and improve learning and memory. In contrast, long-term G15 administration impairs the performance in the maze test and slows the rate of spatial memory acquisition, which is similar to the effect of removing cholinergic inputs to the hippocampus and frontal cortex, suggesting that GPER may mediate the effects of E2 on basal forebrain cholinergic function to modulate spatial memory (Hammond et al., 2012). Cholinergic neurons in the basal forebrain also engage in GPER-mediated early consolidation of object recognition memory and emotional memory in adult male rats (de Souza et al., 2021).
Followed by the activation of cAMP and CREB, GPER increases the activity of the AchE promoter in PC12 neurons, while GPER increases miR-132 levels, which is associated with the inhibition of AchE translation (Liu et al., 2019). Thus, GPER may maintain the homeostasis between Ach synthesis and degradation to improve cognitive and memory function in neurodegenerative diseases (Liu et al., 2019).
5 CONCLUSION AND PERSPECTIVES
In summary, GPER can trigger a rapid estrogenic response to improve hippocampal memory and cognitive function, either by acting on the neurogenesis or by affecting hippocampal synaptic function and the activity of cholinergic input into the hippocampus (Table 1). The emergence of GPER fills the gap in the mechanisms of estrogen-mediated neuroprotection, suggesting that GPER can be applied as a promising target to alleviate aging-induced memory decline and cognitive dysfunction. Since GPER can elicit both non-genomic signaling and transcriptional progress, further studies are needed to clarify the precise subcellular localization of GPER and identify the potential interactions between membrane-associated signaling pathways and nuclear-associated signaling pathways to provide a robust theoretical basis for the therapeutic role of GPER in aging-induced memory impairments. Future studies may also require the discovery or synthesis of more agonists, antagonists, and modulators with higher affinity and specificity for GPER to deeply explore its regulatory mechanisms. Another urgent issue is the lack of a crystal structure for GPER. Furthermore, considering that most studies of estrogen and GPER are performed in cellular models and OVX female rodents, more researches are needed to understand how GPER regulates memory in the human CNS in normal and pathological conditions (Figure 1).
TABLE 1 | The effects of GPER in memory impairment.
[image: Table 1][image: Figure 1]FIGURE 1 | Schematic representation of GPER trafficking, related signaling pathways and effects. (A) GPER is biosynthesized in the endoplasmic reticulum and processed in the Golgi apparatus before its trafficking to the plasma membrane. When binding to estrogen or estrogen-like molecules, GPER is constitutively endocytosed into cells via clathrin-coated vesicles and enters the early endosome. The majority of GPERs are transported to the Golgi apparatus and degraded via the ubiquitin-proteasomal system, while a minority of them are recycled back to the cell membrane. GPER is also reported to accumulate in the perinuclear compartment. (B) Upon activation, the G protein departs into Gα and Gβγ subunits and further triggers complicated signaling cascades. Gβγ stimulates SRC-activated MMPs, leading to the release of HB-EGF from the cell surface, which transactivates EGFR and subsequently triggers ERK1/2 and PI3K. Gαs activates AC and increases cAMP generation, which results in intracellular calcium mobilization. cAMP also recruits PKA to activates CREB in the nucleus to initiate transcription, which can also be potentiated by phosphorylated ERα/β via ERK and Akt. The cAMP-related signaling pathway can regulate EGFR-induced ERK1/2 activity. It is not yet clear whether GPER signaling can be observed from intracellular receptors. The involvement of PLC may depend on cell type (question marks). (C) Activation of GPER can exert neuroprotection to reduce neuronal loss, but the role of GPER in neurogenesis necessities further investigation. Activation of GPER can positively regulate synaptic formation and plasticity. GPER can also mediate E2 effect to increase Ach release. The figure was created with BioRender.com.
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Secretin (Class B) GPCRs Species GPCRs in placental development and PE References
CRLR/CALCRL/CALCR Human Lowly expressed at the uterus and umbilical artery in pregnancy-induced Makino et al. (2001)
hypertension
Human Expressed at the vascular endothelial cells of placental chorionic villi in the first  Tsatsaris et al. (2002)
trimester
Mouse Expressed in placenta and involved in blood flow Dong et al. (2003)
Human Regulates human fetoplacental vascular tone Dong et al. (2004)
Human Expressed in human trophoblast cell line JAr and HTR-8/SVneo Zhang et al. (2005)
Human Decreasingly expressed in preeclamptic placenta Dong et al. (2005)
Affects vasodilation in PE
Mouse Leads to hydrops fetalis, cardiovascular defects and embryonic lethality in CALCRL  Dackor et al. (2006)
KO mouse
Mouse Shows a spatiotemporal pattern in rat female reproductive system Li et al. (2010)
Human Results in autosomal recessive, hydrops fetalis and lymphatic dysplasia with CALCRL ~ Mackie et al. (2018)
mutation
PTHRI Human Inhibits proliferation of JEG-3 cell line Hellman et al. (1993)
Mouse Decreasingly expressed via CALCRL-associated RAMP2 regulation Kadmiel et al. (2017)
Human Highly expressed in extravillous cytotrophoblast and decidua Sirico et al. (2021)
Expressed differently depending on maternal hyperglycemia type
CRHRI ¢ CRHR2 Human Expressed in syncytiotrophoblast cells and amniotic epithelium Karteris et al. (1998)
Human Decreased expression of CRHRI in PE and IUGR Karters et al. (2003)
Influences vascular resistance
Human Located in cultured human chorion trophoblast cells Gao et al. (2007)
Mediates expression of PGDH Gao et al. (2008)
Human Expressed in placental trophoblasts Gao et al. (2012)
Regulates prostaglandin production
Human Regulates estradiol and progesterone production in cultured human trophoblasts  Gao et al. (2012)
Human Regulates glucose transporters in cultured human placental trophoblasts Gao et al. (2012)
Human Increasingly expressed via exogenous CRH stimulation in BeWo cells Chen et al. (2013)
GCGR Mouse Causes hypoglycemia, hyperglucagonemia and fetoplacental defects in GCGR KO Ouhilal et al. (2012)
mouse
GLPIR Mouse Attenuates placental ischemia Younes et al. (2020)
PACI/ADCYAPIRI Human/ Expressed in human and rat placenta Scaldaferri et al. (2000)
mouse
Mouse As binding sites for PACAP in human tissue Koh et al. (2003)
Expressed in decidual cells, chorionic vessels and stromal cells
Dynamically expressed during gestation
Human Expressed in stroma cells with spatiotemporal characteristics Koh et al. (2005)
Human Regulates MAPK signaling pathways in cytotrophoblast cells Reglodi et al. (2008)
Adhesion (Class B) GPCRs Species GPCRs in placental development and preeclampsia References
ADGRA2 (GPRI24) Mouse Causes embryonic lethality, CNS-specific angiogenesis arrest and hemorrhage in  Kuhnert et al. (2010)
GPR124 KO mouse
Mouse Results in embryonic lethality in GPR124 global KO mouse and GPR124 conditional ~ Cullen et al. (2011)
(endothelial-specific) KO mouse
Human Lowly expressed in early-onset PE with comparison of late-onset PE Liang et al. (2016)
Mouse Leads to embryonic lethality in GPR124 KO mouse Chang et al. (2017)
ADGRFS (GPRI16), ADGRL4 Mouse Causes vascular remodeling defects and postnatal kidney failure Lu et al. (2017)
(ADGRGE (GPRI26)) Mouse Possesses strict expression pattern Moriguchi et al. (2004)
Mouse Required for embryonic development Waller-Evans et al. (2010)
Human Related to placental angiogenesis in IUGR Majewska et al. (2019)
Mouse/ Leads to embryonic lethality in GPR126 KO mouse Torregrosa-Carrion et al.
zebrafish (2021)
Expressed in trophoblast giant cells
Regulates trophoblast invasion and spiral artery remodeling Bogias et al. (2022)
Affects the expression of PE markers in GPR126 KO placenta
Human Related to hypoxia at early pregnancy
ADGRES (CD97) Human Lowly expressed in PE placenta Shen et al. (2020)
Promotes trophoblast invasion through PI3K/Akt/mTOR pathway
ADGRG2 (GPR64, HE6) Mouse Expressed at epithelial and stromal cells in the uterus Yoo et al. (2017)

Reduces decidualization in GPR64 KO mouse

Note: GPCRs, G protein-coupled receptors; PE, preeclampsia; KO, Knockout; RAMPs, Receptor activity-modifying protein 2; TUGR, intrauterine growth restriction; PGDH, 15-hydroxy
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orticotropin-releasing hormone; PACAP, Pituitary adenylate cyclase-activ:
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Symbol

Forward primer

Reverse primer

Gpxd
Fth
Fil
Pigs2
Sle7all
Lpcat3
Nif2
IL-1f
Tfre

B-actin

CCTCCCCAGTACTGCAACAG
TGCCTCCTACGTCTATCTGTC
AGGGCGTAGGCCACTTCTT
CTGCGCCTTTTCAAGGATGG
AGGGCATACTCCAGAACACG
GCCGTTATTACTACCCTTTGCT
TCCGCTGCCATCAGTCAGTC
GATGATAACCTGCTGGTGTGTGA
GTTTCTGCCAGCCCCTTATTAT
ATCTGGCACCACACCTTCT

GGCTGAGAATTCGTGCATGG
GTCATCACGGTCTGGTTTCTTT
CTGGGTTTTACCCCATTCATCTT
GGGGATACACCTCTCCACCA
GGACCAAAGACCTCCAGAATG
ACACAGCCCAATTAGCTTCAG
ATTGTGCCTTCAGCGTGCTTC
GTTGTTCATCTCGGAGCCTGTAG
GCAAGGAAAGGATATGCAGCA
GGGGTGTTGAAGGTCTCAAA
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